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SUMMARY 

The nematode Caenorhabditis elegans has served as one of the primary model organisms 

in biology and neuroscience. Significant genetic homology and many important 

conserved biological mechanisms between the nematode and higher model organisms and 

humans has helped accelerate understanding of gene function, the role of genes in 

generating behaviors, the function of nervous networks and metabolic pathways, and 

many other processes. As C. elegans research became more specific, so have the 

biological tools for manipulating C. elegans improved and opened possibilities for new 

studies. Additionally, in several avenues of research, technologies have been developed 

to manipulate the animals in very efficient and quantitative ways. Laser micro-surgery 

and ablation, high-throughput screening, and behavioral response tracking systems are 

examples of such technologies. However, dynamic studies have remained without 

significant technological support, lacking tools to repeatedly image animals over time or 

to continuously image animals at benign conditions. With such tools available, studies 

could focus on processes occurring over time and span a range of time-scales of i) 

minutes to hours such as analysis of changes in genetic expression, which require 

continuous imaging for accurate observation, ii) hours to days such as study of synaptic 

re-arrangement during development, which require periodic imaging of the same animal, 

and iii) days to weeks such as life-span experiments requiring daily monitoring. Because 

of a lack of suitable tools and technologies to perform such studies, researchers have to 

either resort to standard biological methods with very limited usefulness for dynamic 

studies, or perform these studies without the full set of desired conditions, such as leaving 

out feeding during continuous imaging.  

To address these problems, this thesis aims to create a comprehensive microfluidic toolkit 

for dynamic studies. I developed a novel method for reversible and repeatable 

immobilization at benign conditions. The method uses the thermo-reversible sol-gel 



 

 xvi 

transition of the solution of Pluronic F127 to temporarily immobilize animals. The 

method works in tandem with a microfluidic system for isolated culture of C. elegans 

with integrated temperature control. This is the first technology capable of following 

development of a single animal with high-resolution repeated imaging. The system thus 

makes a broad range of previously impossible dynamic developmental studies with single 

animal resolution possible.  

The next system is capable of efficiently loading and trapping C. elegans embryos in a 

high-throughput and scalable fashion for embryonic stimulation with subsequent study of 

development. The system works passively via design of features and flow dynamics and 

facilitates precise chemical and thermal stimulation at the embryonic stage (and during 

development as well). The embryos hatch on device and the system allows for studying 

the effect of stimulation on their development. The integrated thermal stimulation 

electrodes may also be used for immobilization via PF127. This design enables a broad 

range of studies such as following the distribution of P granules and of the heat shock 

protein after stimulation into development, or the effect of drug exposure on normal 

physiological functions. 

The next system is capable of selective immobilization of animals’ bodies, while 

simultaneously facilitating feeding and normal physiological function. This functionality 

is critical for live imaging without affecting the observed processes. Dynamic change in 

size of lipid droplets in time was observed, which is of interest in studying genetic 

regulation of lipid storage mechanisms with implications in healthcare. Additionally, the 

chip can be used for a range of applications from observing synaptic vesicle transport, 

through axonal regeneration, to maintenance of germ cells. 

The last system is capable of culturing animals over their life-span with efficient animal 

handling, environmental control, and high data-content experimentation. The system 

integrates a microfluidic device for loading, trapping, culturing and potentially 

chemically stimulating animals with a bench-top temperature controller and a peristaltic 



 

 xvii 

pump fluid delivery system. The temperature controller eliminates the need for incubators 

and the fluid delivery systems allows connecting multiple devices to nutrient solution 

flow at will without affecting flow to other connected devices. Together, the system 

facilitates highly scalable parallel life-span experimentation with per-animal tracking and 

the ability to perform additional studies while observing life-span. One such example is 

to perform analysis of behavioral response to various stimulants or repellants, such as the 

example shown in this thesis using 2-nonanone. This system overall enables high-

throughput life-span experiments with control of dietary restriction conditions and 

temperature, with per-animal tracking, and high data-content analysis. 

As a whole, the work in this thesis enables dynamic studies over the large range of time 

scales applicable to C. elegans research. The biological applications range from 

dynamically studying lipid droplet morphology, through observing the dynamics of 

synaptic re-arrangement during development, to performing high-content life-span 

experiments. Additionally, these systems can be directly applied to research on other 

nematode model organisms (C. briggsae) without the need for modification and the 

design principles can be applied to systems for manipulation of zebra fish embryos, 

single cells or embryoid bodies. By simplifying peripheral equipment and unifying 

peripheral control into one interface and thereby improving robustness, these systems will 

be more readily distributable to biological laboratories and applied to relevant biological 

problems.  
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CHAPTER 1  INTRODUCTION  

 This document presents the work of creating microfluidic-based systems for 

performing previously very challenging or impossible studies of the neuroscience model 

organism C. elegans. This chapter introduces the model organism itself and to 

familiarizes the reader with the significance of C. elegans for neuroscience research. 

Additionally, it describes the methods for manipulating and visualizing C. elegans 

physiology as well at the two principal approaches to studying physiological processes; 

static and dynamic studies. The differences between the requirements and outputs of 

static and dynamic studies are explained and where the bottlenecks lie for performing 

dynamic individual-animal based studies with standard biological techniques. The 

chapter also introduces the field of microfluidics and several microfluidic systems 

already used for C. elegans research with a discussion on the advantages and 

disadvatages of these sample systems. Lastly, the chapter presents an argument for 

creating a toolkit for dynamic per-animal studies of C. elegans and describes the systems 

which would be necessary to cover a broad range of dynamic processes based on their 

time scales. The creation of these systems are the goals and the body of work of this 

thesis. 

1.1 C. elegans as a Model Organism 

C. elegans was introduced to the scientific community in the 1950s and became 

increasingly popular as a model organism following the work of Sydney Brenner. [1-4] 

This small soil dwelling nematode has subsequently become prominent in the biology, 

genetics, and neuroscience communities because of its favorable properties. The 

organism is transparent, a hermaphrodite, and has a generation cycle of only three days. 

In 1998 [5] C. elegans became the first multicellular organism with a fully sequenced 

genome. Despite its small size and superficial simplicity, C. elegans has approximately 

20,000 genes, of which about 60-80% have human homologues. [6, 7] Additionally, 



 

 2 

many systemic, molecular and genetic mechanisms are conserved between the nematode 

and human. [5, 8-10]. Further, the nematode has a nervous system capable of processing 

external and internal cues to produce complex behavior and regulate internal 

mechanisms. In each hermaphrodite, this nervous system consists of 302 neurons of 

which the physical connections have been fully mapped out. [3, 4, 11-13]. In 

combination, these features make it the ideal model organism for understanding the 

function and genetic regulation of the nervous and other systems in the human body. 

Since its introduction, research into C. elegans has yielded significant advances for 

science. As a testament to the utility of the nematode, three Nobel prize awards for work 

based on C. elegans research for i)programmed cell death [14], ii)interference RNA [15], 

and iii) the use of green fluorescent protein [16] have been awarded over the last decade. 

 

Figure 1.1  Body of the nematode C. elegans and the major features of the body. (image: 

wormatlas.org [17]. General re-use permission granted). 

 

1.2 Advances in Imaging and Manipulating C. elegans Physiology 

After the introduction by Sydney Brenner, the dissection of the nervous system in C. 

elegans began via electron microscopy and cryo-sectioning.[18] Bodies of neurons, the 

location of neuronal process and synapses all of the neurons in the network have been 

mapped out by combining serial sections of the nematode body.[3, 12, 13] Next began 

the investigation of function of the networks of neurons in the nervous system. This was 

achieved by laser ablating individual neurons. [19-22]  By removing these single nodes in 

the circuit and observing the changes in function, adaptation, or inability to adapt, the 



 

 3 

specific role of the ablated neuron could be inferred. This method has greatly contributed 

to the field of behavioral science and to dissecting the signal integration and behavioral 

output generation of between sensory, inter and motor neurons.  

 

Figure 1.2 Modes of C. elegans physiology visualization. a) EM cross section of the C. 

elegans mitochodnria cristae and the corresponding 3D reconstruction (image: Mun et 

al., Journal of Cellular Physiology, 2010 [23], Reuse license number: 3161420755282). 

b) C. elegans expressing glr-1::GFP for labeling of ventral nerve cord to detect defects. 

(image: Hutter et al.¸Developmental Biology, 2005 [24], Reuse license number: 

3161430923941). c) SNB-1::GFP fusion protein expression in C. elegans labeling the 

nerve ring and synapses on the nerve cords. (image: Nonet, Journal of Neuroscience 

Methods, 1999 [25], Reuse license number: 3161430466403). d) Fluorescent intensity 

measurement of the RIA neuron and its functional subdomains using GCaMP. (image: 

Hendricks et al., Nature, 2012 [26], Reuse license number: 31614331163024)  

 

With the discovery of the green fluorescent protein (GFP), visualization of the C. elegans 

physiology in a very detailed fashion became possible without the need for electron 

microscopy. Since the C. elegans body is transparent, visualization of gross (cell bodies) 
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and extremely fine (synapses, individual proteins) features are equally possible with 

sufficiently high magnification on compound fluorescent or confocal microscopes. By 

using specific gene promoter sequences upstream of the DNA sequence encoding GFP, it 

is possible to achieve cell specific GFP expression and also to determine when particular 

genes are turned on. Furthermore, combining the sequence for functional proteins with 

the sequence of GFP allows for visualizing the location of those proteins on a sub-cellular 

level and determine the function of such proteins. The proteins contributing to the 

formation and structure of synapses and the transport of transmitters to the synapse have 

been determined in such a fashion for example.  

Other fluorescent markers allow for extracting additional features and details of the C. 

elegans nervous system. For example, GCaMP, a fusion of the green fluorescent protein, 

calmodulin, and M13, is a genetically encoded calcium indicator.[27-30] Since neuronal 

activity in C. elegans is mediated by action potentials, which trigger a change in 

cytoplasmic free Ca
2+

 ions concentration (such as the activation of glutamate receptors 

during synaptic transmission), GCaMP can be used to measure said activity in real time 

via fluorescent intensity measurements. Another real time activity measurement tool is 

FRET (fluorescence resonance energy transfer).[31-34]  In the FRET class fusion protein 

markers, fluorescent proteins with two different excitation and emission spectra are 

combined. In absence of Ca
2+

 ions, excitation of one of the fluorophores, such as CFP, 

leads primarily to CFP emission, with lesser energy transfer to the other fluorophore such 

as YFP and low YFP emission. Upon an increase in Ca
2+

 ions, the resulting binding of 

the ions to calmodulin, and physical attraction of M13 in the complex, both fluorophores 

are brought into a closer position. In this position, excitation of CFP will lead to energy 

transfer to YFP and primarily YFP emission. This change in emission wavelength can be 

used to ratiometrically determine neuronal activity. 

One of the most recent advances, channelrhodopsin has been introduced as an 

optogenetic tool for visualizing physiological interconnectedness of networks and for 
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stimulating tissue. This light-gated ion channel can be expressed cell-specifically by 

using the appropriate promoter sequences. When exposed to blue light, the channel 

allows passage of cations, including Ca
2+

. This can be used to induce signaling from 

specific neurons for example via targeted exposure to blue light. Thus, by either exciting 

or silencing specific cells, the interconnectedness and functionality of entire nervous 

system networks can be analyzed. [35, 36]  

1.3 Biological and Neuroscience Research of C. elegans: Static and Dynamic 

Studies 

The over-arching principle of the majority of research using C. elegans has been to 

establish the connection between the genome and gene expression and development, 

function of the majors systems, interpretation of external cues, generation of behavior, or 

making survival based decision. In studying this connection, several methods have been 

established, which take advantage of the tools for visualizing animals’ physiology. These 

methods or study approaches can be grouped into two classes; static and dynamic studies. 

1.3.1 Static Studies 

Static studies are performed by observing a single animal at only one time point. 

Mutagenesis with the purpose of observing changes to a stereotypical phenotype is one 

example. First, animals expressing GFP driven by a specific promoter or fused to a 

protein are mutagenized. If after mutagenesis a change to the original GFP expression 

pattern is observed, the animal’s genome can be sequenced and the mutation localized to 

a specific gene. By analyzing the type of phenotypical change, the role of the mutated 

gene can be inferred. In this case, each animal only need be observed once at a single 

time point to ascertain whether its phenotype has changed. Using this approach, several 

major genetic players involved in synaptogenesis and synaptic function have been 

identified. [37-42]. Elimination of gene function or cells has been applied to other 
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developmental processes where a single snapshot is sufficient as well, such as formation 

of the pharynx, guidance of axons, or cell fate of specific interneurons.  [43-46] 

 

Figure 1.3 Examples of static studies. The roles of genes in development and formation 

of structures such as synapses or the pharynx can be inferred by mutagenizing individual 

genes and observing changes compared to the wild type phenotype. a) Comparison of 

expression of SNB-1:GFP, a fusion of synaptobrevin and GFP. SNB-1 is a part of the 

SNARE complex in synapses and involved in docking of vesicles. As such it localizes to 

synapses. Changes in the wild type phenotypical expression may indicate involvement of 

the mutated genes in formation or function of synapses. (image: Sieburth et al., Nature, 

2010 [41] Reuse license number: 3157751282241) b) The role of genes on development 

of gross features such as the structure of a synapse can also be analyzed using static 

studies. Once animals have developed, the changes in the pharyngeal muscle structure 

and in the presence of specific features can be used to determine the specific roles of 

genes such as pha-2 and pha-3 (Avery, Genetics, 1993 [44] Reuse license number: 

Written permission received).  

 

Another type of static studies are classical behavior studies, such as chemotaxis assays. In 

these, animals are placed in a scoring arena, with a source of attractant or repellant and a 

neutral smell. At the end of the assays, the animals’ proximity to either source is scored 

and their propensity to like or dislike said chemicals is inferred. Additionally, specific 

neurons can be ablated and the assay repeated to determine the individual node’s role in 

processing smells or generating chemical specific behaviors. This same elimination 

approach can be applied to genes via mutagenesis, as well as to other types of sensing 

behaviors such as mechano-and thermo-sensation. [47-56].  
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1.3.2 Dynamic Studies 

Dynamic studies involve continuous or repeated observation of a single animal over a 

period of time while a developmental or physiological event of interest is occurring. 

Because of the direct observation of a process in question, dynamic studies can provide a 

more detailed picture of the event itself as well as record the minute differences between 

two different animals. This is critical as C. elegans are being studied in ever greater depth 

and complexity. The time scales of processes of interest can be used to classify the types 

of dynamic studies into three categories.  

Processes occurring over several seconds or minutes, which require continuous live or 

very frequent imaging fall into the live dynamic studies category. For example, the 

function of synapses is affected by its structure but also by the morphology, docking 

ability and amount of the synaptic vesicles containing neurotransmitters. Additionally, 

these vesicles have to be transported from the soma to the synapses and are also shuttled 

back and forth between synapses. A single snapshot in time only provides the information 

on sites of vesicle accumulation (as in section 1.3.1). Dynamic observation can provide 

information on the rates of transport, ratios of retrograde to anterograde transport, and the 

time vesicles spend at specific synapses. [57]. 

Those processes occurring over a period of hours to days, which require periodic imaging 

at different time points fall into the dynamic developmental studies category. For 

example, in C. elegans, a class of motor neurons (DD) innervates ventral body wall 

muscles, while they receive synaptic inputs on the dorsal side. Once a second class of 

motor neurons develops (VD), the original DD neurons’ synapses restructure. The DD 

neurons then begin to innervate dorsal body wall muscles. This process occurs during the 

transition between the two earliest larval stages, L1 and L2. From snapshots taken after 

the process is complete, one could determine changes in morphology and location of 

these synapses after mutagenesis. However, by dynamically observing the process, one 

can observe the specific timing of this event and how individual genes may affect this 
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timing. [58] Such observations are critical for understanding the full scope of roles of 

genes in development and function. 

A dynamic approach to behavior analysis can also yield a wealth of additional 

information. In comparison to an end-point read out odor assay as described in section 

1.3.1, dynamic observation of animals’ behavior during the experiment provided a much 

more complete picture of behavior. [59] First, different types of body postures could be 

associated with specific behavior; omega turns become more frequent when animals seek 

to leave a specific area. Next, stereotypical responses of animals’ after entrance into or 

exit from an odorant area could be established and the differences between animals with 

different mutations could be determined. Additionally, the average residence time of 

animals near the odorant could be established, with animals moving in and out of the area 

periodically. Combined, the dynamic approach provides a much more complete picture of 

behavioral responses to chemical odor stimuli and of the genes involved in generating 

those responses.  

Processes occurring over the life-span of animals or which affect the life-span fall into 

the dynamic life-span studies category. A typical lifespan assay involves monitoring a 

population of animals over time to count the number of animals still alive to determine 

the role of various genes on aging. [60-62] This is done periodically, most commonly on 

a daily basis. However, animals in these assays are rarely tracked on an individual basis. 

Without individual tracking, it is impossible to increase the depth of data gathering. For 

example, it is impossible to record the change in behavioral response of individual 

animals to stimuli as they age to determine a possible correlation. Also, discovery of 

early lifespan predictors, such as the number of progeny, cannot be achieved without 

being able to match individual animals’ progeny count to the specific animals’ life spans. 

In short, full investigation of biological and environmental cues on lifespan and the 

effects of aging on the organism require the application of the dynamic studies principles. 
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Figure 1.4 Examples of results obtained from dynamic studies. a) Chimographs depicting 

the position of vesicles in time of wild type and mutant animals. The diagonal paths 

represent vesicles moving along the axons and bright vertical bands indicate 

accumulation of vesicles. Via dynamic observation, it is possible to see rates of vesicle 

transport, average travel and pause duration, and ratios of antero- to retrograde transport 

(image: Klassen et al., Neuron, 2010 [57] Reuse license number: 3157760787685). b) 

Analysis of the timing of synaptic re-arrangement after the development of VD motor 

neurons. By observing the developmental process over time, it is possible to discern the 

role of various genes on the timing of this process. This data was obtained via a 

population composite. This is because of the inherent difficulties of dynamic 

developmental studies (image: Hallam et al., Nature, 1998 [58] Reuse license number: 

3157760958706). c) Dynamic observation of animal behavior in a chemosensory assay. 

Observing animals over time made it possible to determine typical behavior patterns and 

postures and behavior after entering and exiting odorant areas, in addition to the final 

animal distribution. (Albrecht et al., Nature, 2011 [59] Reuse license number: 

3157761282059). 

 

1.3.3 Inherent Difficulties of Dynamic Studies 

With the additional information on physiological and development process that dynamic 

studies can provide and the large number of available biological tools for manipulating 

and visualizing C. elegans physiology, it would seem the obvious choice for any 

experiment would be the dynamic approach. However, in practice, this is not the case. 

The reason is the number of requirements and the combination of requirements in 

handling animals and practically implementing live or dynamic observation of C. 

elegans.  

First, imaging of cellular and sub-cellular objects requires high-magnification imaging. 

This is the case because of the very small size of objects such as synapses, clusters of 
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receptors, or neuronal processes. However, because of the small size, the exposure time 

needed to collect enough light from the sample is large. A single image may require 

exposures of up to hundreds of milliseconds. Additionally, at times, multiple images at 

different depths need to be acquired either for building a three dimensional composite or 

to project the stack onto one plane to collect as much light as possible. These stacks can 

take up to several seconds to acquire. Therefore, while animals are being imaged, they 

have to remain perfectly immobilized. Otherwise, the acquired images would be distorted 

and smeared and data acquisition would be impossible.  

Next, the immobilization method has to be benign and cannot affect physiology. Whether 

the immobilization is continuous for live observation, or frequently repeated for 

developmental and long-term studies, normal physiological functions such as feeding or 

proper development cannot be affected. Otherwise, observation itself would alter the 

process and invalidate the experiment. For this reason, live imaging requires 

immobilization while i) animals are allowed to feed as they normally would, ii) they 

remain within their physiological temperature range of 15-25 °C, and iii) their 

physiological processes are not otherwise affected. For long term or developmental 

studies, very short term intermittent imaging and immobilization has to be used. 

Therefore, animals’ normal development and function has to be facilitated between 

imaging cycles. Then, during imaging, animals i) have to be immobilized without 

affecting physiology and development and ii) the immobilization has to be easily 

reversible. 

Additionally, dynamic long-term studies require tracking of individual animals 

throughout the experiment. This may be required for a period of several days up to 

months in case of lifespan studies. Therefore, it is necessary to keep the animals either 

physically separated, or to track the position of each specimen optically via position 

tracking software. 
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Also, for many types of dynamic studies, the environmental conditions have to remain 

steady over time. This includes control of the amount of nutrients delivered and the 

control of temperature. Temperature control is particularly critical for lifespan studies; C. 

elegans lifespan varies drastically even at temperatures within its physiological range. 

Variations of as little as 2 °C can alter mean animals lifespan by several days.  

The development of tools and technologies needed to address these requirements has 

largely been lagging behind the development of tools for biological manipulation. 

Because of this bottleneck, researchers have to rely on inadequate standard methods or 

are completely prohibited from certain types of dynamic studies.  

1.4 Standard Methods of C. elegans Imaging and Handling 

Typically, C. elegans are grown and cultured on nematode growth media (NGM) plates. 

[63]  These plates provide a crawling substrate and a balanced pH environment. Nutrients 

are provided in the form of a lawn of OP50, a non-pathogenic strain of E. coli bacteria. 

Cholesterol is also included in the NGM plate preparation since it is a nutrient required 

for the animals’ ability to molt between larval stages. Though adequate for culturing, 

these plates do not lend themselves well for experimentation. First, control of 

environmental conditions is difficult. Controlling the exact amount of bacteria on plates 

requires precise concentration control prior to seeding and use of antibiotics to curb the 

bacterial growth. Even then, the lawn thickness can be uneven and the local amount of 

bacteria different. Animals can thus be exposed to a broad range of nutrients amount, or 

even crawl off the lawn to an area with no bacteria. Temperature control requires the use 

of incubators, which for large-scale experiments can be very difficult to manage 

logistically. Additionally, different temperatures lead to different rates of drying of the 

agar. This changes the physical crawling conditions and may also alter the rate at which 

the gel absorbs chemicals such as attractive or repellant stimulants. This can significantly 

affect the gradients and concentrations of chemicals the animals perceive. Lastly, 
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manipulation of animals can be very demanding. Studies of individual animals require 

one plate per each animal. Animals have to be physically moved by picking if stringent 

dietary control or tracking of animals through egg-laying is necessary. The latter is 

commonly the case for developmental and lifespan studies. Also, animals can be lost by 

crawling from the agar to the plastic edge of the plate where they dry out. 

Liquid culture protocols mitigate some of these problems but may introduce additional 

problems. Although maintaining constant concentration of nutrients is more easily 

achieved and animal loss is more easily preventable, because liquid culture is usually 

performed in well plates, constant shaking is required for even oxygenation of the 

solution. Performing a developmental or lifespan study for example therefore remains a 

difficult endeavor. First, each animal would require its own plate. If the developmental 

process in question is temperature dependent, plates will require incubator storage. If for 

example an odorant response change throughout development and lifespan is being 

evaluated, animals will have to be picked onto new plates after each exposure. Animals 

will definitely have to be picked regularly onto new plates for lifespan experiments with 

precise dietary control. Picking increases the risk of physical damage and death of 

animals. Most importantly, every time animals need to be imaged, they will have to be 

removed from the plate.  

 

Figure 1.5 Standard method of agarose pad preparation and C. elegans imaging. 
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The standard imaging technique itself is not adequate for some live imaging and the 

majority of developmental studies. The technique depends on immobilizing C. elegans on 

agarose pad between a glass slide and cover slip. The two methods of immobilization 

used are to either glue the animal or to use anesthetics to prevent all movement. Both 

approaches significantly affect physiology and development. Additionally, animals 

cannot be fed while immobilized. Also, in the case of glue and some strong anesthetics, 

the immobilization is irreversible. Because of this, standard methods are no suitable for 

live imaging for longer periods than several seconds. For example, trafficking of synaptic 

vesicles can be sufficiently observed over ~30 seconds (as shown in Figure 1.4a), after 

which the animals are simply discarded. However, formation of growth cones, changes in 

structures of lipid droplets, changes in gene expression, or tracking of germ cells all 

require live observation for several minutes up to few hours and would be impossible to 

perform. The standard approach is also not ideal for developmental studies. Since each 

animal can only be imaged once, it’s impossible to track development on a per animal 

basis. To get around this problem, it is possible to image animals at different stages of 

development. This provides a population-base picture (as shown in Figure 1.4b). Though 

sufficient for gross evaluation, minute details and differences between individuals, which 

could be used to screen mutants for example, are lost. It is clear therefore that standard 

techniques are inadequate for live imaging, developmental, and lifespan studies. 

1.5 The Field of Microfluidics and Its Application in C. elegans Studies  

The field of microfluidics is a relatively recent yet rapidly spreading development. The 

key principle of the field is manipulation of fluids at length scales at which fluid flow 

becomes extremely predictable and thus controllable, i.e. laminar. This type of flow 

arises at Reynolds numbers lower than 2300.  Because of the length scales and 

geometries commonly used in microfluidics, the Reynolds number is much lower than 

2300. The dimensionless Reynolds number is calculated by the relationship . At 
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low values of the Reynolds number, inertial forces (represented by the numerator) 

become irrelevant and viscous forces (represented by the denominator) dominate, 

resulting in highly predictable and mostly laminar flow patterns. Since the fluids used are 

the same as with macro-scale systems, and velocities generally remain within a 10
1
 m/s 

maximum, the determining variable is the length scale. The length scales common to 

microfluidic designs are in the range of nano to millimeters and lead to low Re numbers. 

Despite these small lengths scales, most microfluidic systems give rise to a large Peclet 

number, , where V is velocity, L is the length scale, and D is the diffusion 

coefficient. This dimensionless number describes the ratio between convective and 

diffusive mass transfer in a system. Despite the small length scales, in combination with 

velocities common in microfluidic devices, the numerator term representing convective 

mass transfer tends to dominate over the denominator, representing diffusive mass 

transfer. Therefore, two laminar streams co-flowing in the same direction will remain 

largely unmixed over a long distance, because mixing is dependent on the slow diffusive 

process. This can be beneficial in delivering well defined pulses of chemical stimuli for 

example, but it can be detrimental when rapid mixing is required. In case needing rapid 

mixing, various microfluidic mixers based on folding of the lamina to decrease the 

diffusion length may be used.  

Because of the small length scales, mass and energy transfer achieve equilibrium much 

faster than at the macroscale. [64, 65] This leads to lower consumption of potentially 

costly reagents with greater precision and control. Additionally, these length-scales are 

similar to those of many biological systems, such as cells or small model organisms like 

C. elegans. Because of this similarity and the predictability of flow, microfluidic systems 

can be designed to physically position, direct the motion of and otherwise physically 

manipulate these subjects in a minimally damaging and high-throughput fashion.   
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1.5.1 General Microfluidic System Features and Principles 

Original microfluidic devices were fabricated using conventional microfabrication and 

MEMS principles. This fabrication approach was relatively costly and lengthy. The 

development of soft lithography as a microfluidics fabrication technique spurred rapid 

prototyping, cheap fabrication, and provided the ground work for faster adoption and 

development of microfluidic systems. This molding approach was pioneered and 

developed primarily by Whitesides and Quake. [66-69] Soft lithography is based on 

fabricating microfluidic systems in PDMS, or poly(dimethylsiloxane). Devices are 

molded by pouring the uncured elastomer on top of a master mold and curing it. Though 

this master is still fabricated using standard lithography techniques, the process is 

simplified. Here, instead of using photoresist as a mask for subsequently etching the 

silicon or performing lift-off, 3D features are created directly by photopatterning the 

resist itself.  Thus the master fabrication process is much cheaper and less time 

consuming. After the elastomer has cured, it can be peeled off and sectioned into 

individual devices, leaving the master to be re-used. The individual devices can then be 

bound to a layer of PDMS or glass to seal them via heat or plasma bonding. Another 

critical step in increasing the utility of microfluidic systems was the development of on-

chip fluidic valves. [68] These work on the principle of deflecting a membrane into the 

area of a channel. This membrane then closes the channel and prevents liquid flow. The 

deflection is achieved by pressurizing the backside of the membrane. Once the pressure is 

relaxed, the elastomeric membrane retracts and flow through the channel is re-

established. 

This pioneering work led to the development of a wide range of microfluidic systems 

with a plethora of applications. These include but are not limited to cell and particle 

sorters, DNA capture systems, point-of-care diagnostic systems, droplet generators, 

micro-reactors, microfluidic mixers, enzyme based capture and analysis systems, and 

segmented flow particle generators. Microfluidic systems have also found their way into 
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C. elegans research with the goal of improving animal handling and providing more 

efficient, reliable and high-throughput alternatives for standard methods. 

1.5.2 Microfluidic Systems for Improved Handling of C. elegans 

The broad range of research directions with C. elegans makes it difficult to design a 

system capable of addressing every single scenario. Instead, systems were and continue 

to be developed with specific types of applications in mind. Although not all 

encompassing, they can be divided into i) immobilization systems, ii) behavior analysis 

systems, iii) long-term and on-chip developmental studies systems, and iv) lifespan 

analysis systems. 

1.5.2.1 Immobilization Systems 

The focus of immobilization systems is to facilitate rapid immobilization and imaging of 

a large number of animals. This is highly desirable for forward genetic screens, where 

animals are mutagenized and then screened for phenotypical mutants. This process is 

very labor intensive and very low throughput (~5 animals per hour). Microfluidic systems 

can increase the throughput by 1-2 orders of magnitude. One of the earliest systems was 

developed by Hulme et al. in 2007. [70] This design is a large array of parallel channels 

with a tapering geometry. Animals are forced into these channels via pressurized flow 

and compressed by the geometry until immobilized for imaging. A similar system was 

developed Allen et al. for ablation of single synapses. [71] Around the same time, Rohde 

et al. and Zeng et al. presented systems based on membrane compression. [72, 73] These 

systems use suction channels to properly position and grossly immobilize C. elegans. A 

membrane is then used to compress the animals’ bodies for complete immobilization. 

The goal of these systems was ablation of features and sorting of mutant animals from 

wild type. Kwanghun Chung and Matt Crane from the Lu lab developed an imaging and 

immobilization system based on cooling of animals in 2008. [74] In this system animals 

were also properly positioned via suction channels, but they were rapidly immobilized by 
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cooling to 4 °C. This was the first system to demonstrate automated sorting of animals 

after imaging. One additional method developed by Chokshi in 2009 used a combination 

of membrane compression and CO2 microenvironment. [75] Several additional system 

and design optimizations, improvements and applications have been presented based on 

these original designs. [76-78] These immobilization techniques have been shown to 

work excellently at rapidly immobilizing a large number of animals for high throughput 

imaging and screening [74, 76-78] and for immobilizing animals for laser surgery and 

imaging [48, 70, 71, 73, 75]. 

 

Figure 1.6 Examples of microfluidic immobilization systems. a) Array of tapering 

channels for physical compression. (image: Allen et al., Journal of Neuroscience, 2008 

[71] Reuse license number: 2158251120582) b) System using suction channels for 

position and membrane compression for immobilization. (image: Rohde et al., PNAS, 

2007 [72] Reuse license number: Permission with proper citation granted). c) Cooling 

based immobilization system for imaging and automated sorting. (image: Chung et al., 

Nature Methods, 2008 [74] Reuse license number: 3161480925107).  
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However, the utility of these systems for live imaging or dynamic long-term studies is 

limited. In all of these systems, animals are completely immobilized throughout the 

experiment. As such, animals cannot feed. Moreover, the systems are not set up to deliver 

nutrients to animals. Therefore, live imaging is possible only for a very short period of 

time before the animals’ physiology is affected. Additionally, the cooling approach and 

the use of CO2 directly affect physiology, which makes them unsuitable for live imaging 

as at all. Furthermore, since the goal of immobilization systems is high throughput 

imaging, they are not designed or intended to repeatedly image and keep track of 

individual animals as these animals are developing. Because of this they are not suitable 

for long-term studies either. 

1.5.2.2 Behavior Analysis Systems 

Behavior analysis systems have been developed to increase the throughput compared to 

standard experimental techniques (section 1.3.1), to improve environmental control, and 

to increase the depth of behavioral response data from each experiment (section 1.3.2). 

These systems are capable of establishing chemical and thermal gradients or of creating 

highly spatially confined areas containing odors. One of the earliest assays was presented 

by Gray et al. as a molecular oxygen sensing array, in which a stable oxygen gradient 

was created across the device by using nitrogen gas as a sink for oxygen at one end of the 

device. [51] Zhang et al. combined chemical signal gradients from pathogenic bacteria 

with geometric restriction in the shape of a central worm chamber connected to bacteria 

chambers via channels to analyze olfactory learning in C. elegans. [79]. These two 

systems were not liquid based, yet take advantage of certain microfluidic principles in 

manipulating gas flows.    

A system designed to analyze the activity increase in olfactory neurons via optical 

detection of fluorescent intensity of the calcium indicator GCaMP was presented by 

Chronis et al. in 2007. [80] In this system, the tips of animals’ head can be selectively 
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exposed to a laminar stream containing olfactory cues. The response in neuron activity 

can be recorded after shifting the laminar stream to touch the tip and after the stream is 

moved away from the tip.  

In 2008, Lockery et al. presented a system designed to mimic a typical crawling 

environment, while taking advantage of the properties of microfluidic devices for 

olfactory assays. [81] The design consisted of a large chamber filled with pillars at 

specific center-to-center distances and pitch. These pillars served as crawl support for C. 

elegans, which would otherwise be swimming in an empty chamber. By taking advantage 

of laminar flow, sharply defined streams of liquids with differing concentration of stimuli 

can be established across such a device to study olfactory behavioral response. In 2011, 

Albrecht et al. used a device based on the same principle for high content behavioral 

analysis. [59] The analysis employed tracking software capable of tracking individual 

animals over time. The software continuously images the device, uses detection 

algorithms to identify animals, and tracks their positions and body shape over time. 

Albrecht was able to extract a large number of features of C. elegans olfactory responses 

to chemical gradients and sharply defined odorant concentration steps. This software is 

based on the principle of multi-worm tracking software presented by Baek et al. in 2002 

[82]; since then, several additional individual and multiple worm tracking software 

packages have become available with the goal of improving behavior analysis throughout 

and data gathering. [36, 83, 84].  

In the Lu laboratory, Kwanghun Chung and Mei Zhan developed a novel approach to 

behavioral studies. [85] In their system, C. elegans are individually loaded into chambers 

in a large array. Chemical stimuli can then be delivered to the array with precise temporal 

control. The behavioral response is recorded and then analyzed via custom MATLAB 

code.  
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Figure 1.7 Examples of behavior analysis systems. a) Oxygen gradient generating device 

designed for studying oxygen sensing in C. elegans. (image: Gray et al., Nature, 2004 

[51] Reuse license number: 3161480925107). b) Odorant gradient device with geometric 

restriction to direct movement. (image: Zhang et al., Nature, 2005 [79] Reuse license 

number: 3161481271215). NOTE: Systems a) and b) utilize microfluidic principles for 

manipulating gas flows. c) Device for selectively exposing animals to olfactory ques via 

laminar flow switching. (image: Chronis et al., Nature Methods, 2007, [80] Reuse license 

number: 3161481433129) d) “Artificial dirt” device; chamber filled with pillar structures 

designed to mimic crawl like environment, while generating bands of chemical stimuli. 

(image: Lockery et al., Journal of Neurophysiology, 2008 [81] Reuse license number: 

Permission not required). e) Pillar array chamber device for generating chemical 

gradients and sharp transitions between odorants. (image: Albrecht et al., Nature 

Methods, 2011 [59] Reuse license number: 3161490491141)  

 

These systems have significantly propelled precision and controllability of behavior 

analysis of C. elegans. In addition, worm-tracking systems have allowed for large 

numbers of animals to be studied simultaneously with individual animal resolution. In 
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combination, these platforms provide a great conceptual basis for long-term dynamic 

studies despite lacking certain required features. For example, the principle of individual 

software tracking or physical isolation is highly applicable to developmental and lifespan 

studies. Additionally, providing features for crawl support in microfluidic systems more 

closely mimics the C. elegans natural environment. However, a downside of software 

based tracking is the loss of worm identity in certain occasions, such as two worms 

moving into close contact. Also, tracking of individual identities requires constant optical 

tracking. Lastly, these systems are not designed for high-magnification imaging because 

they lack the ability to immobilize animals. It has to be noted that real-time optical 

tracking systems do provide high-magnification imaging capabilities. However, such 

real-time tracking systems can generally only be used to study one animal at a time, 

which would lead to very low throughput dynamic long-term studies. 

1.5.2.3 Long-Term Developmental Studies Systems 

In 2011, Rohde et al. presented a system with the potential for performing dynamic 

developmental studies of C. elegans. Although not based on microfluidics, the system is 

capable of repeatedly immobilizing animals, which are being grown in liquid culture in a 

standard multi-well plate. The immobilization is based in cooling; each well has its own 

individually actuated peltier-based cooler. Rohde has demonstrated the utility of the 

system by performing time-lapse analysis of neurite regrowth after laser microsurgery in 

grown animals. The observed axonal rate of regrowth was significantly greater than 

predicted by ensemble averaging of many animals, which is a technique used for 

developmental studies when standard methods of immobilization are used (section 1.4). 

This supports the argument that population averaging leads to significant loss of detail in 

describing developmental processes.  

However, the application of this system is questionable for developmental studies 

spanning the earliest developmental larval stages. The difficulty lies in the choice of 
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immobilization method for imaging. Cooling the animals to 4 ºC significantly affects 

physiological processes. This is not a problem for automated screening systems, because 

the animal is only imaged once to determine its phenotype. However, such frequent 

interruption into normal physiological function of developing animals may have 

significant effects on the development itself.  

 

Figure 1.8 Time-lapse imaging system with peltier cooler based immobilization for 

imaging. (image: Rohde et al., Nature Communications, 2011 [86] Reuse license number: 

3161491152952). 

1.5.2.4 Lifespan Systems 

Two systems with the goal to perform precisely controlled lifespan on-chip studies have 

been presented. The first was developed by E. Hulme in 2010. [87] The system is based 

on an array of chambers, each of which is connected to channel with tapering geometry. 

Each chamber houses one animal throughout the experiment. These can be moved in and 

out of the tapering channels for immobilization and imaging. Nutrients in the form of 

bacteria suspended in liquid solution are continuously delivered to the culture chambers 

via the tapering channel as well. Progeny are removed from the culture chamber as well. 

This is important so that the mother is not confused with its progeny during the 

experiment and so that non-sterile strains may be used. This system allows tracking the 

lifespan on an individual animal basis and was used to perform a full duration 

experiment. However, certain shortcomings in the design and methodology led to low 

acceptance of the work in the life-span community. First, temperature control is critical 

for lifespan analysis. For example, the generation time of C. elegans at 15 ºC is 6 days, 
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while it is only 2 days at 25 ºC. Since the system has no temperature control mechanism 

built in, the use of an incubator is required. Second, since no crawl support is included in 

the chamber design, animals are forced to constantly swim against a current.  

 

Figure 1.9 WormFarm device. An array of large chambers designed to perform lifespan 

experiments on groups of animals. (image: Xian et al., Aging Cell, 2013 [88] Reuse 

license number: 3161500139097)  

 

The energy requirements of constant swimming may affect lifespan results as well. Third, 

the nature of the gravity driven flow used in the design requires the system to be open to 

air, which may lead to contamination. Presence of potentially pathogenic bacteria can 

drastically alter lifespan of C. elegans. Last, the design of the array precludes the option 

of imaging the array as a whole simultaneously. This prevents certain studies to be 

performed in parallel, such as analysis in change of behavioral response with ageing. 
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The second system has been developed by Xian et al. and presented recently in 2013. 

[88]. In this design, an array of large chambers can each be loaded with 30-50 animals. In 

these chambers, nutrients can be delivered at precise concentrations. Progeny are 

removed through outlet channels large enough for early larvae, but too small for adult 

animals. Xian has demonstrated i) the ability of the system to perform several lifespan 

experiments in parallel, ii) while using a range of nutrient concentrations and additives, 

and iii) with automated counting of live/dead animals via computer software. The system 

is also fully closed, thereby minimizing the risk of contamination with pathogenic 

bacteria. 

In comparison with the Hulme device, the throughput of Xian’s system is much higher; 

eight different conditions can be tested on 30-50 animals simultaneously. The trade-off is 

the loss of individual animal tracking and the inability for observing behavioral response. 

Similar to the Hulme device, there are no pillars included in the chamber design. Because 

of this, animals need to swim against a current, and from the collected data it is apparent 

that over time they are pushed towards the outlet where they accumulate. Whether this 

affects lifespan is not clear. Also similar device presented by Hulme et al., there is no 

temperature control built into the system. While these systems perform adequately, they 

fail to provide the full set of features required for a dynamic lifespan experiment.  

1.6 Thesis Objectives 

This thesis makes contributions to the study of neurobiology, ageing, and development 

through the development of a toolkit for live and long-term dynamic studies of C. 

elegans. The major contributions are: 

1) The design of a system capable of robust culturing of developing C. elegans and 

of repeated high-resolution imaging at physiologically benign conditions. This is 

the first system capable of growing animals from the early L1 larval stage, while 
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repeatedly and reversibly immobilizing animals for imaging. This immobilization 

happens at physiological conditions without any damage to the animals. 

2) The development of a system for studying development of C. elegans starting at 

the embryonic stage all the way through adulthood with the added ability for 

highly localized temperature control. The temperature control may be used for 

immobilization of animals for imaging or for studying the effect of temperature 

on animal development and behavior. This is the first microfluidic system capable 

of culturing and imaging all developmental stages in a single platform and is 

designed for easy dissemination to other laboratories. 

3) The development of a device capable of selectively immobilizing C. elegans for 

continuous live imaging at physiological conditions. This is the first system 

capable of immobilizing the animal body at physiological conditions while 

allowing the animals to feed throughout the experiment to maintain normal 

physiological function. 

4) The design of a single-package system for lifespan studies with individual animal 

resolution, integrated nutrient delivery, temperature control, and image 

acquisition.  Compared to other available life-span on chip designs, this is the first 

system capable of temperature control without the use of incubators and thus can 

be used as a bench-top system. Additionally, it is designed for control of dietary 

conditions, temporal control of stimuli for studying effects of aging on behavior, 

and for use with non-sterile strains without the need to sterilize animals with 

drugs. 

. 
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CHAPTER 2  MICROFLUIDIC SYSTEM FOR LONG TERM 

CULTURE OF C. ELEGANS WITH HIGH-RESOLUTION 

IMAGING FOR DEVELOPMENTAL STUDIES 

This chapter describes work on a system for studying the development of C. elegans. 

Developmental studies using multicellular model organisms such as C. elegans at the cell 

or subcellular level rely significantly on the ability to image animals at high-resolution. 

Standard imaging modalities, such as the use of anesthetics for immobilization, however, 

do not allow animals to be imaged repeatedly. This leads to the inability to follow the 

specific development of each individual animal and observe dynamic processes. The 

ability to image a single animal at high-resolution over a period of time, with no 

physiological side-effects is therefore critical to thoroughly understand long-term 

developmental effects. To overcome these difficulties, I developed a microfluidic system, 

which allows for long-term culture of C. elegans, and repeated high-resolution imaging at 

physiological temperatures without using anesthetics. Animals are cultured in individual 

chambers in media containing nutrients required for development and immobilized only 

during an imaging cycle. The immobilization is made possible via a reversible thermo-

sensitive sol-gel transition of the solution of a commercially available biocompatible 

polymer, Pluronic F127.Thus, this method facilitates time-lapse studies of single animals 

at high-resolution and lends itself to shedding new light on many developmental 

processes and events. This chapter has been adapted from reference [89], “Long-term 

high-resolution imaging and culture of C. elegans in chip-gel hybrid microfluidic device 

for developmental studies.” 

2.1 Overview of the System 

The basic operating principle of this system is depicted in Figure 2.1a. The system 

operates in three stages. The first stage is initial loading; a suspension of C. elegans in 
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nematode buffer is loaded into the device for trapping individual L1 stage larvae in 

culture chambers. The second stage is the culture stage; OP50 E. coli suspended in 

nematode buffer are delivered to the device and flow through the culture chambers 

containing C. elegans. This allows animals to feed and develop normally. The third stage 

is imaging; nematode buffer is temporarily replaced with Pluronic F127 solutions, which 

is heated to immobilize animals for high-magnification imaging. After the solution cools, 

it is again replaced with nematode buffer. After completion of the first stage, stage two is 

maintained for the majority for the experiment. Stage three is engaged whenever animals 

have to be imaged, after which the system is returned to back to stage two. 

The whole system consists of the microfluidic chip and the off-chips components (Figure 

2.1b). These include i) a pressure-driven liquid delivery system, a liquid heating element, 

ii) macrovalves for controlling fluid flow on and off chip, and iii) a compound 

microscope with a CCD camera and x-y-z stage.  

 

Figure 2.1 System overview. a) Animals are injected into the device, where they are 

provided with nutrients to grow and occasionally immobilized for imaging. b) Block 

diagram of the off chip system components. 
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2.2 System Design Process 

As stated previously, the requirements for dynamic developmental studies include i) the 

ability to track the development of individual animals, ii) facilitation of normal 

development, iii) immobilization for periodic imaging without affecting physiology and 

development and iv) reversibility of the immobilization process.  

2.2.1 Exploration of Animal Tracking and Immobilization Methods 

Tracking of animals can be facilitated via software as was explored in Section 1.5.2.2 or 

via physically separating each specimen. Software tracking would require constant 

observation under a microscope with uninterrupted image processing. This would not 

only be logistically difficult but computationally intensive. Additionally, worm trackers 

often receive errors in tracking, such as when two animals touch, and lose record of the 

animals’ identity. For this reason, physical separation of animals was chosen as the 

preferred alternative. The first design (Figure 2.2a) was based on delivering animals to 

individual culture chambers with pillar structures included as crawl support. Nutrients 

were to be delivered to these chambers in liquid form. For imaging, animals would be 

moved from the chambers to an imaging area via an animal delivery channel. Selection of 

chambers for imaging and control of flows would occur via pneumatic valves (as 

described in Section 1.5.1.). 

This design was changed into an array to increase scalability and decrease the number of 

required inputs. Additionally, each chamber was designed with its own imaging area, 

instead of transporting animals from all chambers to a single area for imaging. The 

immobilization would occur by pulling animals into a channel with tapering geometry. 

This was an adaptation of the principles from [70, 71]. In addition to tapering geometry, 

cooling to 15 °C would be used to decrease activity, yet remain within the physiological 

range. (Figure 2.2b) After testing, several issues became obvious. First, unlike the 

previously published designs, this system is intended to study development and has to 
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accommodate the youngest, early L1 larval stage, and smallest animals. These have a 

diameter of ~6 µm; the previous design was intended for animals with diameter ~40µm. 

Not only is the fabrication of such small features more difficult, but the pressure drop 

across a tapering channel of such dimensions is significantly larger and so is the 

resistance to flow. This makes it difficult to establish sufficient flow to drag animals into 

the channels. Additionally, since animals reside in large circular chambers where the 

cross sectional area is several orders of magnitude larger, the flow here is expanded and 

flow velocity further decreases. Experimentally it became obvious, that any 

immobilization method would have to be executable on animals inside their culture 

chambers. 

 

Figure 2.2 Early design concepts. a) Concept of device with individual culture chambers 

and a single imaging area. Animals would be moved to and from the imaging area back 

to the culture chambers via the animal delivery channel. The flow would be controlled 

via pneumatic valves. b) Array re-design, with an imaging area for each culture chamber. 

Animals would be immobilized by tapering channel geometry and mild cooling to 15 °C. 
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The only established methods for immobilization usable on animals in chambers at the 

time were cooling and membrane compression. Cooling was deemed unacceptable for its 

effects on physiology. Membrane compression was deemed risky; repeated compression 

of young and very fragile animals could cause damage. This lack of available options led 

to the exploration of immobilization agents. These are liquids, which can be used to 

immobilize animals on demand. Mixtures from molecular gastronomy and the food 

industry were investigated, such as sodium alginate, gelatin, xantham gum, and Pluronic 

brand polymers. Molecular gastronomy mixtures were chosen for presumed 

biocompatibility. Also, it was anticipated that animals would remain in this liquid, and 

thus segregation of animals in liquid droplets instead of chambers was explored in 

addition. (Figure 2.3). Food would be delivered to animals inside droplets via merging 

with droplets containing E. coli. Hundreds of animals immobilized inside droplets could 

be stored in microfluidic channels.  

 

Figure 2.3 Example of animals trapper in droplets for segregation and long term 

developmental culture on device. 

 

Droplet implementation proved impractical; growing animals were able to break through 

the droplet boundary and jump between individual droplets. The only way to prevent this 

effect was to use surfactants. Although possibly benign, constant exposure to these 

chemicals could be questioned by the biological community. This would impede the 
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dissemination of the technology in the community. Even though this idea proved 

fruitless, the exploration of immobilization agents yielded a promising candidate. 

2.2.2 Pluronic F127 as an Immobilization Agent 

Pluronic F127 is a tri-block co-polymer from the Pluronic (or Poloxamer) family of 

products. Pluronic block co-polymers all consist of a block of poly(propylene oxide) with 

a block of poly(ethylene oxide) at each end of the PPO chain. The different kinds of 

Pluronic vary in the ratio of the PEO to PPO block sizes and total molecular weight of the 

block co-polymer. Over the past decades, researchers have investigated the physical 

properties of these polymers in solution and their possible applications. [90-95] In 

general, all Pluronic polymers form at least a mixture of free polymer chains and micelles 

in solution at high enough concentration. The larger the hydrophobic PPO domain is, the 

lower the critical micellar concentration is and micelles begin to form at lower 

concentrations and lower temperatures. The larger the hydrophilic PEO domain is, the 

more difficult it is to form micelles. This effect is however much less pronounced. 

Additionally, at constant ratio of PEO/PPO, micelles form more readily with higher 

molecular weights. [90] 

Certain polymers from the Pluronic family additionally undergo a thermo-reversible sol-

gel transition. During this transition, the solution containing the polymer transitions from 

liquid state to a gel state. This effect is accompanied by a sharp increase in viscosity 

which I measured, storage modulus and the yield stress of the solution, as shown in 

Figure 2.4. [95] This transition occurs very fast on a molecular level; the rate of heat 

transfer through the gel is thus paramount in controlling gelation kinetics. Thus, the fast 

and more uniformly the solution can be heated to the transition temperature, the faster the 

gelation will occur. There is no delay from the gelation process itself. [94] 
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Figure 2.4 Physical properties of Pluronic F127. a) Storage modulus of PF127 solution 

with increasing temperature. (image: Wanka et al., Colloid and Polymer Science, 1990 

[95] Reuse license number: 3161500986408) b) Yield stress of PF127 solution with 

increasing temperature. (image: Wanka et al., Colloid and Polymer Science, 1990 [95] 

Reuse license number: 3161500986408) c) Measurement of viscosity of PF127 solution 

with increasing temperature. 

 

How the gellation occurs has also been a subject of previous researcj. Rassing et al. 

proposed a mechanism, in which a structural change in the micellar structure led to the 

formation of the gel. [96] One such possible proposed mechanism would be the 

dehydration of the EO blocks in the corona of micelles with a PPO core. This dehydration 

would lead to the collapse of the corona and formation of a tightly packed structure. 

Wanka et al. confirmed these findings, yet concluded that the gelation effect is triggered 

by a different process. [95] Wanka confirmed that indeed i) micelles form if the PPO 

block is large enough and ii) get bigger with increasing temperature. They also become 

more compact, squeezing out water molecules, until the corona collapses into a dense 

layer of EO groups. This effect occurs above the critical micelle concentration as 

confirmed by static light scattering, but prior to the sol-gel transition. The light scattering 

behavior already corresponded to that and only that of hard sphere particles. Wanka 

analyzed the small angle neutron scattering patterns and determined that at high 

concentrations and temperatures the gel appears as an ordered crystalline structure of 

micelles embedded in an amorphous material. Wang et al. subsequently also postulated a 

3D structuring. 
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Most recently, Mortensen et al. also used small angle neutron scattering to confirm that i) 

at low concentrations aggregates are free floating, ii) the PPO block causes the 

aggregation into micelles with core sizes up to 50 Å, and iii) the gelation process occurs 

due to an increase in the concentration of micelles with temperature until their volume 

density is so high, that they lock into a crystalline structure of hard spheres.   

Pluronic polymers are approved by the FDA and EPA as direct and indirect food 

additives, pharmaceutical ingredients, and agricultural products and have very low 

cytotoxicity. [97-99] Because of this, Pluronic F127 functionality is being investigated in 

several biotechnology applications, such as an in vitro drug delivery packaging agent 

[100, 101] or a cell encapsulation agent [99]. Because of its high biocompatibility, and 

the temperature and concentration controlled and reversible sol-gel transition, Pluronic 

F127 was our immobilization agent of choice.  

2.2.3 Compatibility of Pluronic F128 with C. elegans Physiology 

Despite being generally accepted as biologically benign for cells and tissues, I have 

verified this is also the case with C. elegans. To evaluate the effect of immobilization 

with the PF127 gel on animal development, I performed a series of immobilization 

cycles. The conditions of these cycles corresponded to conditions similar to actual 

experiments on chip: animals were suspended in PF127 solution, which was heated and 

cooled to trigger the sol-gel-sol transitions as would happen during an imaging cycle. 

Besides visually inspecting the gross morphology of the animals, I recorded three 

indicators of C. elegans development, i) time to reach egg-laying, ii) the pharyngeal 

pumping rate at young adult stage, and iii) the number of progeny in the first 24 hours of 

egg-laying. As is shown in Figure 2.5, for all three indicators, animals exposed to short 

(90 seconds) or long (10 minutes) cycles showed no significant difference to the control 

population (no temperature cycling and no exposure to PF127). Figure 2.5a shows that 
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time to reach egg-laying varies little between populations. Similarly, the average number 

of progeny (Figure 2.5b) and the pharyngeal pumping rate (Figure 2.5c) are unaffected,  

 

Figure 2.5 Examination of biocompatibility of Pluronic F127 with C. elegans 

physiology. Analysis of the effect of repeated immobilization cycles (a-c) and exposure 

during early development (d-f) on animal development. For repeated immobilization, 

animals were exposed to 50 short cycles (immobilization for 90 seconds) and 5 long 

cycles (immobilization for 10 minutes). To examine the effects of exposure during early 

development, animals were exposed to nematode culture medium (M9), PF127 solution 

(PF127) and PF127 solution containing hydrocortisone (PF127, HC) prior to hatching 

and during the L1 developmental stages.  Afterwards, the following three indicators were 

observed: (a,d) mean time to reach egg-laying, (b,e) pharyngeal pumping rate at young 

adult and (c,f) number of progeny in the first 24 hours of egg-laying. n≥18. 
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suggesting that the nematodes are unharmed by the thermo cycling and the presence of 

PF127 and proceed with normal development, which is critical for developmental studies. 

In typical developmental studies, embryos or younger larvae, such as the L1 stage 

animals, would be used. Since development continues long after hatching, I wanted to 

ensure that development is not adversely affected by the surfactant-like properties of the 

PF127 molecules. Therefore I also evaluated the effect of exposure to the PF127 solution 

during the embryonic and L1 larval stages. In these experiments, I exposed the animals to 

25% w/v PF127 solution, which is the highest concentration to be potentially used in 

experiments, and to PF127 solution containing hydrocortisone, which is a membrane 

stabilizing agent. I observed the same three indicators as before. Similarly, as can be seen 

in Figure 2.5d-f, none of these parameters showed statistically significant differences 

between the PF127 or PF127+HC and the control samples. This suggests that exposure to 

PF127 solution, even during early developmental stages, has no adverse effects on C. 

elegans development, and the polymer solution can therefore be used for immobilization 

during live imaging experiments and long term developmental studies. 

2.3 Final System Design  

Our finalized design is capable of providing both nutrients and proper gas exchange to 

multiple animals cultured in individual chambers. These chambers are used to keep 

animals separated at all times, thus guaranteeing that development can be followed on a 

per-animal basis. Reversible and repeatable immobilization directly inside the culture 

chambers is facilitated by a solution of Pluronic F127 via the thermo-reversible sol-gel 

transition. Thus, with efficient temperature control, cycling between a liquid and an 

immobilizing gel phase is easily achievable. The immobilization occurs anywhere in the 

chamber without positional requirements, with minimal environmental and physiological 

disturbances and physical deformation to the animals. This method of immobilization 

enables observation of physiological processes and events in an unprecedented fashion. 
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2.3.1 Hybrid Platform Design 

To successfully culture, immobilize, and image animals, all in a single platform, I 

designed a hybrid system composed of a microfluidic device and PF127 solution for 

repeated immobilization. The microfluidic device is a PDMS-based, two-layer device 

(Figure 2.6). The flow layer contains all flow inlets and outlets and the individual culture 

chambers. The two inlets are used to load animals into the device and deliver culture 

medium (loading inlet) and to flow PF127 solution into the device (PF127 inlet). Both 

inlets join to deliver solution and animals to the loading chamber. From here, animals 

enter the individual culture chambers, where they are trapped for the duration of the 

experiment.  

 There is a total of eight culture chambers per device; four on each side of the 

loading chamber. These two sets can be operated individually and thus the device can be 

operated with either four or eight active chambers. Large culture chambers were used for 

two reasons: i) they allow animals to grow without mechanical constriction and move 

around freely in an aqueous environment, and ii) the large cross-sectional area leads to 

the expansion of flow and thus a decrease in linear flow velocity and hence shear. 

Therefore, unlike in straight channels, sufficient exchange of media and nutrition occurs 

without animals having to constantly swim against a flow. The slowing of flow also leads 

to a longer residence time of bacteria in the chambers, which in turn allows animals to 

feed properly.  Partially closed pneumatic valves at the inlet and outlet of the culture 

chambers function to trap animals for the duration of the experiment.  When un-

pressurized, these valves remain open and permit flow through the corresponding 

channels. When pressure is applied, the membrane deflects down into the flow layer, 

increasing the resistance and reducing the flow [68] as shown in Figure 2.6e.  Because of 

the rectangular cross section of the flow channels, these valves do not permit animals to 

escape while simultaneously allowing flow of liquids through the channels. Excess 
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animals not loaded into the individual chambers, debris, and wastes are flushed out via 

the flushing outlet (Figure 2.6). 

 There is a second layer of the device, which contains valves for flow control and 

heating conduits for temperature control. The valves are fluid-filled to prevent gas bubble 

formation in the flow layer. The temperature control channel is used for raising the 

temperature within the device by a few degrees to trigger gelation of PF127 for 

immobilization of the animals. Precise temperature control is achieved by controlling the 

flow rate of the heating fluid and maintaining the heating fluid source temperature.   

 

Figure 2.6 Two-layer microfluidic device used by our hybrid platform. The flow control 

and heating layer (a) contains pneumatic valves (red) for flow control and trapping of 

animals inside chambers of the flow layer, as well as the channel used for flowing heating 

liquid (blue). The flow layer (b) contains the loading inlet (for animals and bacterial 

solution) and an inlet for the PF127 solution, 8 culturing chambers for individual culture 

of animals, and a waste outlet. The overall design is depicted in (c); and actual image is 

shown in (d); both correspond to the areas marked by dashed line rectangles in (a) and 

(b). The schematic in (e) represents the cross section of a partially closed valve, such as 

the one marked by a dashed line in (d). While unpressurized, the valve remains open. 

After pressurization, the valve membrane deflects into the flow layer, partially 

obstructing the channel. This prevents animals from escaping while allowing flow to 

continue. Scale bar represents 400 µm. 
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2.4 Materials and Methods 

2.4.1 Device Fabrication 

We fabricated all microfluidic devices in poly(dimethylsiloxane) (Sylgard 184, Dow 

Corning) using well-established multilayer soft-lithography techniques. [66-68] Briefly, 

as show in Figure 2.7, each of the two layers of the device was designed in Autocad 2008 

(Autodesk); masks were printed by CAD Services (California). The masters were 

fabricated on a silicon wafer using SU8-2025 (MicroChem) using the manufacturer 

prescribed procedure, and treated with Tridecafluoro-(1,1,2,2-Tetrahydrooctyl)-1-

Trichlorosilane silane (UCT Specialties, LLC).  Each of the two layers was then molded 

into PDMS with the ratio of base polymer to cross-linker to toluene of 20:1:5 (flow layer) 

and 10:1:0 (flow and temperature control layer). 

 

Figure 2.7 Device fabrication method. 
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The 50-µm thick flow and temperature control layer was partially cured at 70 °C for 20 

minutes at a PDMS thickness of 3 mm. Next, the flow-layer master was spin-coated to a 

thickness of 45 μm and partially cured on a hot-plate at 65 °C for 15 minutes, providing 

for a 30 µm membrane between the 15 µm thick flow channels and culture chambers and 

the top layer. 

 The two layers were aligned and thermally bonded at 70 °C for 2 hours and 

irreversibly bonded to a glass substrate via oxygen plasma treatment for 20 seconds 

(PDC-32G plasma cleaner). 

2.4.2 Solutions and Materials 

Fluids, such as culture medium and Pluronic F127 solution, were delivered to the device 

via plastic PE-60 tubing (Micro Medical Tubing, Scientific Commodities, Inc.) and metal 

pins, which were inserted into the PDMS device, by a pressure based delivery system. 

[74] The heating liquid was delivered from a hot bath, which was maintained at a 

constant temperature of 85 °C. For the heating liquid, the applied pressure not only 

determines the flow rate, but indirectly affects the temperature of the liquid reaching the 

device, the residence time inside the device, and the temperature of the culturing 

channels. I have verified our ability to control the temperature inside these channels via 

thermocouple measurement at the inlet to the device, as shown in Figure 2.8. 

 Solutions of Pluronic F127 (Sigma Aldrich) in water were prepared at 

concentrations of 23%, and 25% w/v.  The suspension was agitated for 4 days at 4 °C 

until the polymer pellets were completely dissolved. Solutions of Pluronic F127 at 25% 

w/v with hydrocortisone were prepared by suspending 10 µL of hydrocortisone solution 

(6.06 µM in ethanol) (Sigma Aldrich) in 10 mL of the pre-mixed PF127 solution. 

Standard nematode buffer [1] solution containing OP50 bacteria was prepared by 

centrifuging OP50 bacteria suspended in LB medium, removing the supernatant and re- 
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Figure 2.8 Temperature measurement of heating liquid at inlet of microfluidic device. 

 

suspending bacteria in M9 buffer at OD600 ≈0.9. The solution was filtered through a 5 

µm filter to remove clumps and debris. 

2.4.3 Animal culture, assay and microscopy 

C. elegans were cultured at 20 °C on standard agarose plates with OP50 bacterial lawns, 

and were suspended in standard nematode buffer for experiments. I used the N2 strain for 

all experiments where fluorescence was not required. The CZ456 (a strain that carries 

juIs1=Punc-25::gfp) [58] was used for all fluorescence studies. 

 Repeated immobilization experiments to assess animal viability were performed 

in Eppendorf tubes. Animals were age-synchronized by allowing them to hatch in M9 

solution for a period of 24 hours after embryo isolation. After 24 hours, L1 animals were 

extracted from M9 and suspended in 25% w/v solution of Pluronic F127. Two different 

immobilization periods were tested; short cycles consisted of sixty seconds at 15 °C to 

trigger gel-to-liquid transition and ninety seconds at 21 °C for complete gelation, and 

long cycles consisted of five minutes at 15 °C and 10 min at 21 °C. Age-synchronized 

animals were divided into two groups, one exposed to a total of fifty short cycles and the 

other to five long cycles.  
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 After the temperature cycling, animals were extracted into M9 solution, washed to 

remove the residual PF127, and placed on standard agar culture plates seeded with OP50 

bacterial lawns. The control sample consisted of the same batch of animals, which were 

kept in M9 solution for the duration of the experiment and were placed on agar plates at 

the same time, and not exposed to the temperature cycling. After being placed on culture 

plates, animals were allowed to grow at 21 °C, and the time to reach egg-laying, 

pharyngeal pumping rate at young adult stage ,and the number of progeny in the first 24 

hours of egg-laying was compared for all three samples.  

 To determine the effects on early development, unhatched embryos were 

suspended in 25% w/v solution of PF127, and PF127 with 60 nM hydrocortisone. 

Embryos were allowed to hatch, and were maintained in the solution for a period of 24 

hours. After 24 hours, animals were processed in the same manner as during repeated 

immobilization experiments. 

 Fluorescent images were acquired using a Leica DM4500B microscope with a 

Hamamatsu C9100-13 EM CCD camera at 5x magnification to monitor the device 

operation and at 100x magnification for subcellular imaging. Images were acquired using 

Image-Pro (MediaCybernetics) and processed and pseudo-colored with ImageJ (NIH). 

2.5 Results 

2.5.1 Immobilization Cycle for Imaging 

To demonstrate how our system can be used to track live events in a physiologically 

active animal, I used our chip-gel hybrid platform to perform repeated imaging cycles. 

For this purpose, animals were loaded into the individual culture chambers suspended in 

buffer with food through the loading inlet; the buffer was continuously perfused through 

the device while animals were not being imaged (Figure 2.9a). During an imaging cycle, 

flow of the buffer was stopped and was replaced by PF127 solution (Figure 2.9b). Once 

the solutions were completely exchanged, flow of a warm fluid through the heating  
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Figure 2.9 Immobilization cycle. While being cultured on device, animals are suspended 

in a solution of M9 containing OP50 bacteria (a). During an imaging cycle, the M9 buffer 

is first replaced with PF127 solution (b). The device is then heated to trigger the sol-gel 

transition and thus immobilize the worm (c). After the cycle is complete, the device is 

allowed to cool off and the PF127 solution is flushed out (d). Scale bar represents 60 μm. 

 

channel above the imaging chamber was turned on. This leads to a temperature increase 

of ~ 2°C in the culture chambers and the subsequent gelation of the solution 

immobilization of animals inside the chamber (Figure 2.9c). The time required for onset 

of gelation using this method is ~45-60 seconds after initialization of the heating cycle by 

visual inspection. After the imaging sequence is complete, flow of heating fluid was 

turned off and the device cooled off to ambient temperature; the cool-off time plus the 

phase transition of the gel is approximately 30 seconds. Once the temperature of the 

Pluronic F127 solution is decreased below its gelation temperature, it becomes a liquid 

and can be easiliy flushed out of the device and exchanged for buffer solution until the 

next cycle (Figure 2.9b). The liquid driving pressure in the temperature control chamber 

is always set equal to the driving pressure in the flow layer to prevent deflection of the 

culturing chamber membrane and thus flattening of animals. Using this method, I can 

repeatedly image individual animals without direct manipulation by simply exchanging 
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the suspension liquid inside the device and raising the temperature within the device by 2 

°C. The method is also age independent and doesn’t have positional requirements. Unlike 

tapered-channel geometry for example, which would require animals to enter a channel 

narrowing from ~50 µm to ~5 µm to sufficiently immobilize animals throughout all 

developmental stages, animals of all ages can be immobilized anywhere in the chamber at 

any time using our technique. 

2.5.2 Image Quality with Pluronic F127 as Immobilization Agent 

Low scattering and low autofluorescence are critical for imaging extremely small 

features, such as subcellular or synaptic expression patterns. For this purpose, I compared 

the ability to observe the expression of the green fluorescence protein near the synapses 

(Figure 2.10). To show that image quality does not degenerate by the presence of 

Pluronic solution, I imaged animals containing juIs1, the integrated Punc-25::Snb-1:GFP 

marker. The unc-25 promoter is expressed in 26 GABAergic neurons immediately after 

their generation and is localized in cell bodies, axonal branches, and synaptic regions31. 

The expression from this transgene is dim and photobleaches rapidly, and is thus difficult 

to observe even using standard methods.  

 We thus compared quality of images obtained using a standard agar pad and 

sodium azide as the immobilizing agent with that of images obtained using 25% w/v 

PF127 gel inside our microfluidic device. As can be seen in Figure 2.10a-d, both methods 

yielded similar high quality images. It was possible to identify neuronal cell bodies and 

synapses (some ~1 μm) along the ventral and dorsal nerve cords, even in the presence of 

autofluorescence from the animal intestine. The PF127 gel itself did not exhibit any 

noticeable autofluorescence, and I did not observe more scattering from the polymer. 

Photobleaching was comparable to that of the standard method. 
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Figure 2.10 Comparison of image quality between standard procedures (on agarose pads 

with anaesthetics) (a,b) and using PF127 gel in microfluidic devices (c,d). Imaged 

animals contain juIs1, a very faint and easily photo-bleachable synaptic GFP marker. 

(a,c) Single image at a focal plane, (b,d) flattened z-stack (40 images, step size  0.5 μm). 

Scale bar represents 5 μm. Arrows point to GFP expression localized to synapses, 

arrowheads point to neuronal expression. 

 

2.5.3 Extent of Immobilization with Pluronic F127 Solution 

To assess the efficacy of PF127 in immobilizing animals for imaging, I characterized the 

extent of immobilization after a sol-gel transition has occurred (Figure 2.11). I tested 

animals in 23% w/v Pluronic F127 solution. Animals were loaded into the device at a 

temperature below the critical gelation temperature and trapped in individual chambers 

while suspended in the PF127 solution. After temperature in the device equilibrated to 22 

°C, which is above the sol-gel transition temperature of the polymer at this concentration, 

a sequence of images (100x magnification, 2 seconds apart) was taken. The sequence was 

then analyzed to determine whether individual synapses shifted during the imaging. 

False-coloring the images from different time points with different colors and overlaying 

images (Figure 2.11a-d) illustrates the movement and I can also quantify positions of 

objects (e.g. synapses) of interest over time. Animals remained immobilized for a period 

of at least 10 seconds or more; within this time period the shift in position was less than  
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Figure 2.11 Verifications of the extent of immobilization by the PF127 gel inside the 

microfluidic device by imaging animals. The single z-plane greyscale images (a) were 

processed and false-colored green (b). Images at later times from the same z-plane were 

false colored red. The green colored image was then merged with the red colored images 

taken at 6 seconds (c) and 12 seconds (d), showing completely overlap and hence proving 

no movement of the sample. Dashed-line squares in d) show the synapses selected for 

positional tracking in (e). The x,y position of these synapses was tracked and graphed 

over time (2, 6, and 12 seconds) to show the extent of movement. Scale bar represents 5 

μm. Arrows point to synapses labeled by the presence of unc-25::GFP, arrowhead points 

to neuronal localization, and star denotes intestinal fluorescence 

 

0.5 μm. This is sufficient for obtaining at least two stacks of 40 images with planes in the 

z-direction separated 0.5-2 μm without any x,y movement. Longer than 10 seconds, some 

animals struggle against the constraint of the gel, which may lead to a shift in position or 

rotation of the animal body? 
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 It is critical to point out, that even though the immobilization is ultimately 

mechanical, no deformation of the animal body occurs. This is because the formation of 

the gel from the liquid solution is relatively uniform around the animal body. Since the 

formation of the stiff gel is uniform, there is no directional imbalance in the compressive 

force, which would lead to deformation of body shape, such as flattening. Thus, animals 

retain their body shape, and no distortion of features occurs. 

2.5.4 Long-Term Culture Inside Microfluidic Device for Early Stages of 

Development 

The features of our method make it very useful for longitudinally live-imaging animals 

throughout their developmental stages in combination with long term culture directly on 

the microfluidic device.  I therefore tested the ability of our microfluidic system to 

maintain culture conditions optimal for normal development of C. elegans by culturing 

animals on the device long term. 

 We loaded animals into the device and trapped individual worms in the culturing 

and imaging chambers (Figure 2.12a). Animals are loaded through the loading channel 

and the loading chamber into the culture/imaging chambers while suspended in buffer 

with food and supplemental cholesterol at a concentration of 0.1 °g/mL, which is required 

for the animals to molt. [1] Upon loading and trapping inside the channels, flow was 

continued to provide a steady supply of nutrients and fresh medium. The flow rate 

through the device was maintained at 0.02 mL per hour to sustain growth. Animals were 

maintained in this state for a minimum of 12 hours (Figure 2.12c) during which time they 

maintained normal locomotory behaviors and a pharyngeal pumping rate similar to  that 

of animals on standard agar culturing plates (data not shown). 
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Figure 2.12  Long-term culture on chip. To culture animals long-term, they were loaded 

into the device and trapped individually inside culture chambers (a), where they can 

remain for 12 hours (b) or longer. Animals are provided with bacterial food, allowing 

them to grow and develop normally (c). Scare bars represent 200 μm in (a) and (b), and 

100 μm in (c). 

2.6 Conclusions 

In this chapter, I have demonstrated the ability of our hybrid chip-gel platform to perform 

long-term culture with individually trackable animals (from L1 and on), and repeated live 

imaging at high resolution at physiological conditions.  I verified that repeated 

immobilization for various durations and exposure to the immobilizing agent - Pluonic 

F127 - during early larval stages has no discernable effect on animal development. Our 
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platform can be easily expanded into larger arrays to facilitate more rapid acquisition of 

data; more importantly, in contrast to currently available methods, this technology is 

advantageous in gaining new insights on developmental and dynamic processes such as 

vesicle transport, synaptic re-arrangement, and growth cone development. 
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CHAPTER 3  MICROFLUIDIC TRAP ARRAY FOR CHEMICAL 

AND THERMAL MANIPULATION OF C. ELEGANS EMBRYOS  

3.1 Introduction 

This chapter discusses the work on a system for chemically and thermally manipulating 

C. elegans embryos in a simple but highly controlled manner. The embryo stage and the 

various developmental processes occurring during this time have significant effects on 

the survivability, development, and functionality of the animals during the following 

larval and adult stages. Various studies of the embryonic developmental stage have 

identified the major genetic players of this process. [102-111]. How the process itself can 

be altered by exposure to alcohol or drug agents such as cancer treatment drugs has also 

been a point of interest. [112-115] Understanding normal development and perturbations 

to this process from external factors such drugs and various types of stress is highly 

beneficial to understanding similar processes in humans. This is largely possible due to 

the significant percentage of homologous genes and conserved biological pathways been 

C. elegans and humans. 

Such studies require i) physically handling large numbers of embryos in a uniform way 

without physically or otherwise damaging them in the process, ii) precise temporal and 

chemical stimulus control for purposes of accurate timing relative to  developmental 

events and frequency control, and iii) frequently the ability to track animals after hatching 

for observing their development and functionality. This combination of requirements can 

be difficult to implement practically and in a high throughput fashion. Several 

microfluidic designs have been successful at efficient manipulation and studying of 

embryos in the zebra fish and Drosophila melanogaster model organisms. [116-122] No 

such system however exists for working with C. elegans embryos. 
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Here I present a system designed to efficiently trap individual embryos, to thermally or 

chemically stimulate them with temporal control, and to study the effect of the 

stimulation on the animals after hatching. It is based on a large and easily scalable array 

of embryo traps designed to each trap one embryo. Each trap is connected to an 

individual culture chamber in which these embryos can hatch and develop. Rapid fluid 

exchange across the array allows for precise timing for chemical exposure. Additionally, 

integrated electrodes used for resistive heating serve to control the temperature for 

embryo stimulation and a broad range of additional applications, such as heat shock and 

immobilization with Pluronic F127 for imaging. As such, the device may be used not 

only to study embryonic development, but any developmental process of interest and the 

effects of external stimuli on these processes. This work was completed in collaboration 

with two undergraduate students, Iva Franjkic and Michael Ryan Warner. 

3.2 General System Overview 

The basic operating principle of this system is depicted in Figure 3.1a. The system 

operates in three stages. The first stage is initial loading; a suspension of C. elegans 

embryos in nematode buffer is loaded into the device for trapping. Trapping occurs 

passively without any direct researcher involvement via flow dynamics and feature 

design. From the traps, embryos are moved to culture chambers by pressurizing the 

device and opening a path between the trap and its corresponding chamber. The second 

stage is the exposure stage; the embryos are exposed to chemical or thermal stimuli. 

Temperature on device is increased by using individually addressable electrodes as 

resistive heaters. The third stage is the culture stage; OP50 E. coli suspended in nematode 

buffer are delivered to the device and flow through the culture chambers containing 

embryos and hatched C. elegans. Animals can be exposed to external stimuli during this 

stage as well. Additionally, the buffer can be temporarily replaced with Pluronic F127 

solution, which can be heated to immobilize animals for imaging. 
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The whole system consists of the microfluidic chip aligned on a slide with patterned 

electrodes and the off-chips components (Figure 3.1b). These include i) syringe pump 

driven liquid delivery system ii) external valves used for selecting the solution to be 

delivered to the device, iii) a compound microscope with a CCD camera and x-y-x stage, 

and a iv) digital input output controller to actuate individual electrodes.  

 

Figure 3.1 Schematic of the system operation and components. a) Three modes of 

operation of the device are loading, embryo stimulation, and the development/culture 

stage. b) Comprehensive system schematic. 
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3.3 System Design 

3.3.1 Microfluidic Component 

The roles of the microfluidic device is to efficiently handle trapping of embryos, facilitate 

highly temporally controlled chemical stimulation, and if necessary provide the 

environment needed for proper C. elegans development in a high-throughput manner. 

Typically, high throughput in microfluidics for C. elegans applications has been achieved 

by processing large numbers of animals serially and rapidly. [70-72, 74-78] Most 

commonly this was done for automated sorting or microsurgery. [72, 74, 76-78] This 

approach however is not suitable for embryo handling and possible stimulation, such as 

exposure to chemicals or thermal stress. Serial processing of embryos would introduce 

significant differences between the ages of embryos at the time of stimulation, especially 

in case where stimulation lasts for several minutes or hours. Moreover, observing the 

subsequent embryonic and larval development on an individual animal basis would be 

impossible. This for example is highly desirable for studying distribution of P granules 

after hatching [123-126], for studying distribution of heat shock proteins in adulthood 

after embryonic stimulation [127-129] or for studying developmental effects after drug 

treatment in the embryonic stage [112, 130, 131]. A more suitable approach therefore is 

parallel simultaneous processing of a large number of embryos. This places the additional 

requirement of easy scalability on the system to be used. 

In Chapter 2, I have introduced a system for isolating individual L1 larvae to observe 

their development with repeated high-magnification imaging. Although the chamber 

isolation principle from that system remains applicable, scalability is an issue due to the 

active control of animal trapping. In fact, scalability is problematic in most actively 

controlled microfluidic systems. In the case of the system from Chapter 2, four chambers 

are controlled by a joint inlet and outlet valve. Achieving loading of one animal per 

chamber requires monitoring from the researcher and actuation of the inlet and outlet 
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valves. Since the loading process is random, this can take several minutes. With an 

increasing number of chambers controlled by a joint inlet and outlet valve, the probability 

of single loading across all chambers decreases drastically since probabilities are 

multiplied as POverall=P1xP2xP3x…xPN. Each additional chamber thus decreases the 

overall probability of single loading for all chambers controlled by a single valve. This in 

turn leads to an ever increasing loading time as the chamber numbers grow. For this 

reason, the number of chambers that can be loaded is limited. If we assume that four 

chambers are per valve are ideal, then the number of valve control connections to the 

device (inlet and outlet) scales by n/2, where n is the number of chambers. For an array of 

48 chambers, only the valve connections would total 24. From a practical and design 

point of view, this is not acceptable. 

For this reason, I have decided to pursue a design that is passive in nature without direct 

user action. In the case of a design for high throughput manipulation of embryos, this 

means that once embryos are injected into the device they are trapped by the design of the 

trapping features and the flow pattern on the device. This eliminates the need for valves 

to control loading, and the only connections to the device necessary become the fluid 

flow inlets and outlets. Thus, regardless of the size of the trap array, the number of 

connections remains the same and the only scalability restriction is becomes the footprint 

of the device. 

Figure 3.2a shows one such initial design. Traps in the shape of an oval protrude from a 

main delivery channel. At the outlet of each trap is a narrow opening, which serves to 

hold embryos in the trap while permitting flow past it into the connecting channel. After 

traps are loaded, the device is pressurized to open the restriction and allow embryos to 

flow down the channel to another restriction at the inlet of a culture chamber. This 

restriction serves to stop all embryos at the chamber inlet, so that lagging embryos can 

catch up. By pressuring the device again, embryos can be loaded into culture chambers. 

The loading efficiency of these traps was ~60% (single embryo per trap). However, over  
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Figure 3.2 Early microfluidic device designs. a) Embryo traps connected to individual 

culture chambers requiring embryo transport. b) Embryo traps design to keep embryos 

until hatching, when animals would be transported to a culture chamber with passive 

trapping. c) Embryo traps directly connected to culture chambers with passive trapping. 

 

80% of the embryos would remain stuck in the channels connecting the traps to their 

chambers. I concluded that though trapping can be efficient, further manipulation can be 

difficult. In the next design (Figure 3.2b), traps were designed to hold embryos 

immobilized until they hatched. At this point, animals would be flushed through a 

connecting channel towards a culture chamber as in the previous design. This time, the 65 

µm tall chamber was surrounded by a 6-µm ring to stop the animals from escaping the 

chamber. Once inside the chamber, over 99% of animals remained. However, less than 

10% of the embryos loaded actually hatched and had their progeny moved in towards the 
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chamber. This may have been due to damage to embryos from constant high flow rates, 

as well as washing of hatched C. elegans along the main channel. The next design 

principle combined the trap design, but each trap was connected directly to a culture 

chamber with a restriction (Figure 3.2c). This chamber was also surrounded by a low 

height ring to prevent hatched animals from escaping. This facilitated efficient transport 

from embryo traps to chambers by simply pressuring the device to open the restriction, 

while retaining the ability to keep animals trapped passively. This principle was applied 

for the finalized embryo trap array design. 

3.3.2 Temperature Control on Device 

The ability to increase temperature on device is critical for a broad range of applications 

such as inducing heat shock, increasing metabolic rate, or even immobilization for 

imaging. Robust cooling and heating methods for C. elegans microfluidic applications 

based on delivering hot or cold liquid have been developed in our laboratory. [74, 89] 

These have been shown to accurately control temperature in a target location such as a 

trapping channel or an array of culture chambers. The implementation of this technology 

is however difficult when a large number of specific locations needs to be controlled on 

an individual basis, such as a very large array of chambers and traps. This would require 

a complex network of on chip channels and control valves and significantly limit 

usefulness. An alternative approach for locally increasing temperature is Joule heating. 

Electrodes integrated into microfluidic devices can be used as highly localized heaters. A 

multitude of electrode patterning techniques and designs have been used in the field for 

applications such as dielectrophoretic separation, flow focusing, PCR, and as components 

of sensors. [132-140]. Traditionally, these electrodes are patterned onto a glass or silicon 

substrate via a combination of standard metal deposition and etching techniques. 

However, without the ability to re-use each device multiple times, large scale 
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experimentation would make device fabrication very resource and time intensive and in 

some cases require the use of a cleanroom.  

Siegel et al. used a novel molding method for creating metallic components inside a 

microfluidic PDMS chip. [141] The components were created by injecting molten solder 

into channels of a PDMS device heated to 180 ºC and then allowing the solder to cool. I 

have adapted this technology with a more easily implemented fabrication method for 

fabricating large numbers of devices reliably and cheap. 

Table 3.1 List of available low-melting/fusible alloys available from RotoMetals 

(rotometals.com) 

Type/ Approx 

Temp in F 
Antimony Bismuth Cadmium Lead Tin Indium 

Roto117F 0% 44.7% 5.3% 22.6% 8.3% 19.1% 

Roto136F 0% 49% 0% 18% 12% 21% 

Roto140F 0% 47.5% 9.5% 25.4% 12.6% 5% 

Roto144F 0% 32.5% 0% 0% 16.5% 51% 

Roto147F 0% 48% 9.6% 25.6% 12.8% 4% 

Roto158F 0% 50% 10% 26.7% 13.3% 0% 

Roto158-190F 0% 42.5% 8.5% 37.7% 11.3% 0% 

Roto203F 0% 52.5% 0% 32% 15.5% 0% 

Roto212F  0% 39.4% 0% 29.8% 30.8% 0% 

Roto217-440F 9% 48% 0% 28.5% 14.5% 0% 

Roto255F 0% 55.5% 0% 44.5% 0% 0% 

Roto281F 0% 58% 0% 0% 42% 0% 

Roto281-338F 0% 40% 0% 0% 60% 0% 

 

Instead of using molten solder, I have selected a low melting point alloy from a range of 

low-melting/fusible alloys. There are primarily composed from Bismuth, Indium, Tin, 

and other metals, as shown in Table 3.1. Alloy Roto144F does not contain any Lead and 

melts at 62 ºC, making it an ideal candidate. The melted alloy was simply injected into a 

microfluidic channel with a design, which would lead to high electrical resistance (Figure 

3.3a). The resulting electrodes (Figure 3.3b) could then be connected to an outside 

current source via metal pins inserted into holes filled with the alloy. To keep all the 

device, alloy, and injection syringe at 70 ºC during the molding, the injection was 

performed inside a hot bath (Figure 3.3b). The high cohesiveness of liquid metals in an 
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aqueous solution allowed for formation of continuous alloy wires inside the device. 

When current was subsequently applied to a sample design, a steady 2 ºC temperature 

change could be achieved, which melted thermochromic crystals in a liquid solution. 

 

 

Figure 3.3 Concept of electrodes molded in PDMS. a) Schematic of channel for making 

electrodes from molten alloys. b) Alloy injected into microfluidic device inside hot bath 

formed alloy wires inside the PDMS device. c) Alloy wire was used to rapidly heat a 

small area filled with thermochromic crystals by 2 ºC. 
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Figure 3.4 COMSOL Simulation results. a) Current vs. Temperature relationship. b) 

Effect of changing heat transfer coefficient on chamber temperature. c-d) Effect of x and 

y positional shift on chamber temperature. 

 

 Since the future electrode wires have to cross fluid channels, they have to be on a 

different PDMS layer, making the design a multi-layer PDMS device, which requires 

alignment of the various layers. I used a COMSOL simulation to test the robustness of 

the assembled device to misalignment of the two layers and thus the shift between the 

position of a culture chamber and the electrode around it and to a change in the heat 

transfer coefficient of the device. The model consisted of a single quadrant of the 

microfluidic device with accurate dimensions. The boundary conditions on all external 

surfaces were set to heat transfer, with the coefficient of heat transfer values 

corresponding to forced air flow. The quadrant external surfaces corresponding to faces 

sectioned from PDMS were set at symmetry boundary conditions. The general equation 

solved was . The heat source for in the domain corresponding to an 
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electrode was calculated via Q=I
2
∙R. The results of the simulation are shown in Figure 

3.4. The figure shows results of temperature vs. current simulation in a perfectly aligned 

chamber, for various heat transfer coefficients, and for various degrees of misalignment 

in the x and y directions. As expected, while positional shift is negligible, changes in the 

heat transfer coefficient can cause significant temperature changes and need to be 

accounted for in any experiment. 

The molten alloy injection approach is very simple and easily implemented. However, 

one difficulty lies in the designing electrodes for addressing individual chambers. 

Because these electrodes are formed by microfluidic channels, forming a large array of 

electrodes requires a large area and an inlet and outlet for each electrode. This 

requirement can be reduced, but only at the cost of heating multiple chambers at once. 

Because of this, the technology isn’t fully suitable for individual targeting, but for whole 

device or multi-chamber heating. Therefore, a different electrode fabrication method has 

been chosen for the final design. Nevertheless, the electrode heater concept is highly 

applicable to localized heating and is robust enough to function even with fabrication 

defects. 

3.4 Final Design 

The final design is a microfluidic array of embryo traps, each of which is connected to a 

single culture chamber as shown in Figure 3.5b. Fluids are delivered to the array via a 

serpentine delivery channel. Each embryo trap connects to this channel and serves as a 

trap for embryos as well as the inlet into each chamber. Trapping is passive; flow through 

the serpentine channels is partially diverted through the embryo traps and delivers 

embryos into the proper position. The outlet of each chamber is connected to the 

serpentine delivery channel as well. This design feature increases right-to-left cross flow 

and increases the rate of fluid replacement in the array, which is of benefit to temporal 

control of chemical stimulation. 
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Figure 3.5 Final design. a) Scale comparison of microfluidic device to a penny. b) 

Embryo trap and culture chamber array. c) Embryo trap and chamber concept. d) 

Microfluidic device aligned on top of a transparent microelectrode resistive heater. 

 

Embryo traps are separated from their corresponding chambers by a narrow restriction 

(Figure 3.5c). This restriction prevents embryos from entering the chambers prematurely 

and thus prevents double loading. It also helps to prevent hatched animals from escaping 

through the inlet. The chamber is 65 µm tall to accommodate development through 

adulthood. Pillars at the outlet of the chamber serve as structural support and a debris 

filter. The outlet channels are only 6 µm tall and passively prevent animals from 

escaping.  

This microfluidic array is aligned on an array of transparent electrodes as shown in 

Figure 3.5d. Each electrode is individually connected to a computer controlled digital I/O 

controller and can be selectively turned on. These electrodes are fabricated from Indium 
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Tin Oxide (ITO) as serve as individually addressable resistive heaters for a broad range 

of applications. 

3.4.1 Passive Trapping Principles 

3.4.1.1 Embryo Trap Concept 

The embryo trap is an oval shaped protrusion out from the liquid delivery channel with 

two height layers as shown in Figure 3.6. The dimensions of the oval are specific to the 

average size of a C. elegans embryo. Embryos flowing through the liquid delivery 

channel are pushed by flow into the trap. Once an embryo trap is filled, flow is re-

directed to the remaining traps. This helps to hold the embryo in position while 

increasing the rate of trapping for the remaining trap positions.    

 

Figure 3.6 Embryo trap features and dimensions. 

 

At the outlet of each embryo trap is a 10 µm wide and 20 µm long channel connecting the 

trap to its culture chamber in the top layer. The bottom layer is 5 µm wider on each side, 

but also only 5 µm tall. The features of the top layer are 60 µm tall. The narrow channel  
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Figure 3.7 Opening of the narrow channel of the embryo trap. a) Confocal image cross-

section in the x-z plane across the narrow channel at 2psi. b) Confocal image cross-

section in the x-z plane across the narrow channel at 10psi. c) Narrow channel width 

dependence on applied pressure.  

 

serves two functions. First, it helps to hold the embryo in its trap until all traps are filled. 

Once the array is completely loaded, the device is pressurized to widen the restriction, as 

shown in Figure 3.7.   This widening is further facilitated by the increased width of the 

bottom layer, which allows the restriction to flare outwards upon pressurization. The 

widening allows the embryo to pass into the culture chamber and remain trapped there 

until hatching, as shown in Figure 3.8. Once animals hatch, the second function of the 

narrow channel is to help prevent the animals from escaping through the embryo trap. 

The narrow channel geometry is difficult for animals to penetrate. It also focuses flow 

into a smaller cross-sectional area, which drastically increases the velocity of flow.  
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Figure 3.8 Time lapse of embryo trapping. a) Flow dynamics position and hold embryo 

in a trap. b) Device pressurization allows the embryo to pass through a widened narrow 

channel restriction. c) Embryo is positioned inside a culture chamber. 

 

3.4.1.2 Passive Holding of Trapped Embryos and Hatched Animals in the Culture 

Chamber 

The principle of passive trapping of hatched animals inside the culture chamber relies 

solely on geometry and flow. The chamber, just like the trap, has two different height 

layers (Figure 3.9a). The top layer is 60 µm tall to allow animals to develop up to the 

adult developmental stage. The diameter of the chamber can be scaled to accommodate 

any size animal. The two designs I have found most useful are an array with 400 µm 

diameter for observing the embryo through early L4 larval stages and an array with 1 mm 

diameter for observing development through adulthood. The trade-off between choosing 

a different chamber size is the number of animals, which can be observed simultaneously 

within one field of view at high enough magnification to measure rate of growth. At D= 

400 µm, the number is 36, while at D=1 mm the number is 16 at 2x magnification. 
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Figure 3.9 Microfluidic chamber design for passive holding of animals. a) 3D rendering 

of the chamber features and dimensions. b) Flow velocity across a chamber. The high 

velocity in the inlet helps prevent animals from escaping. In the bulk of the chamber the 

flow velocity significantly decreases, leading to lower shear rates and higher bacterial 

residence time. c) Close-up view of the flow velocity profile through an embryo trap. 

 

The bottom layer of the chamber is also 5 µm tall, as was the case with the trap. The main 

features of this layer are the outlet channels connecting the chamber to the fluid delivery 

channel. The low high of the layer makes it very difficult for even freshly hatched larvae 

to escape, even though their diameter is only ~7 µm. To escape, the animals would have 

to crawl through the channel with their body compressed. Immediately after hatching, 

they are not capable of doing this. Additionally, there is very little drag from flow to help 

them move into the channels. This is because the flow in the chamber is expanded, and so 

the velocity is much lower as compared to the inlet for example. (Figure 3.9b-c).  
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Figure 3.10 Flow routing principles in trap array. a) Schematic of the direction of flows 

through the device. Flow across chambers connecting to the serpentine delivery channel 

leads to cross flow across the device. b) Results of COMSOL simulation of flow rates 

across chambers with different outlet designs to even out the pressure drop across a row 

of chambers. The flow rates across all the positions are very even as is desired. c) Effect 

of an embryo being trapped on flow rate to chambers. Filling the trap of the first chamber 

decreased flow to the chamber and increased the flow rate of the second and third 

chambers. This effect is repeated as embryos gradually fill traps. 
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A COMSOL simulation was performed to characterize the flow velocities across a 

chamber and across the array (Figure 3.10). The simulation was modeled with a single 

repeating unit (row) of the array with accurate dimensions as an incompressible Navier-

Stokes flow. The general equation solved was , 

 . The inlet and outlet boundary conditions were set as normal flow-rate of 2 

mL/hr and the fluid modeled was water at room temperature. The other materials used 

were PDMS and glass. The mesh was set to extra fine with the maximum element size 

condition changed to2∙e
-6

; the total number of elements used in the simulation was 5.34∙ 

e
5
. Values of flow rates and velocities were determined via boundary integration of the 

velocity field and via cross domain measurement of velocity respectively.  

3.4.1.3 Design of Flow Through the Array 

The flow across the whole microfluidic array has been designed for rapid fluid exchange 

across the whole array, for even flow rate to each chamber, and for rapid loading. The 

rapid exchange across the array is aided by a cross flow, which exists because the outlets  

from each chamber connect back to the liquid delivery channel. This creates a flow 

direction which is perpendicular to the serpentine fluid delivery channel and aids in rapid 

exchange (Figure 3.10a). Even flow rates through each chamber are achieved by pressure 

balancing flow across each chamber via different outlet geometries, as shown in Figure 

3.10b. The results of the COMSOL simulation corresponding to the actual array design 

show that flow-rates remain within 10% across a repeating unit of the array, as 

determined by comparing flow-rates at the inlet of each chamber.  Rapid loading is 

achieved via diversion of flow from filled traps to empty traps (Figure 3.10c). Once a trap 

is filled by an embryo, the flow through this trap is blocked. This increases the flow to 

the remaining traps, increasing the likelihood of embryo trapping. In the COMSOL 

simulation, loading of an embryo was simulated by creating elliptical void space in the 

embryo trap itself. 
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3.4.2 Temperature Control Mechanism 

3.4.2.1 Temperature Control Via Resistive Heating 

An array of transparent ITO electrodes patterned onto a glass slide serves as the 

temperature control component (Figure 3.11). The array layout can be altered to 

accommodate different chamber sizes, but the electrode design remains uniform. The fact 

that ITO is transparent (>85% light is transmitted through a 160 nm ITO layer) enables 

positioning of electrodes directly under a culture chamber. Each microfluidic culture 

chamber is thus actuated by a single electrode for highly localized and individual 

temperature actuation based on the applied current. The microfluidic device has to be 

aligned and assembled on top of a patterned glass slide or cover slip (Figure 3.11b). 

However, we have developed an assembly method, which makes the patterned electrodes 

re-usable. 

3.4.2.2 Uniformity of Fabricated Electrodes is Critical for Temperature Control 

Electrodes were patterned [142-144] on purchased slides with a pre-deposited layer of 

ITO. These slides come with a pre-specified thickness of 120 – 160 nm, and possible 

roughness of 20nm per 5mm length peak to peak (per manufacturer specifications). The 

thickness of the ITO layer has a direct effect on the resistance distribution of the 

electrode array. This array is designed to provide even resistance across each electrode 

path for the purpose of simple operation; if the resistance is even, then the same current 

will yield the same temperature increase over any electrode. If the surface roughness is 

significant enough, the array will have widely varying resistances. I have encountered 

this difficulty, as can be seen in Figure 3.12, where the resistance from the left to the right 

side of the device varies greatly, and thus the current for each electrode would have to be 

individually calibrated. 
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Figure 3.11 Transparent electrode heaters. a) Different layouts are used to accommodate 

different chamber sizes, but the electrode itself remains the same. b) Contrast enhanced 

image of a glass slide patterned with the conductive and transparent ITO, and of a slide 

with a microfluidic device positioned and aligned on top of it. 

 

To be able to work with purchased slides, a specific electrode array design is required. 

The majority of the resistance across the complete path of each electrode has to be 

focused into the electrode itself. I have proposed and tested several designs, where over 

97% of the resistance is in the heater electrode itself. This value was calculated during the 

design process. This allows focusing the resistance into a very small area with 

presumably smaller variations in layer thickness. Variability is still present, but it 

becomes negligible for the purposes of heating a microfluidic chip, as shown in Figure 

3.13. 
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 Figure 3.12 Non-uniform electrode resistance due to substrate un-evenness. a) Sample 

design, where approximately 50% of the resistance across an electrode path is outside the 

heater electrode. b) Measurement of resistances from random electrodes from left to right 

along the array. Electrodes patterned from purchased slides.  

 

Even with an even resistance across electrodes, the absolute values may still differ 

between fabrication runs. Therefore, individual calibration is needed for each slide. The 

alternative approach is to deposit ITO onto a glass substrate and ensure uniform 

thickness. [145-149] This can be done on a glass slide or cover slip. The advantage is that 

any glass substrate thickness can be chosen, which is critical in cases where high 

magnification imaging is required and glass thickness has to be minimal. Also, this 

method precludes the need for a specialized electrode array design.   
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Figure 3.13 Uniform electrode resistance despite substrate un-evenness. a) Sample 

design, where approximately 97% of the resistance across an electrode path is centralized 

the heater electrode. b) Measurement of resistances from random electrodes from left to 

right along the array. Electrodes patterned from purchased slides. 

3.5 Methods 

3.5.1 Fabrication 

We fabricated all microfluidic devices in poly(dimethylsiloxane) (Sylgard 184, Dow 

Corning) using well-established multilayer soft-lithography techniques. [66-68] Briefly, 

each of the two layers of the device was designed in Autocad 2012 (Autodesk); masks 

were printed by CAD Services (California). The master were fabricated on a silicon 

wafer using SU8-2025 (MicroChem) using the manufacturer prescribed procedure for 

multi-layer SU-8 processing, and treated with Tridecafluoro-(1,1,2,2-Tetrahydrooctyl)-1-

Trichlorosilane silane (UCT Specialties, LLC).  The master was then molded into a 4mm 

thick layer of PDMS and cured at 70 °C for 2 hours. 
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The electrodes were patterned using standard ITO wet etch technique. [142-144]. In 

short, the array was designed in Autocad 2012 (Autodesk); masks were printed by CAD 

Services (California). Slides coated with ITO to a maximum thickness of 160 nm (Delta-

Technologies, Inc.) were coated with SPR-1813 (MicroChem) to a thickness of 2 µm and 

patterned using the manufacturer prescribed procedure. Following patterning, a wet etch 

of ITO was performed with HCL at a ratio of 37% HCL: DI water of 1:1 for 12 minutes 

until the resistance between segments where ITO was etched away matched that of a 

glass slide. This was done to confirm complete removal of ITO. Lastly, the photoresist 

was removed using acetone to expose the patterned ITO electrodes. 

The microfluidic device and the electrode slide were assembled with a method that 

allows the slide to be re-used multiple times. The method is depicted in Figure 3.14. First, 

the ITO electrodes were protected with a stipe of clear tape. Next, a 10-µm thick layer of 

20:1:5 mixture of PDMS (prepolymer: crosslinker: toluene) was spun-coated onto the 

slide. Then, the PDMS microfluidic device and membrane coated slide were bonded 

together via oxygen plasma treatment for 20 seconds (PDC-32G plasma cleaner). This 

allows the device to fully seal to the glass slide without permanently bonding directly to 

it.  After, the clear tape was peeled away to expose ITO electrodes. Magnetic tape (VWR) 

was then used to position 24gauge copper wire on the electrode connection pads. Another 

piece of magnetic tape on the other side of the glass slide was then used to hold the 

copper wire in proper position. The wire used cannot be solid, but has to be a bundle 

which can be flattened. At this point the device is ready to be used. Afterwards, the 

membrane can simply be peeled off the device and any remaining fragments removed 

after treatment with toluene to swell the PDMS.  
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Figure 3.14 Device and electrode slide alignment procedure. 

3.5.2 Culture of C. elegans and Extraction of Embryos 

C. elegans were cultured at 20 °C on standard agarose plates with OP50 bacterial lawns, 

and were suspended in standard nematode buffer for experiments. I used the N2 strain for 

all experiments where fluorescence was not required. The CZ456 (a strain that carries 

juIs1=Punc-25::gfp) [58] was used for all fluorescence studies. On-chip long culture was 

performed in a solution of OP50 bacteria suspended in standard nematode buffer (M9) 

[1] at an OD600=1. Embryos for experiments were collected by allowing young adult C. 

elegans to lay embryos on agar plate for 4 hours, then removing the animals, followed by 

washing embryos off the plate.  

 Fluorescent images were acquired using a Leica DM4500B microscope with a 

Hamamatsu C9100-13 EM CCD camera at 5x magnification to monitor the device 
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operation and at 100x magnification for subcellular imaging. Images were acquired using 

Image-Pro (MediaCybernetics) and processed and pseudo-colored with ImageJ (NIH). 

3.5.3 Solutions 

All solutions were filtered through a 0.2 μm nylon membrane filter (MF-75, Nalgene) to 

remove particulates. Solution of Pluronic F127 was prepared at 20% and 1%  w/v. 

Nutrient solution containing OP50 bacteria was prepared by centrifuging OP50 bacteria 

suspended in LB medium, removing the supernatant, and re-suspending the bacteria in 

standard nematode buffer buffer at OD600=1.0. Nutrient solution was filtered using a 10 

μm pore size filter to remove clumps. Solution of Rhodamine 110 Chloride was prepared 

at 0.01mg/mL in deionized water. 

3.5.4 Experimental Methods 

3.5.4.1 Resistance Measurement 

The resistance across electrodes was measurement with a standard multi-meter (E-SUN 

ECS820B) for sample electrodes in the array. All electrodes were tested for resistance; 

the sample electrodes reported in figures were the same for all fabrication runs. 

3.5.4.2 Temperature Measurement 

Temperature measurement inside the chamber was performed using a micro-

thermocouple (Omega). A hole was cut into the PDMS device for each chamber, and the 

electrode was inserted into the hole. Temperature was measured as current was applied 

across the electrode, until the temperature in the chamber stabilized. The current source 

used was a Mastech HY5003 power supply (Mastech). 

3.5.4.3 Fluid Exchange Measurement 

Measurement of fluid exchange was done with a solution of Rhodamine 110 Chloride 

fluorescent dye. The dye was used over Rhodamine B because it doesn’t absorb as 
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readily into PDMS, which would skew measurements. Fluorescent intensity was recorded 

while flow of pure deionized water and solution of Rhodamine 110 Chloride were 

alternated at specific time intervals. Average chamber intensity was extracted at 

individual time points from three chambers in the array; first chamber in the first column, 

middle chamber in the middle column, and last chamber in the last column. 

3.5.4.4 On-Chip C. elegans Culture 

On-chip culture after embryo loading was performed by constantly perfusing nutrient 

solution with cholesterol through the device. The device was pre-treated with Pluronic 

F127 solution at 1% to minimize biofilm formation. The PF127 solution was washed out 

prior to the experiment and only PF127 absorbed to the surface remains. Nutrient solution 

(OP50 suspended in M9 buffer) was delivered at a flow rate of 2mL/hr. 

3.5.4.5 Immobilization of C. elegans 

Immobilization of animals was performed using solution 20% w/v Pluronic F127 and 

electrode heaters. Nutrient solution in the device was replaced with PF127 solution prior 

to immobilization. Then, heat was turned on for 5 seconds to heat the solution and form 

PF127 gel. Complete transition from the solution to the gel state was set as the point at 

which animals were no longer moving. Animals were then imaged while the chamber 

cooled and the gel transitioned back to liquid state. 

3.5.5 Auxiliary Hardware 

The auxiliary hardware used for the system is syringe pump capable of withdrawing 

fluids (NewEra Pump Systems, NE-1000) and the components used to control the 

patterned electrodes. These components consists of a HY-5003 DC power supply 

(Mastech) and a PacDrive digital I/O controller (Ultimarc) connected to the PC and 

controlled via a LavVIEW GUI. 
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3.6 Results 

3.6.1 Embryo Trap Efficiency 

The embryo trap loading efficiency is one of the most critical properties of the system, 

because it correlates directly to throughput and the sample size per experiment. We 

observed an overall loading efficiency of 65% (Figure 3.15). The ideal loading is not one 

embryo per trap, but one embryo per culture chamber. Thus, even though the trap itself is 

designed specifically towards the average size of a C. elegans embryo, loading is not 

perfect. (Figure 3.15). Several factors contribute to the loading efficiency being 

approximately 65%. First, the collected embryos are of various sizes (observed 

empirically during experiments). Large embryos fill traps while protruding into the fluid 

delivery channel. They serve as an obstruction to other flowing embryos and may cause 

formation of clumps at the trap. Once the device is pressurized, the whole clump can 

enter the culture chamber and thus multiple embryos are loaded. On the other hand, 

smaller embryos do not fill the trap completely, allowing other embryos to partially fill 

the rest of the trap. Again, once pressurized, multiple embryos will be loaded into a 

chamber. Therefore, it is critical to age synchronize the collected embryos to minimize 

size variation.  

 

Figure 3.15 Loading efficiency of embryos into chambers in the microfluidic array. 
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The second factor is proper transfer of features from the mask to the mold during 

fabrication. Since the features of the trap are small and strictly geometrically defined, 

fabrication errors resulting in deviation from the design dimensions decrease the trapping 

efficiency.  For example, un-even exposure of photoresist to the curing UV light can 

cause certain features to become overexposed and some to become underexposed. Over-

exposed features result in increased narrow channel dimensions, leading to high 

probability of embryos passing through to the channel prior to pressurization. This would 

lead to multiple-loading. Under-exposing the features may make the narrow channel too 

narrow, thereby limiting flow sufficiently enough to prevent initial trapping of embryos. 

These issues become particularly difficult if uneven feature size it manifested across a 

single array. Through several fabrication runs, I have observed up to ~35% feature size 

change due to over- or underexposure. As an estimate, roughly 20% of traps of on a 

single array would become dysfunctional in such extreme cases. Therefore, extreme care 

has to be taken during fabrication. 

3.6.2 Temperature Control on Device 

I measured temperature inside the microfluidic chamber when a solution of 20% w/v 

Pluronic F127 was flowing through the device at 3mL/hr with 1 mm diameter chambers. 

The average electrode resistance was 640 Ω and the ambient room temperature was 18.5 

ºC. As can be seen from Figure 3.16, a direct correlation between applied current and 

chamber temperature can be established. This is critical since a direct relationship 

between current applied to electrodes and the resulting chamber temperature must hold. 

However, the slope of this relationship may differ for various applications. For example, 

if solutions with different heat capacities are used, a calibration curve has to be 

established for each solution. More importantly, the difference between flowing and 

stationary liquid is very significant due to convective heat transfer. The current 
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requirement will also depend on the average electrical resistance of the electrode array 

used. However, for each specific situation, a relationship can be well established.  

 

Figure 3.16 Experimentally determined relationship between the applied current and 

chamber temperature in a device with flowing PF127 solution 

 

In addition to tightly controllable temperature, the heating has to remain localized to 

individual chambers, i.e insulation between chambers is important and minimizing cross 

talk between chambers is important.  I performed a COMSOL simulation to model the 

temperature profile in a chamber and its immediate vicinity. The model consisted of a 

single quadrant of the microfluidic device with accurate dimensions. The chamber used 

has 1 mm diameter The boundary conditions on all external surfaces were set to heat 

transfer, with the coefficient of heat transfer values corresponding to forced air flow (100 

W/m
2
∙K0. The quadrant external surfaces corresponding to faces sectioned from PDMS 

were set at symmetry boundary conditions. The general equation solved was 

. The heat source for in the domain corresponding to an electrode was 

calculated via Q=I
2
∙R. The materials used were glass, PDMS, water and ITO. The water 

was modeled as static, as this case would lead to greatest cross-talk between the 

chambers as a “worst-case” scenario. 
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The results show that the temperature increase is centered on the chamber of interest, 

with only a 0.47 ºC increase in neighboring chambers and 0.33 ºC increase in diagonal 

chambers per 1 ºC increase in the target chamber. Though this ratio decreases with 

increasing current, at 0.3% the effect is for all practical purposes minimal. 

 

Figure 3.17 COMSOL Simulation of device temperature profile from heating a single 

chamber. a) Schematic of the model used to simulate device chamber distribution. b) 

Temperature vs. current relationship for the target heated, the direct neighbor, and the 

diagonal neighbor chambers. 

 

With such targetable and precise temperature control, many applications can be tackled, 

such as thermotaxis assays, induction of thermal stress, or immobilization of animals for 

imaging. I tested the application of the method developed in Chapter 2 for immobilizing 

animals with Pluronic solution for high resolution and high magnification repeatable 

imaging.[89] In this case, solution of 20% w/v of Pluronic F127 was first loaded into the 

device. One the exchange across the array was completed (~15 seconds), current was 

applied to target chambers until the sol-gel transition was reached and the animals were 

immobilized. Figure 3.18 shows a time lapse of an immobilization cycle, which starts 

after Pluronic solution has been loaded into the device. Heat was turned on to trigger the 

gelation and immediately turned off once the transition began. As can be seen, the animal 

is immobilized for a period of at least 5 seconds. This length of time is more than 

sufficient to take a stack of images of various z-planes across the animal body. 
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Figure 3.18 Time-lapse of C. elegans immobilization for imaging via Pluronic F127, 

showing the animal becoming fully immobilized after a heat pulse. The immobilization 

occurs via the sol-gel transition of the solution of PF127 triggered via heating from the 

transparent ITO electrodes. 

 

3.6.3 Rapid Fluid Exchange 

To ensure the design of the array facilitates rapid and uniform response, I measured the 

fluorescent intensity of Rhodamine 110 Chloride dye inside culture chambers as the dye 

solution was pulse-injected into the device. The chambers imaged were at the beginning 

of the array, the middle, and by the outlet. As shown in Figure 3.19, the exchange is 

highly uniform between the chambers and reaches completion after 8 seconds. This rise 

time and the corresponding fall time are determined by two factors. First, measurement of 

rise time (and fall time) started from the point of externally switching flow. Therefore, 

the rise time includes the time required for the dye liquid (or buffer during fall time) to 

get to the array from the inlet of the device, which takes approximately ~1 second. The 
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second factor is the time it takes to exchange the fluids inside a culture chamber, since 

the fluid within the sinusoidal delivery channel is exchanged within ~1 second. The 

exchange of fluid in the culture chambers is the dominant factor affecting the fall and rise 

time.  

Despite the rise and fall times, the exchange is rapid and highly controllable. This is 

critical if embryos need to be exposed to a series of external stimuli in a rapid and 

controlled fashion for example. If developing animals were to be treated with 

pheromones for monitoring behavioral response after embryonic treatment, the delivery 

of said pheromones has to be uniform and rapid. This is because behavioral response 

occurs immediately after exposure.  

 

Figure 3.19 Average fluorescent intensity inside culture chambers after a pulse of dye 

solution (grey). The exchange of fluids is rapid following the introduction of a dye pulse 

of 40, 20 and 10 seconds. 
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3.6.4 Culture of C. elegans on Device 

The ability to culture C. elegans on device after hatching is critical if developmental 

effects are to be studied after exposing embryos to external stimulation or stress. This 

requires continuous perfusion of nutrients through the device and the creation of benign 

conditions. Nutrients are perfused through the device in the form of OP50 E. coli 

bacterial suspension in nematode buffer. This solution continuously delivers bacteria to 

the culture chamber for animals to consume. Additionally, the expansion and resulting 

slowing of flow inside the chamber decreases the shear rate experienced by animals and 

increases the residence time of bacteria. This further increases the animals’ ability to 

feed. Lastly, the resistive heating technique increases the temperature uniformly across 

the whole chamber, instead of directly heating the animals as is the case when laser 

heating is used. [150] Since laser heating is used to ablate cells in certain applications, it 

is difficult to rule out any negative effects from such direct and focused exposure. As can 

be seen from Figure 3.20, the system can successfully trap embryos, which then hatch 

and develop through the standard L1, L2, L3 and early L4 stage at 20 ºC.  

 

Figure 3.20 Hatching of trapped embryo and subsequent development of the hatched 

animal inside the culture chamber of the microfluidic array. At 50 hours, the animal has 

reached early L4 larval stage. 
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The expansion of flow is beneficial to the animals, but the increased bacterial residence 

time can also contribute to the formation of bio-films and clogging of the device. This is 

the case because the bacteria delivered to the animals’ is live to maintain maximum 

nutritional value, and has not been treated with antibiotics. To limit the formation of 

biofilms, I followed the established approach of pre-treating the surface of PDMS with 

Pluronic polymers to decrease protein and cell adhesion. [151-153] Solution of 1% 

Pluronic F127 circulated through the device overnight. The solution was then replaced 

with nematode buffer prior to the experiment. Only the Pluronic polymer absorbed to the 

surface remains after washing. As can be seen in Figure 3.21, the treated device exhibited 

a significant decrease in formation of bacterial films. However, this treatment is not 

permanent and thus cannot be used for experiments to last longer than ~72 hours. 

 

Figure 3.21 Comparison of biofilm formation between untreated devices and devices 

treated with 1% solution of Pluronic F127. 
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3.6.5 Observing Developmental Events on Device 

To confirm that difficult to observe developmental effects can be studied on the device, 

we monitored the synaptic re-arrangement of synapses of the DD class motor neurons 

between the L1 and L2 larval stages. [58] The synapses of these neurons in the L1 larval 

stage innervate muscles on the dorsal side of C. elegans. After the development of VD 

motor neurons, the DD motor neurons begin innervating the muscles on the dorsal side. 

This process is completed during the L2 larval stage. We studied animals of the CZ456 

strain containing juIs-1 (Punc-25-snb-1::gfp). The protein produced is SNB-1::GFP, 

which is a fusion of synaptobrevin and GFP. Synaptobrevin is a protein that associates 

with synaptic vesicles and becomes part of the vesicle docking mechanism at a synapse 

as a member of the SNARE complex.[154] Thus, this fusion protein allows for 

observation of localization of synaptic vesicles and the location of synapses.  

We observed individual animals trapped inside culture chambers over time. As shown in 

Figure 3.22, we were able to observe the synaptic re-arrangement between the L1 and L2 

larval stages. This validates the ability of our system to facilitate normal development and 

to observe developmental processes. 

 

Figure 3.22 Synaptic rearrangement of DD motor neuron synapses from the dorsal to the 

ventral side. Arrows point to synapses. 
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3.7 Conclusions 

In this work, I have presented a technology for high throughput trapping and chemical 

and thermal manipulation of C. elegans embryos with the ability to follow their 

development after treatment. The technology consists of a highly scalable microfluidic 

array designed to trap and manipulate embryos without active components or direct user 

input and of a microelectrode array for temperature control. Both components are 

assembled in a simple and robust way designed for re-usability of expensive and difficult 

to make components to maintain low costs in large scale experimentation. I have 

demonstrated the ability of the system to efficiently trap single embryos in chambers for 

culture after treatment. I have also shown that temperature control is robust and can be 

applied to a range of applications, such as immobilization of animals using Pluornic F127 

for imaging. Additionally, fluid exchange in the array is rapid and even across chambers 

in different positions. Lastly, I have show that it is possible to observe complex 

developmental events in the device in hatched animals. This technology potentiates a 

broad range of studies including the understanding of how early development affects 

biological function, how stress during early development may be damaging or induce 

future resistance and how various stimuli such as drugs or common chemicals impact 

natural developmental processes and functions. 
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CHAPTER 4  C.L.I.P – CONTINUOUS LIVE IMAGING 

PLATFORM FOR DIRECT OBSERVATION OF C. ELEGANS 

PHYSIOLOGICAL PROCESSES 

This chapter describes the development and sample implementation of a system for live 

observation. Direct observation of developmental and physiological changes in certain 

model organisms over time has been technically challenging.  In the model organism C. 

elegans, these studies require frequent or continuous imaging at physiologically benign 

conditions. However, standard methods use anaesthetics, glue, or microbeads, which 

prevent animals from feeding during the experiment. Thus, animals’ normal 

physiological function may be affected over time. Here I present a platform designed for 

live imaging of C. elegans. The system is capable of immobilizing only animals’ bodies 

under benign conditions and without physical deformation. Simultaneously, animals’ 

heads remain free to move and feed for the duration of the experiment. This allows for 

high-resolution and high-magnification fluorescent imaging of immobilized and feeding 

animals. The system is easy to fabricate, set up, and operate, and should be widely 

applicable to a wide range of problems development and physiology. This work was 

completed with help from Yan Hao from the laboratory of Dr. Ho Yi Mak of Stowers 

Medical Institute, Kansas City. The content of this chapter has been adapted from 

reference [155], “C.L.I.P.–continuous live imaging platform for direct observation of C. 

elegans physiological processes.”.  

4.1 System Design Process 

The purpose of this system is to facilitate live observation of C. elegans. As such, the 

design has to conform to the previously stated criteria of immobilizing animals for 

imaging while the animals are simultaneously  i) allowed to feed as they normally would, 

ii) while they remain within their physiological temperature range of 15-25 °C, and iii) 
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while their physiological processes are not otherwise affected. The technical inspiration 

for such a design came from early testing of a device originally intended for long term 

developmental studies, depicted in Figure 3.1. The principle of this three-layer PDMS 

device was to trap animals in channels by using partially closed valves. Nutrients were to 

be delivered in form of bacterial suspension in buffer. Immobilization for imaging would 

be achieved using Pluronic F127, which would be heated past the sol-gel transition 

temperature. Although this design was ultimately discarded for its impracticality in three 

layer fabrication and for the high pressure drop required to deliver nutrients to filled 

channels, it provided inspirational insights. First, because of the mentioned high pressure 

drop, flow would preferentially exit the chamber via the channel on top. This led to 

bacteria flowing primarily in parallel to the trapping channel inlets. It also caused 

Pluronic gel to be eroded in the chamber prior to returning to the sol state, while not 

eroding the get inside the channels as fast. Lastly, it caused animals to try and crawl back 

towards the inlet, where the concentration of bacteria was highest.  

 

Figure 4.1 Early long term developmental study testing design, which was used as a 

technical inspiration for the C.L.I.P platform. 
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Based on this design, a series of adaptations was tested. The goal was to develop a design 

capable of properly trapping and positioning animals inside channels, so that only their 

heads would protrude out. As before, Pluronic gel would be used to immobilize bodies, 

while the gel around their heads would be eroded by flow. Additionally, the same flow 

would deliver nutrients in form of E. coli suspended in solution. The designs tested were 

i) a straight channel with partially closed valves used for positioning, ii) a channel with a 

tapered outlet to stop animals, iii) a channel with a tapered outlet in combination with 

partially closed valves, iv) a channel with bumps to prevent motion and a pillar array at 

the outlet to stop and properly position animals, v) the same design, but using a chrome 

mask for master fabrication to ensure high feature fidelity. 

 

Table 4.1 Description of the various features of the different designs tested.  

4.2 Final System Design 

The final design is microfluidic platform capable of immobilizing just the animal body 

while leaving the head free to move, and doing so for a prolonged period while I  
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Figure 4.2 Microfluidic device component of the platform. a) The device is a simple 

array of trapping channels. Animals and solutions are loaded through the worm loading 

inlet. From here animals are moved to the 8-channel array. Bodies are immobilized inside 

the channels with the immobilizing agent, Pluronic F127 solution (or Sodium 

alginate/Gelatin mixture) and microbeads. Animals heads are free to move and feed 

inside the head stop muzzle. Nutrients are delivered to the muzzle through media inlets 

via symmetric bifurcated flow. b) The device is extremely simple and only has 5 

inlets/outlets. Positioning of animals is done passively via geometry design. The muzzle 

is sized to only allow the head of an animal to enter. Spacing between pillars prevents 

animals’ escape. Bumps in the trapping channel help prevent sinusoidal body movement 

of animals. 

 

observe physiology in vivo. The worm body is immobilized at physiologically benign 

conditions without any physical deformation. At the same time, the animals are fed via 

their freely moving heads. This approach ensures proper physiological function during 

the experiment. The platform combines a microfluidic device and an immobilization 

agent. The microfluidic component is an array of channels used to properly position 

animals (Figure 4.2). The second component is an immobilization agent for the portion of 

animals’ bodies in the trapping channels. The combination allows us to observe dynamic 

processes without artifacts and changes caused by alteration of normal physiological 

function. The platform is designed to be extremely simple to prepare for experiments and 
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to not require user manipulation after initial preparation. It also requires minimal use of 

external peripheral devices to work and can be easily applied in any laboratory. 

4.2.1 System Design Principles and Operation 

To design a platform that is easy to use for a variety of applications in any laboratory, I 

placed emphasis on simple fabrication, an extremely simple experimental setup, and 

minimal requirements for external peripherals, while maintaining all the necessary 

functionality.  

 The device is a single-layer PDMS-based device and has no active components 

such valves. After initial setup, the device does not require any additional input from the 

researchers. It consists of a loading chamber (Figure 4.2), which is used to load all liquids 

and animals. The inlet to this chamber is cut with a 7 gauge cutter. The inlet is cut to this 

size to serve as a liquid pseudo-reservoir on device. From this chamber, animals are 

loaded into the array of trapping channels (Figure 4.2) by withdrawing liquid through the 

main outlet (Figure 4.3). In these channels, their bodies are immobilized with our 

immobilizing agent. However, the animals’ heads protrude into an array of pillars, or the 

“muzzle” (Figure 4.2). The array width and length dimensions are designed to 

accommodate the head of the animals to the second pharyngeal bulb. The pillars are 

spaced 6 µm apart to prevent animals from escaping. This array serves multiple purposes. 

First, it stops the forward motion of the animals. This leads to proper positioning; bodies 

remain inside the channel, and heads are positioned in the muzzle. Second, it allows flow 

to enter the muzzle area. This facilitates delivery of nutrients and stimulants to the 

animals’ heads. These are delivered to the muzzle from the nutrient and stimuli inlets via 

a symmetric, bifurcated flow (Figure 4.2, 4.3). 

 While the microfluidic chip places the animal in position, I use an immobilization 

agent to suppress the body movement.  The immobilizing agent is either a solution of 

Pluronic F12740 or a solution of sodium alginate with gelatin. Both of these  
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Figure 4.3 Simple loading procedure. a) Animals are loaded into the device via the 

chamber inlet. They are pulled into and positioned in the trapping channels by 

withdrawing liquid from the outlet. b) Next, solution containing 10 µm microbeads is 

loaded. This solution is used to remove excess animals from the loading chamber. Also, 

the microbeads accumulate at the tail and physically immobilize it. c) Then, the 

immobilizing solution of Pluronic F127 (or alternatively mixture of sodium alginate and 

gelatin) is applied while cooled to 0 ºC (sodium alginate/gelatin is applied at 25 ºC). The 

solution warms to ambient temperature. During this time it crosses through the sol-gel 

transition temperature of 17 ºC and forms the immobilizing gel. d) Lastly, nutrients are 

delivered to the animals for feeding through the media inlets via the symmetrical 

bifurcated flow. (Insert) If the alternative immobilizing agent is used, the inlet and outlet 

used are positioned as shown. Additionally, zinc gluconate is applied through the loading 

inlet to trigger the gelation of sodium alginate component 
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are used in combination with microbeads. I chose the Pluronic F127 solution because it 

undergoes a thermo-reversible sol-gel transition. This transition is rapid, requires a very 

small temperature change (<1 ºC), and the desired transition temperature can be easily 

tuned with concentration. Additionally, the formed gel does not affect animal physiology 

and does not cause physical deformation. The ideal ambient temperature for using this 

solution is between 18 to 20 ºC. Sodium alginate/gelatin solution can be used as an 

alternative when ambient temperature control is either difficult, or the temperature is too 

high (such that it is not feasible to handle PF127). The microbeads are used to physically 

immobilize animals’ tails and prevent backwards movement. This is especially critical 

during the loading procedure when animals need to be kept in proper position for the gels 

to set. The only alternative would be pneumatic valves, which would complicate the 

device design and its operation. 

The platform is prepared for experimentation by following a simple loading procedure 

(Figure 4.3). Briefly, after connecting tubing via metal pins and de-gassing the device, 

approximately 20 animals in 30 µL of solution are loaded into the chamber 

inlet/reservoir. Animals are pulled into the trapping channels and properly positioned by 

withdrawing liquid through the outlet at 2 mL/hr (Figure 4.3a).  Next, solution containing 

10 µm diameter microbeads is applied into the reservoir. This solution is used to flush out 

excess animals from the loading chamber. It is also used to deliver microbeads into the 

trapping channels (Figure 4.3b). Here, the microbeads accumulate at the animals’ tails. 

The beads physically prevent backward motion and aid in immobilizing the tail.  

 Then, the immobilization solution is loaded into the device. In case of the PF127, 

40 µL of 25 w/v % solution chilled to 0 ºC is loaded into the inlet reservoir. The 

procedure relies on passive warming to ambient room temperature. While the solution 

warms to room temperature, it passes the sol-gel transition temperature at ~17 ºC. This 

leads to the formation of the gel. I chose to not include active temperature control 

components to keep the system as simple as possible. Active temperature control makes 
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fabrication more complicated and requires external equipment. This would make using 

the platform in other laboratories difficult and potentially costly. Instead, I designed the 

system and loading procedure to be functional, simple, and inexpensive. However, in 

environments where ambient temperature is not steady or is too warm, the solution may 

gel prematurely. In this scenario, a solution of sodium alginate/gelatin can be used. The 

same volume of a 0.75% w/v sodium alginate/15% w/v gelatin is loaded at 25ºC. 

 In the last step, loading is finalized. Nutrient and stimuli inlets are opened, so that 

these may be delivered to the trapped animals. In case of the sodium alginate/gelatin 

solution, an additional action is required. Here, a 5% w/v zinc gluconate solution is 

applied to the loading reservoir. This provides the Zn2+ ions required to cross link the 

alginate. This procedure from start to finish takes approximately 20 minutes. It is easy to 

follow and the platform can be set up in any laboratory with a syringe pump capable of 

withdrawing liquid. 

4.3 Materials and Methods 

4.3.1 Device Fabrication and Setup 

We fabricated all microfluidic devices using a combination of microfabrication and soft 

lithography techniques. [65, 68] In short, the design was prepared in AutoCAD 2012; 

photolithography chrome masks were prepared by Elvesys (Paris, France). Chrome 

masks were required, because the feature fidelity of transparency printed masks was not 

sufficient to fabricate molds with pillars fully capable of stopping animals from escaping 

(Figure 4.4). The mask pattern was transferred to masters of SU8-2025 photoresist 

(Microchem) spun to 60 µm on Si wafers following standard protocol by the  
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Figure 4.4 High feature fidelity of the SU-8 master (a) and corresponding PDMS mold 

(b) could only be achieved using a chrome mask over a conventional transparency printed 

mask used for rapid prototyping. This feature fidelity is required to fabricate device 

capable of stopping and positioning animals. 

 

manufacturer. After developing the resist, the finished master was treated with 

tridecafluoro-(1,1,2,2-tetrahydrooctyl)-1-trichlorosilane silane (UCT Specialties, LLC). 

The microfluidic chips were molded from the masters into PDMS. A 5:1 mix of pre-

polymer to cross-linker mixture was poured over the master to a depth of 4 mm, degassed 

in a desiccator for 2 hours to allow the PDMS to enter into the small features, and cured 

for two hours at 70 ºC. Afterwards, the individual chips were cut out and fluid 

interconnect holes were cut. Seven holes are required to operate the device - a 7 gauge 

hole into the device loading chamber, and a total of six 21 gauge holes. The 21 gauge 

holes are cut at the loading chamber flushing outlet, at the device liquid withdrawal 

outlet, in the media delivery channel (x2), at the media inlet, and at the stimulant inlet 

each (Fig 1). The 7 gauge hole is cut at the loading chamber inlet. The whole chip was 

then cleaned with clear tape and compressed air, followed by bonding to a glass slide or 

cover slip via oxygen plasma treatment for 20 sec (PDC-32G plasma cleaner). 

The 21 gauge holes are connected to PE-60 tubing (Micro Medical Tubing, Scientific 

Commodities, Inc.) via metal pins for fluid delivery. All liquid manipulation was 
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performed via syringe pump (NE-1000, New Era Pump Systems). Liquids were loaded 

into the 7 gauge hole directly via micropipeter. The hole serves as an open liquid pseudo-

reservoir. 

4.3.2 Materials 

Solution of sodium alginate (Sigma Aldrich) with gelatin in water was prepared at 0.75% 

w/v sodium alginate and 15% w/v gelatin. Prior to the experiment, the solution was 

boiled for proper mixing and rapidly cooled to 40 ºC prior to loading. It was applied to 

the device at 25 ºC. Solution of Pluronic F127 was prepared at 25% w/v. All solutions 

were filtered through a 0.2 μm nylon membrane filter (MF-75, Nalgene) to remove 

particulates. Standard nematode buffer solution containing OP50 bacteria was prepared 

by centrifuging OP50 bacteria suspended in LB medium, removing the supernatant, and 

re-suspending the bacteria in M9 buffer at OD600=1.0. 

4.3.3 C. elegans Culture, Experimental Procedure, and Microscopy 

C. elegans were cultured at 20 °C on standard nematode culture plates with OP50 

bacterial lawns, and were suspended in standard nematode buffer43 for experiments. I 

used the N2 strain for all experiments where fluorescence was not required. The hjSi3; 

hjSi112 (carrying R01B10.6::GFP and mRuby::DGAT-2) strain was used for all 

fluorescence studies. 

To measure the ability of animals to feed during the experiment, I measured the 

pharyngeal pumping rate of animals trapped on device and animals on standard plates. 

The rate was quantified by counting the number of bulb contractions in the pharynx over 

a period of 2 minutes.  

Temperature calibration and measurement in device was performed by measuring 

fluorescent intensity of Rhodamine B (Rho B) and Rhodamine 110 (Rho 110). [156] 

Calibration was performed using a thermocouple suspended in a large reservoir. The 

reservoir was filled with Pluronic F127 solution containing Rho B/Rho 110 at a 1:1 ratio. 
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It was cooled to 4 °C and then placed on the microscope. The fluorescent intensity of 

each dye was recorded at 0.5 °C intervals. The Rho B/Rho 110 intensity ratio data was 

then used to calculate a correlation between temperature and intensity ratio. Temperature 

measurement on a microfluidic device was then performed using the standard loading 

procedure. A movie was recorded starting immediately after the cooled PF127 solution 

was loaded into the device to measure temperature changes in the device as they would 

occur during an experiment. Frames were extracted at each time point of interest to 

measure intensities of each dye and processed using ImageJ. I measured the temperature 

at the inlet to each trapping channel. Measurement of sodium alginate/gelatin solution 

temperature was performed with a standard thermocouple prior to use. 

Gel behavior on chip was observed via recordings of PF127 solution dyed with 

Rhodamine B. Movies were recorded at each stage of the setup and experimental process, 

frames were extracted at time-points of interest, and thresholded to determine the gel-

media boundary in the immobilization channels and the media delivery channel. 

4.4 Results 

4.4.1 Loading and Analysis of Gel Behavior 

The goal of the loading procedure is to provide as many single head-first animals loaded 

per channel as possible. The device is scaled for L4 larvae/young adults. I observed the 

frequency of single head-first animal loading over 27 experiments. On average, the array 

is loaded with more than 4 animals (median = 5 animals per experiment) at the prescribed 

loading flow rate of 2 mL/hr (Figure 4.5). At higher flow rates, the fraction of head-first 

animals decreases significantly. For instance, at 3 mL/hr, the number of properly loaded 

animals decreases to below 2 on average.  This is because there is a tendency of animals 

to orient and swim against the flow. If moderate flow rates are used, the loading 

procedure provides a sufficient number of animals per experiment, since typically high  
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Figure 4.5 Device functional characterization. a) Single head-first animals per channel 

are loaded efficiently. The average number of properly loaded animals per experiment 

out of 27 experiments is 4. b-c) Snapshots of the extent of the presence of the Pluronic 

F127 gel after formation at different times. At t = 0 sec, the gel is present in the bulk of 

the channel and muzzle area. Within 2 minutes, the gel is completely eroded. It remains 

stable inside the trapping channels. The gel remains stable inside the channels because 

the streamlines of the bifurcated symmetric flow do not enter the channels.  d) The 

alternative immobilizing solution of sodium alginate/gelatin cannot be eroded once gel 

has formed. It has to be removed prior to gellation. Alginate and gelatin solutions are 

viscous and are difficult to remove from the muzzle. The mixture of 15% w/v and 0.75% 

w/v gelatin and sodium alginate respectively is the highest concentration which can be 

removed efficiently prior to gellation. Also, the solution is removed fast enough to limit 

ingestion by the animals. 

 

resolution imaging limits the field of view to just one animal. However, if more are 

necessary, the array can be expanded and the loading process can be optimized.  
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Figure 4.6 Sample gel behavior of the sodium alginate/gelatin mixtures. Once the gel is 

formed, it is extremely difficult to erode and remove the gel from the bulk and the muzzle 

area. I thresholded images taken at different time-points to show the extent of the gel in 

the device. Between 2 minutes and 2 hours after gelation (15% gelatin solution), there is 

minimal removal from the bulk of the channel and no removal from the muzzles 

themselves. This would completely prevent animals from feeding. Therefore, it is 

necessary to remove the sodium alginate/gelatin mixture from the delivery channels and 

the muzzles prior to gelation. 

 

The critical step following efficient loading is proper immobilization. Animals’ bodies 

have to be immobilized, while their heads are free to move. However, both 

immobilization solutions are allowed to flow through the device simply until they gel for 

the sake of simple loading. In the case of PF127, the gel forms everywhere the solution is 

present (Figure 4.5). This includes the area of the muzzle and the bulk of the delivery 

channel. However, after flow of nutrients is turned on, the gel is eroded rapidly. Within 2 

minutes (Figure 4.5), the muzzle and channel areas are both clear of PF127 gels. Gel 

inside the trapping channels remains stable and does not get eroded. This is because the 

bifurcated symmetrical flow stream lines do not dip into the channels themselves.  

Gelation of sodium alginate/gelatin solution follows different mechanics. Sodium 

alginate polymers are cross-linked via binding to Zn
2+

 ions. These ions diffuse from the 

loading reservoir through the loading chamber all the way into the trapping channels. 

This process takes approximately 15 minutes. The sodium alginate component provides 



 

 98 

stiffness and rigidity. The gelatin component settles over time as individual gelatin 

polymers intertwine. At 15% w/v, this process also takes approximately 15 minutes. The 

gelatin gel component provides elasticity and shape retention properties. However, 

gelatin cannot be eroded by flow after gelation (Figure 4.6). Thus, it is critical to remove 

it from the muzzle prior. This cannot be achieved with reasonable flow rates using the 

symmetrical flow because of the high viscosity of the solution. Instead, direct cross flow 

from the extra inlet and outlet in the nutrient delivery channel is used. With this side to 

side flow, over 90% of the gel solution is removed from the muzzle within 2 minutes 

(Figure 4.5). I chose this specific combination of concentrations for two reasons. First, 

the similar gelation times lead to more uniform immobilization. Second, higher 

concentration and thus higher viscosity solutions are more difficult to wash away from 

the muzzle area. This concentration is the highest, where a timely removal can be 

achieved. 

4.4.2 Temperature Characterization 

The goal of the platform is immobilization without altering physiology. C. elegans is 

generally cultured at 15-25 ºC. Because the immobilization solutions are loaded either 

chilled (PF127) or prepared by heating (sodium alginate/gelatin) for the sake of simple 

setup. I therefore verified that the animals remain within the physiological range or are 

exposed to temperatures outside that range only for a very short time.  

 We used a previously reported fluorescent intensity temperature measurement 

technique44. I focused at the inlets of the trapping channels, as once the solution passed 

this point it can only get warmer from the surrounding material. It is also difficult to 

measure temperature inside the channels because of accumulation of dye in the PDMS 

and presence of animals. The average lowest temperature at the channel inlet is 12 ºC 

(Figure 4.7). However, the immobilization occurs within 20 seconds. This means that the 

transition temperature of 17 ºC has been reached. I can conclude that animals are  
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Figure 4.7 The temperature of Pluronic F127 solution as measured at the inlet to trapping 

channels using a fluorescent intensity measurement technique. On average, animals are 

not exposed to temperatures lower than 12 ºC. The lowest temperature occurs in the 

channels closest to the outlet of the loading chamber, where fluid exchange is the most 

rapid. 

 

exposed to temperature outside their physiological range (15-25 ºC) for less than 20 

seconds. 

We measured the temperature of the sodium alginate/gelatin solution using a standard 

thermocouple. First, the bulk of the solution has to be rapidly cooled to 40 ºC. After this, 

40 µL of the solution can be withdrawn with a standard micropipeter. This process 

further cools the solution to 27 ºC on average. The solution rapidly equilibrates to 

ambient temperature after loading because of the small thermal mass and the very high 

surface to volume ratio. This means that animals are not exposed to temperatures outside 

their physiological range during the experiment. 

4.4.3 Characterization of Nutrient Delivery and Animal Feeding 

Once animals are loaded and immobilized, the device has to facilitate proper feeding. The 

ability to properly feed the animals is critical for experiments lasting over a period of 

several hours. Additionally, animals should not be exposed to high shear within the 

muzzles. I qualitatively observed the conditions in the bulk of the delivery channel and  
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Figure 4.8 COMSOL model of the velocity field surrounding the muzzle area. The 

results of the simulation show a five orders of magnitude decrease in velocity inside the 

muzzles when compared to the bulk of the nutrient delivery channel. The system was 

modeled as steady state using the Incompressible Navier-Stokes module. Inlet and outlet 

velocities were specified based on the flow rate used and the cross-sectional channel area. 

 

in the muzzle area using fluorescent microbeads. As shown in Figure 4.9, the speed of the 

microbeads is much higher in the bulk than around and inside the muzzle traps. This 

leads to lower shear and higher residence time of bacteria. I verified this observation by 

performing a computation fluid dynamic simulation in COMSOL (COMSOL, Inc., 

Burlington, MA) (Figure 4.8). The model shows that the flow rate in the bulk of the 

channel is five orders of magnitude greater than the flow rate inside the muzzles, which is 

consistent with our observation.  

 A possible downside of lower shear and higher bacterial residence time is 

clogging from buildup of bacteria and formation of biofilms. I measured the rate buildup 

of bacteria inside the device without animals consuming them. For the period of the first 

4 hours, the buildup, as measured by the average percentage of the surface area inside the 

muzzles and the total area in the bulk of the channel covered by bacteria, remains 

negligibly low (Figure 4.9). After 16 hours, the buildup is significantly increased. 

However, this device is intended for experiments up to approximately 4-6  
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Figure 4.9 Characterization of animals’ environment and feeding on device. a) The 

muzzle design facilitates delivery of nutrients by allowing perfusion of bacteria. The 

design also slows flow inside and around the muzzle. I observed this effect qualitatively 

using fluorescent beads. In the bulk of the channel during long exposure the beads leave 

streaks. In the area of the muzzle I can see individual beads. This indicates much lower 

flow rate, leading to lower shear and higher residence time of bacteria. b) Lower shear 

and higher bacterial residence time can lead to build-up of bacteria and potential 

clogging. I measured the percentage of the area covered by biofilm in the muzzle and 

bulk of the channel. Over 2 hours (approximate period of a standard experiment), this 

effect is negligible. c) Pharyngeal pumping is an excellent indicator of animals feeding 

properly. Compared to animals feeding on standard nematode growth plates, the 

difference is statistically not significant (p>0.1). However, when animals on device are 

not being provided with nutrients or are improperly immobilized, the pumping rate is 

significantly lower. 

 

hours, as most processes which require this type of imaging do not last longer. As such, 

the buildup over such a long period does not pose a problem. 

 Next I tested whether the animals themselves actually feed while immobilized. 

Non-starved animals show a significant decrease in pumping rate when they do not sense 

bacteria in the environment. [157, 158] Therefore, normal pumping rates suggest 
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sufficient amounts of nutrients in the animals’ environment. . I observed the pharyngeal 

pumping rate of animals immobilized on the device as compared to pumping on plates in 

normal culture conditions. Immobilized animals were recorded 30 minutes after loading 

over a period of 2 minutes. The comparison between animals trapped in the device and 

animals on standard nematode growth plate with a bacterial lawn showed no statistical 

difference (Welch’s t-test) (Figure 4.9). However, when nutrient flow was turned off or 

animals could not feed properly due to incorrect positioning, the pumping rate was 

significantly lower (p<0.005, Welch’s t-test). This indicates that proper loading and 

nutrient delivery are critical for animals’ continuing development on-chip. 

4.4.4 Immobilization of the Animal Body to Facilitate Long-term Imaging 

The last critical aspect for complete functionality of the device is the ability to image 

properly immobilized animals. I evaluated the positional shift of the body of animals 

immobilized within the gel while exposed to blue fluorescent light (as animals would be 

during experimental conditions). This is relevant because C. elegans is normally excited 

by blue light that causes increased body movement. [159] For the purpose of this 

experiment I imaged animals continuously over a period of 1 minute (Figure 4.10). Over 

this period, when frames from 0 seconds, 20 seconds, and 40 seconds are overlaid on top 

of each other, it is clear that the body remains perfectly immobilized, while the head is 

free to move inside the muzzle. This result shows the applicability for analysis of cell-

wide fluorescent signals, such as calcium signaling, and for analysis of signals from 

networks of neurons. I were able to maintain animals immobilized in this fashion for up 

to 16 hours (Figure 4.10). At this point I were still able to observe expression of 

fluorescent markers, indicating normal physiological processes were not affected. 

 Next, I imaged animals over a period of 3 hours and observed the change in size 

of fluorescently labeled lipid droplets. C. elegans has lipid droplets in the intestinal cells 

for fat storage. It is known that genetics and diet have an effect on droplet morphology  
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Figure 4.10 Dynamic studies of C. elegans using C.L.I.P. a) While the animals heads are 

free to move, the body remains perfectly immobilized. In this figure, images from three 

time points are overlaid on top of each other. The animal’s head is in a different position 

at each time point. Meanwhile, the body remains immobile. b) I have maintained animals 

trapped on device for up to 16 hours. After 16 hours I were still able to observe 

expression of fluorescent markers, indicating that physiology has not been affected. c) I 

were able to monitor animals over time. I observed the formation and development of 

lipid droplets labeled with R01B10.6:GFP over a period of 3 hours. 
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Figure 4.11 Statistical analysis of dynamic changes. a) After three hours, the number of 

droplets with a large diameter ( > 4.5 µm) as well as very small diameter droplets (2 - 2.5 

µm)  has increased. This is consistent with growth of existing droplets and formation of 

new small droplets. The box bottom and top represent the 25th and 75th percentile 

respectively, the center line is the median, and whiskers represent the min and max 

values. b) Over the period of the experiment, the distribution shifts to indicate appearance 

of new lipid droplets. Left y-axis corresponds to the histogram data, while the right y-axis 

corresponds to the fitted gamma distribution. 

 

and size. [160-163] I imaged animals expressing R01B10.6:GFP, which labels a subset of 

lipid droplets (Y. Hao and H.Y. Mak, unpublished data) when observed at 40x 

magnification. I recorded images spaced at 0.5µm in the z-direction over a thickness of 

40µm, which takes approximately 3 seconds. The images were then projected to a single 
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plane using maximum pixel intensity. If the animals were moving during the imaging, the 

projection would be smeared in the xy plane. Since this is not the case, I conclude that the 

animals are properly immobilized while simultaneously feeding. 

 We measured the diameter of the lipid droplets at the start of the experimental 

period and at the end of 3 hours. At this magnification on an epifluorescence microscope, 

I were only able to detect droplets larger than 2 µm, while confocal microscopy may 

allow resolution of smaller droplets. [164] While the population did not show statistically 

significant changes in droplet size over the 3 hours of continuous feeding on-chip 

(p<0.05, Welch’s t-test), I observed an increase in the number of large droplets (> 4.5 

µm), and also detected an increased number of small droplets (2 - 2.5 µm) (Figure 4.11). 

The data suggest that growth of existing droplets and formation of new small-sized 

droplets is occurring over the 3-hour period, which is presumed the case but not 

observable in standard protocols (since anesthetics are usually used and feeding is not 

possible). 

4.5 Conclusions 

In this work, I have demonstrated a technique to immobilize C. elegans animals for 

continuous live imaging at physiological conditions. I verified that animals can be loaded 

and immobilized for experiments and that immobilized animals feed on a continuous 

flow of nutrients provided for them for the duration of experiments. If necessary, the 

channel array can be expanded to accommodate a larger number of trapped animals and 

improve the speed of data acquisition. Most importantly, this technology allowed us to 

observe the type of dynamic change which could previously be observed only statically. 

This can contribute to elucidating the true nature of this and many other processes, such 

as understanding the effect of learning on synaptic physiology, mapping of functional 

network connections of the nervous system, and better understanding of neuronal 

regeneration. 
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CHAPTER 5  C. ELEGANS LIFE-SPAN ON CHIP WITH 

INTEGRATED TEMPERATURE CONTROL AND HIGH 

CONTENT STUDIES 

This chapter describes the development of a bench-top system for performing large scale 

C. elegans life-span experiments in a highly controlled fashion. Studies of life-span in C. 

elegans are aiming to explain the genetic regulation of ageing, the various pathways 

involved in the process, and how environmental and somatic signaling is integrated into 

the regulation process. Several major pathways, the critical components, and their effect 

on ageing have been identified, such as the DAF-2 insulin like receptor and DAF-16 fork 

head transcription factor pathway [165-169], the clk-1 pathway [170-173], and various 

somatic signals involved in modulation of development and metabolism [174-178].  

Practically performing these studies is extremely labor intensive. Large numbers of 

animals are required for each run; up to 200 animals may be required at the start to 

account for loss during the experiment and to get statistically significant data. 

Additionally if individual tracking is necessary, each animal needs a separate agar plate. 

If animals need to be moved between plates for removal from progeny or because of 

dietary restriction, loss from physical damage may occur. The issue of progeny removal 

can be eliminated by treating animals with RNAi or including the drug FUdR in the 

culture to induce parental sterility [179], but the drug itself may cause artifacts in life-

span analysis of non-wild type animals. [180-182]   

Environmental manipulation during experiments adds further complication. Temperature 

control of hundreds of agar plates requires incubator space, and bacterial lawns used in 

diet restriction protocols [183] may form with uneven thickness. Liquid culture based 

dietary restriction protocols eliminate this problem by providing a more uniform 

environment [179, 184-186], but do not eliminate the difficulty of handling animals. 

Performing other assays such as behavior analysis during ageing experiments is 
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practically extremely difficult due to animals handling and tracking requirements, yet 

could prove very useful. This is because many of the insulin-like-peptide signaling 

molecules are also involved in modulation of behavior. [187-191]. As discussed in 

Chapter 1, Hulme et al. in 2010 [87] and Xian et al. in 2013 [88] both presented 

microfluidic systems for life-span analysis on chip, but neither combines the full set of 

features to tackle the presented difficulties. 

The system described in this chapter aims to be a comprehensive tool for life-span on 

chip studies. It takes advantage of microfluidics for handling, trapping, and culturing of 

C. elegans without loss due to manual handling during the experiment. The microfluidic 

device provides precisely controlled liquid dietary restriction conditions via liquid DR 

protocols, with the ability to expose animals to chemical agents with high temporal 

resolutions, and with individual tracking of animals for gathering data content such as 

metabolic rate indicators, behavior response change with age, and potentially even 

measurement of neuronal activity via calcium imaging. This data would typically not be 

obtainable during standard life-span experiments.  

In addition, a bench-top temperature controller has been designed to eliminate the need 

for incubators during these experiments. High heat conductivity construction materials 

are used for the platform of a Peltier-based temperature control stage. This allows for 

achieving of even temperature within microfluidic devices placed on this bench-top 

controller throughout the full height of the channels and chambers containing animals. 

Lastly, a fluid delivery system based on a peristaltic pump fluid recirculation method can 

be used to connect multiple devices to the same source of nutrient solution and perform 

experiments in parallel. The main circuit recirculates fluids at a high flow rate to keep 

bacteria mixed. Each device can be connected to this circuit at any time without 

disrupting the main flow or flow to already connected devices and while maintaining 

even flow rates across all connected devices. In combination, the bench-top temperature 

controller and the fluid delivery system allow for parallel running of up to 14 devices for 
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highly scalable high throughput experimentation without the need for incubators. This 

work was completed in partial collaboration with Michael Youmans. 

5.1 General System Overview 

The basic operating principle of this system is depicted in Figure 5.1a. The system 

operates two stages. The first stage is initial loading; a suspension of C. elegans age 

synchronized to the L4 larval stage in nematode buffer is loaded into the device for 

trapping. Trapping occurs passively without any direct researcher involvement via flow 

dynamics and feature design. The direction of flow is from the device inlet to the outlet 

and liquid flow is set at a constant rate via withdrawal by a syringe pump. From the 

animal traps, animals are moved to culture chambers by pressuring the device and 

opening a path between the trap and its corresponding chamber.  

 

Figure 5.1  Life-span system overview. a) General system operation overview. b) Main 

system components 
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The second stage is the culture stage; OP50 E. coli suspended in nematode buffer are 

delivered to the device and flow through the culture chambers containing C. elegans. 

During this stage, the device is connected to a peristaltic pump based fluid delivery 

system and the direction of flow inside the device is reversed from outlet to inlet. 

Additionally, the flow is periodically reversed. Both flow modes serve to prevent 

chamber clogging with bacteria and help remove progeny.  

The whole system consists of the microfluidic chip placed on a bench-top temperature 

controller, and of the peristaltic pump fluid delivery system (Figure 5.1b). A video zoom 

lens in combination with a CMOS camera, fluorescent light source, and silicon wafer 

below the microfluidic chip serving as a mirror is used to image animals during life-span 

experiments in a pseudo dark-filed mode.  

5.2 Adaptation of Existing Designs for Life-Span on Chip 

In this thesis I have presented systems for loading and trapping of C. elegans or their 

embryos in individual culture chambers for developmental studies. Isolation in individual 

chambers has many advantages, such as per-animal tracking, precise and uniform 

environmental control and targeted exposure to stimulants. This principle has thus been 

applied in the design of a life-span chip as well. However, there are certain differences in 

functional needs arising from the different time scales for developmental and life-span 

studies.  

First, developmental studies focus primarily on the period from embryonic to young adult 

stage. This necessitates trapping of single animals inside the chamber of all 

developmental stages and sizes; not even the earliest L1 larvae may escape. However, 

life-span experiments begin at the L4 stage and progress until death, which means 

trapped animals lay embryos from which L1 larvae hatch. For life-span studies, this 

progeny has to be removed and only the original animal retained. Obviously, the passive 

chamber trapping mechanism thus has to be adapted to fit this requirement.  
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Second, developmental studies occur over a period of several days, with generally 3-4 

days of length being the upper limit. During this time, nutrients have to be delivered to 

the animals with minimal bio-fouling and clogging of chamber inlets. Fouling and 

clogging can be alleviated with surface treatments, but with increasing time the risk of 

clogging is ever increasing. Life-span studies occur over a period of several weeks to 

several months and thus the chips used for such studies are very likely to clog. Because 

of this, the chamber inlets have to be adapted to trap animals, yet not be vulnerable to 

clogging and stopping of flow into culture chambers. Lastly, since L4 larvae are used as 

the starting point for these life-span experiments, passive loading has to be adjusted for 

these animals.  

 In our laboratory, Kwanghun Chung and Mei Zhan have developed a microfluidic device 

for on-chip behavioral studies, which uses passive loading of adult C. elegans into 

individual chambers. [85]. Passive loading relies on trapping animals in appropriately 

dimensioned channels branching off a main fluid delivery channel. These channels are 

connected to a culture chamber by a narrow restriction channel, similarly to that in the 

embryo trap from Chapter 3. Also similarly, the narrow restriction channel has a two 

layer design, with the first 5-10 µm in the z-direction being wide (25+ µm), and the 

remaining height of the restriction channel being only 10 µm wide. This design stops the 

loaded adult animals in the channels, and allows them to enter the culture chamber only 

upon pressurization of the device, which opens the restriction. The outlets of their 

circular chambers are formed by an array of closely spaced pillars. This design became 

the basis for the development of a life-span on a chip.  

The modifications made to the device are depicted in Figure 5.2. The first iteration was a 

reproduction of the design by K. Chung and M. Zhan in the form of square chambers to 

achieve higher chamber density on chip. The pillars forming the chamber outlet were 

round. This outlet design had very poor trapping design, although the loading results 

were satisfactory (Table 5.1).  In the next set of iterations, the pillars were changed to 



 

 111 

square, rectangular, and rectangular with smaller spacing – each change increased the 

trapping efficiency. Then, two sides of the square chamber were turned into outlets 

instead of one. This did not have an effect on trapping, but provided for more hedging 

against the risk of clogging. In the last iteration, the loading “pinch” restriction channel 

design was changed with the goal of improving the loading efficiency. Because the 

animals used in this device are smaller (late L3/early L4), animals were slipping through 

the restriction and causing double loading.  

 

Figure 5.2 Design iterations for efficient loading and trapping of L4 C. elegans larvae. a) 

Design reproduced from [85]. b) Outlet pillars change to squares. c) Outlet pillars 

changed to rectangles. d) Spacing between pillars decreased. e) Two sides of a culture 

chamber used as outlets. f) Loading channel restriction changed to single width across the 

whole height. 

 

Table 5.1 Loading and trapping efficiency of design iterations. 

 Design A Design B Design C Design D Design E Design F 
L4 Loading 

Efficiency 
~ 70% ~ 70% ~ 70% ~ 70% ~ 70% 85% 

L4 Trapping 

Efficiency 
< 10% < 10% ~45% 87% 90% 90% 
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An additional change made is not to the design of the chambers, but to which features are 

used as inlets and outlets and the direction of flow. During loading inlets chamber inlets 

and outlets are used as described. However, during culturing, the direction of low is 

reversed. This way, the outlet pillar arrays become a large row of inlets. The inlet 

restriction becomes the chamber outlet. This is done to simply increase the number of 

inlets and eliminate the risk of clogging from bacteria. Lastly, the flow direction may be 

periodically alternated to help with the removal of progeny.  

5.3 Final Design 

5.3.1 Microfluidic Device 

The final microfluidic design is an array of culture chambers as shown in Figure 5.3. 

These chambers are loaded passively via the previously described restriction channel 

mechanism, and contain trapped animals via an outlet pillar array, also as described. The 

easily scalable array offers individual culturing of animals during life-span experiments 

in a crawl-like environment while simultaneously taking advantage of the benefits of 

liquid dietary restriction methods. It also allows for highly controlled chemical 

stimulation and studies of behavior during aging. The features of the microfluidic device 

are 70 µm tall to accommodate adult sized animals. 

 

Figure 5.3 Design of the microfluidic chamber array and the individual chamber features. 
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The microfluidic device is prepared in a simple loading procedure described in Figure 

5.4. Three interconnects are used in the procedure, two 24 gauge holes and with metal 

pins to connect to tubing, and one 14 gauge hole as a loading reservoir. For loading, the 

outlet of the device is connected to a syringe pump capable of withdrawing fluid via one 

of the 24 gauge pins; the other pin is connected to a fluid filled syringe. This syringe is 

used for rapid pressurization of the device. The 14 gauge hole is left open as a reservoir 

for loading solution. First, the device is pressurized via the syringe pump while holding 

the other interconnects closed. Next, the 14 gauge hole is opened until completely filled 

with fluid, at which point the syringe pump is set to withdraw fluid at 2 mL/hr. Solution 

of L4 C. elegans larvae is loaded into the reservoir and the animals are pulled through the 

device and passively loaded into the loading channels. After the array has been filled, the 

reservoir and outlet are closed and the device is rapidly pressurized via the attached 

syringe to open the restriction and push larvae into their respective chambers.  

 

Figure 5.4 Step-by-step preparation, loading, and re-connection procedure. 

 

After this, the device is re-connected for culturing. First, the syringe pump connection is 

removed while the device is mildly pressurized by the syringe to not allow for back flow 

or introduction of gas bubbles. The outlet is then connected to a nutrient solution fluid 

delivery system for large scale parallel experimentation. The syringe is disconnected and 

the tubing connected to a waste collection reservoir, allowing the solution to flow through 

the device. The flow is opposite in direction to that during loading. This turns the 
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chamber outlets into a large number of inlets to minimize the risk of clogging. If only a 

single experiment is being run, the syringe pump may be used to drive fluid through the 

device. In this case, a syringe pump is connected to the inlet 24 gauge pin, while the 

outlet is connected to a nutrient solution reservoir. The syringe pump then withdraws 

liquid, to maintain the correct direction of flow. 

5.3.2 Fluid Delivery System 

The fluid delivery system is designed to deliver nutrient solution to multiple devices 

simultaneously with consistent flow rates. The devices can be connected or disconnected 

at any time without disturbing the flow to the remaining connected devices. The principle 

of the system depends on peristaltic pump fluid delivery. A Watson-Marlow 400/A 

peristaltic 300RPM pump drives fluid through a main re-circulation loop. The flow rate 

through this loop is approximately 15 mL/min. The high flow rate prevents bacteria from 

settling and keeps the main nutrient solution reservoir well mixed. Connection of devices 

to this loop is facilitated by 4-way switches. The flow to each device is negligible in 

comparison to the flow in the main loop due to the fluid flow resistance across the device, 

but sufficient to provide the necessary fluid exchange in each connected device. 

 

Figure 5.5 The simple fluid delivery system used to provide even flow rates to multiple 

devices running in parallel.  
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5.3.3  Bench-Top Temperature Control 

The purpose of the bench-top temperature controller is to eliminate the need for 

incubators. Temperature control is critical for life-span experiments since temperature 

variation has significant effect on C. elegans metabolism, development, and life-span. In 

standard plate assays, incubators must be used. Microfluidic systems are no exception; 

the complete system would have to be placed inside an incubator for the duration of the 

experiment. The bench-top temperature controller is designed to maintain proper 

temperature on devices anywhere in the laboratory. The controller is a copper plate 

insulated on all surfaces except the top surface, on which microfluidic devices are placed 

(Figure 5.6). The temperature of the plate is regulated by a Peltier temperature controller. 

A copper heat spreader is attached to the Peltier unit for heat exchange. The heat spreader 

is ventilated by a pair of fans working in a push-pull setup within an air tunnel. 

Microfluidic devices mounted on silicon for better heat exchange are placed on the 

surface of the copper plate during an experiment. Even though the temperature in the 

devices themselves is not even, close to the silicon to a height sufficient to reach past the 

microfluidic features it matches the temperature of the silicon extremely well. Thus, by 

using the silicon mounting pieces for temperature measurement for a feedback control 

loop, temperature inside culture chambers of the microfluidic device can be precisely 

controlled.  

5.3.4 Imaging of Animals on Chip  

Since the microfluidic devices are mounted on silicon for improved heat exchange, direct 

bright field imaging cannot be used. Instead, a technique previously developed in our 

laboratory by Jeffrey Stirman is used. By shining white light from a fluorescent bulb at 

the microfluidic device mounted on silicon square, the animals can be observed in a 

pseudo-darkfield mode instead. Because this mode of imaging relies on reflection off of 

the silicon surface, a stereo microscope cannot be used. This would lead to appearance of 
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ghost images. Instead, a single video zoom lens is used to record movies and images for 

data analysis. 

 

Figure 5.6 Schematic of the bench-top temperature controller for microfluidic devices. 
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5.4 Methods 

5.4.1 Fabrication 

We fabricated all microfluidic devices in poly(dimethylsiloxane) using the method 

described in the previous chapters. The PDMS devices were then bonded to silicon wafer 

squares via oxygen plasma treatment for 20 seconds (PDC-32G plasma cleaner). 

5.4.2 Solutions 

Nutrient solution of standard nematode buffer with E. coli suspended in solution was 

prepared in the following fashion. 200 mL of autoclaved LB media was seeded with 

Streptomycin and Carbenicilin resistant E. coli and left to grow overnight at 37 ºC. Then 

it was spiked with Streptomycin to a final concentration of 50 mcg/mL and continued to 

incubate for 30 minutes. Following, the solution was distributed into falcon tubes and 

chilled in ice water for 10 minutes. Then the solution was centrifuged at 4 ºC for 5 

minutes at 4000RPM, followed by the removal of the supernatant and re-suspension in 

M9 to the chosen concentration as determined by optical density measurements. 

Streptomycin and Carbenicilin were then added to a final concentration of 50mcg/mL 

each. Solution of repellant was prepared by diluting Nonanone in M9 by a ratio of 

1:1000. Green dye was included to allow for determining the.   

5.4.3 C. elegans Culture, Experimental Procedure, and Image Processing 

5.4.3.1 C. elegans Culture and Animal Preparation 

C. elegans were cultured at 25 °C on standard nematode culture plates with OP50 without 

dietary restriction for at least two generations prior to the experiment. The animals were 

then placed allowed to lay embryos for 3 hours and removed from the plate. The age 

synchronized embryos remaining on plate were allowed to hatch and grow to the L4 

larval stage, at which point they were loaded into the microfluidic device. 
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5.4.3.2 Temperature Measurement 

Temperature measurement to characterize the current-temperature response of the bench-

top temperature controller was performed using a standard thermocouple and a custom 

designed thermistor probe. The probe consisted of a 10k, 3435, 1.6mm diameter 

thermistor (Digikey) mounted on a silicon square with thermal tape (VWR) and covered 

by thermal insulation foam.  

5.4.3.3 Flow Rate and Open Inlets Measurement 

Measurements of flow rate through microfluidic devices connected to the fluid delivery 

system was performed by collecting fluid from the outlet for a period of 5 minutes and 

using micro-pipetters to exactly measure the volume collected from each device. 

Measurement of open inlets was performed by counting the number of inlets in each 

chamber containing animals at 1,2,6 and 14 days. 

5.4.3.4 Loading and Trapping Statistics 

Loading statistics were recorded for each experiment. L4 larvae loading efficiency was 

recorded immediately upon loading. The trapping efficiency of L4 larvae was determined 

by measuring the number of L4 animals remaining trapped after 1 day. The L1 larvae 

removal efficiency was measured on day 5 by counting the number of chambers still 

containing L1 larvae. The actual percentage was determined in relationship to the number 

of chambers still occupied with single L4 animals 1 day after loading. 

5.4.3.5 Life-Span Experiment 

The life-span experiment was performed at 23 ºC using a syringe pump for fluid delivery 

with wild-type animals (N2 strain). Animals were loaded at L4 stage and the device was 

checked daily for remaining alive animals. The live-dead assay was performed by 

observing movement and exposing animals to blue light. Animals, which responded to 

stimulus after being labeled dead prior were re-labeled as alive.  
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5.5 Results 

5.5.1 Microfluidic Device 

5.5.1.1 Loading 

The device has been designed to optimize loading of L4 larvae; the loading channel 

length, width, and the channel restriction dimensions fit the average length and width of 

early L4 larvae. To achieve highest possible efficiency, animals loaded into channels 

have to hold loaded without squeezing into the chamber themselves and cannot be pushed 

into the chamber by a second animal loading into the channel. As shown in Figure 5.7a, 

L4 animals will 99.9% of the time hold loaded without squeezing in or getting pushed in. 

However, it is critical to use an age synchronized population, since L4 animals will push 

previously loaded earlier stage animals into the culture chamber over 60% of the time 

(Figure 5.7b).  

The overall loading efficiency of the device after pressurization to push animals into their 

chambers is 85% (Figure 5.7c). The desired loading is one animal trapped inside a culture 

chamber. This is dependent not only on proper positioning of animals in loading 

channels, but also on the successful pressurization and pushing of animals into chambers. 

Errors in this process can lead to double loading or an animal only partially or not at all 

moving into the chamber. 
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Figure 5.7 Life-span on chip loading efficiency. a) Fraction of animals remaining 

properly positioned in loading channels during loading. b) Frequency of pushing 

previously loaded animals into culture chamber by a second animal loading into loading 

channels. c) Overall loading efficiency of L4 animals in the chip. 

 

5.5.1.2 Trapping 

The trapping of animals inside chambers once loaded has to be sufficient to prevent L4 

larvae and older animals from escaping, while allowing progeny to be removed from the 

chamber. The ratio of the pillar spacing and the height of the chamber appear critical for 

this as shown in Figure 5.8. At a height of 45 µm and 10 µm pillar spacing, over 95% of 

L4 larvae are retained. However, only 18% of chambers with an originally single L4 

animal loaded remain progeny free 5 days after egg-laying. An increase in spacing of 

pillars improves progeny removal, but decreases the trapping ability of chambers. At a 

chamber height of 65 µm, a change in spacing from 10 to 15 µm decreases the efficiency 

by over 30% with only a minor increase in progeny removal (2%). For the life-span chip, 
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the height of 65 µm is critical to accommodate adult animals; the 10 µm pillar spacing 

thus leads to the greatest final device loading efficiency. This final device efficiency is a 

multiple of the loading, trapping, and progeny removal efficiencies and is 74.9% for the 

device. Thus, on average 40 of those chambers will retain one animal per chamber 

without any progeny.  

 

Figure 5.8  Trapping efficiency on chip. a) Trapping efficiency of L4 larvae inside 

culture chambers. b) Removal efficiency of L1 larvae/progeny.  

 

5.5.1.3 Reversal of Flow Direction During Culture Stage as Clogging Prevention 

The reversing of the direction of flow is used to turn chamber outlets into an increased 

number of inlets. This serves to decrease the chance of complete chamber clogging by 

bacteria in the solution. As can be seen from Figure 5.9, this is indeed necessary as the 

average number of unblocked inlets during the experiment is approximately 25 per 

chamber containing C. elegans, indicating that several inlets clog on average for each 

chamber. However, a sufficient number of inlets always remains open to continue flow of 

nutrients to the animals. 



 

 122 

 

Figure 5.9 Average number of inlets remaining unblocked during an experiment. 

 

5.5.2 Temperature Control 

The principle the bench-top temperature controller depends on is the matching of 

temperatures between the silicon substrate and the PDMS device to a minimum required 

height. This height is represented by the height of the microfluidic features housing C. 

elegans. As long as the channels and culture chambers are at a temperature matching that 

of the silicon substrate, the silicon itself can be used for temperature measurement for a 

closed-loop thermal control system. 

I performed a COMSOL simulation of microfluidic devices being cooled or heated on the 

bench-top controller as they would be during a regular experiment (Figure 5.10). Devices 

were placed in the model as they would be on the physical controller. Such an 

arrangement leads to centered and corner devices (Figure 5.10a). The model was 

performed with accurate dimensions and for steady state heat transfer. The boundary 

conditions at insulated surfaces (all except the top), the top of the plate and the devices 

were set to heat transfer. The heat transfer coefficient values used corresponded to natural 

convection of a flat plate (range 2-20 W/m
2
·K). The materials used were copper, silicon 
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and PDMS. The general equation solved was  . The total number of 

elements was 6.2
e6 

with mesh quality set to extra fine.  

I compared the resulting temperature at the center of a device and at the corner of a 

device (Figure 5.10a). I modeled cooling from room 25 ºC ambient temperature (Figure 

5.10b-c) and heating from 15 ºC ambient temperature (Figure 5.10d-e). All case scenarios 

showed temperature gradients within the bulk of the PDMS microfluidic device (light 

blue). However, the temperature in the silicon (grey) and the region of interest within 

microfluidic devices (dark blue band) for any situation matched very closely independent 

from the heating/cooling or the temperature difference between device and ambient 

temperature.   

Since only natural heat convection is assumed, I modeled the effects of across a range of 

natural convection heat transfer coefficients for a flat surface. The coefficient did have an 

effect on the shape of the gradient in the bulk of the PDMS of the microfluidic devices. 

However, again in the area of interest the temperatures remained even and matched the 

silicon temperature independently of the coefficient value (Figure 5.11a). Figure 5.11b 

shows a summary of all the individual cases and the corresponding height within the 

PDMS devices, within which the temperature matches the silicon temperature to within ± 

0.3 ºC. The line indicates the height of the microfluidic features. For all cases, either 

matches or significantly exceeds the minimum height requirement. The only insufficient 

case is the extreme case of heating a device to 25 ºC from 15 ºC ambient at a natural 

convection heat transfer coefficient of 20 W/(m
2
 K ) and only at the extreme corner of the 

device.  
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Figure 5.10 Results of the temperature distribution simulation. a) Arrangement of the 

COMSOL simulation and the location of temperature data gathering within the 

microfluidic devices. b-e) Simulation of different case scenarios. Light blue background 

indicates PDMS bulk, grey indicates silicon, and the dark blue band indicates the area of 

interest within the microfluidic device. b-c) Cooling from 25 ºC ambient. d-e) Heating 

from 15 ºC ambient. 
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Figure 5.11  Summary of simulation results. a) Effect of varying the natural convection 

heat transfer coefficient on the temperature gradient. b) Summary of all cases. The z-

positions indicate the height up to which the PDMS temperature matches that of the 

silicon to ±0.3 ºC. The line indicates the height of microfluidic features within the PDMS. 

 

I measured the temperature at the interface between the silicon and the PDMS of a 

sample device placed on the temperature controller and compared this value to the set 

point of the temperature regulator and to the reading provided by a custom made 

thermistor probe. The probe consists of a thermistor mounted on a silicon square via 

thermal tape. The 1.6mm-diameter thermistor is covered by thermal tape as well and a 

piece of insulating padding is attached over the whole assembly. The silicon square is 

placed on the temperature controller as a device would be.  

Figure 5.12 shows the difference between the set point, the thermistor probe reading, and 

temperature measurement via a micro-thermocouple is minimal. The difference is at most 

0.2 ºC across the whole range of steadily maintained temperatures, whether the system 

was cooling or heating from the 23.5 ºC room temperature. This shows the temperature 

controller truly is applicable to maintaining desired temperature on microfluidic devices 

in the laboratory without the need for incubators. 
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Figure 5.12 Results of temperature measurement of devices placed on bench-top 

temperature controller. The custom thermistor sensor, the temperature of silicon at the 

silicon-PDMS interface, and the desired temperature match up closely across the range of 

temperatures. The dashed line indicates the ambient temperature during the experiment, 

23.5 ºC. 

5.5.3 Fluid Delivery 

The goal of the peristaltic fluid delivery system is to be able to connect devices at will 

without significantly affecting flow rates in other devices, such as would be the case with 

a direct flow splitter for example. This is enabled by the high ratio of flow rates in the 

main loop compared to flow rates across a device. The flow rate in the main loop is ~15 

mL/min, or 900 mL/hr, which compares to less at most 0.6 mL/hr through an individual 

connected device (Table 5.2). Thus, each device draws at most 0.07% of the flow through 

the main loop. I analyzed the effect of connecting multiple devices on the average device 

flow rates. As can be seen in Table 5.2, connecting additional devices tends to decrease 

the flow rate across each device. This effect however is less dependent of the position 

where the device is connected, and depends more on the total number of devices. 

Additionally, the larger the resistance to flow across a device (i.e. larger arrays have 

greater resistance), the low the effect of adding devices is on flow rates. Thus, the larger 
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the array, the steadier the flow delivered to each array will be. This is critical for large-

scale parallel experimentation and scaling of arrays to accommodate more animals. 

Lastly, the lowest flow rates measured were still sufficient to exchange the total volume 

of liquid in a large array in less than 40 seconds.  

Table 5.2 Results of flow rate measurement through devices connected to the peristaltic 

fluid delivery system.  

Array Size: Large Small Large Small Large Small

# of 

Connected 

Devices Device 1 Device 2 Device 3 Device 4 Device 5 Device 6

All Device 

Mean
StDev

Large Array 

Mean
StDev

Small Array 

Mean
StDev

1 0.42 0.42 0 0.42

2 0.42 0.59 0.50 0.119 0.42 0.59

3 0.43 0.60 0.41 0.48 0.105 0.42 0.017 0.60

4 0.35 0.49 0.37 0.47 0.42 0.071 0.36 0.017 0.48 0.017

5 0.35 0.48 0.35 0.43 0.35 0.39 0.062 0.35 0.000 0.46 0.034

6 0.35 0.41 0.37 0.44 0.32 0.34 0.37 0.046 0.35 0.024 0.40 0.055

All Runs 

Device 

Average 0.39 0.51 0.38 0.45 0.34 0.34

StDev 0.042 0.080 0.025 0.018 0.017 N/A

Flowrate (mL/hr) Through Devices Connected to the Fluid Delivery System

 

5.5.4 Life-Span On Chip 

To verify the ability of the device to perform full life-span experiments, I performed a 

pilot study using wild type N2 animals (Figure 5.12). In this particular experiment, fluid 

was driven via a syringe pump. Nutrient solution at an OD600=2.5 was delivered to the 

animals. The number of remaining live animals was recorded daily (except between day 

10 and 12) via observing movement and response to blue light exposure for stationary 

animals, which normally triggers an evasive response [159]. Each chamber was tracked 

individually, which enabled re-classification of a “dead” animal into “live” after 

responding to stimulus two days after being classified as “dead” (animal #16 between 

days 6 and 8).  

I compared the results to data previously reported by Houthoofd et al. in 2003 [179], data 

which was obtained by culturing animals on standard plates with a spread bacterial lawn. 

The life span curve does show a shorter maximum life span, but the experimental results 
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are highly comparable. This indicates the system is a viable alternative for performing 

life-span on chip studies.  

 
Figure 5.13 Comparison of life-span data for wild type N2 animals obtained 

experimentally on the life-span chip to previously reported data from Houthoofd et al, 

Experimental Gerontology, 2003 [179] (Resuse permission license: 3161501375891). 

 

In addition to monitoring the life-span of the animals on chip I recorded their pharyngeal 

pumping rate as an indicator of normal activity and as an example of additional 

information obtainable from using this system. As shown in Figure 5.14, the pharyngeal 

pumping rate is lowest immediately upon loading, but returns to the range of normal 

values for C. elegans 24 hours and 48 hours after loading [157, 158] while the animals 

are feeding of a solution of bacteria at OD600=1.0. Normal pharyngeal pumping is an 

important indicator of the animals perceiving sufficient food and physiological functions 

continuing normally. [157, 158] 
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Figure 5.14 Measurement of pharyngeal pumping rate of C. elegans on device. The rate 

is lowest immediate after loading, but returns to the range of normal values 24 and 48 

hours after loading. 

 

48 hours after loading, I exposed the animals to a pulse buffer solution containing 2-

nonanone, a chemical repellant. Prior to the pulse, animals were exposed to pure buffer 

instead of nutrient solution for 30 minutes. I recorded animal responses 15 seconds prior 

to the 2-nonanone pulse, during the 120 seconds exposure, and for 40 seconds after 

removal of the repellant. A response was recorded if an animal exhibited a reversal 

(change of direction) or when the head touched the tail followed by movement in this 

new direction. Figure 5.15 plots the incidence of animal responses prior, during and after 

2-nonanone stimulation for each individual animal. As can be seen, the incidence of 

responses increases after the chemical is introduced and gradually wears off, with some 

animals performing reversals and head-tail touches upon removal of the repellant. This 

shows that behavioral response can be studied during an ongoing life-span experiment. 
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Figure 5.15 Incidence of reversals and head-tail touches before, during, and after 

exposure to the repellant 2-nonanone.  

5.6 Conclusions 

In this work, I have presented a system for high content life-span studies with precise 

dietary, chemical exposure, and temperature of C. elegans without the need for using 

incubators. The technology consists of a highly scalable microfluidic array designed to 

load, trap and culture C. elegans over their life-span while removing progeny, providing 

highly controlled liquid dietary restriction conditions and allowing for studying behavior 

with aging. The off-chip components provide the option of large-scale parallel 

experimentation via a peristaltic pump fluid delivery system and eliminate the need for 

incubators via a custom designed bench-top temperature controller. This technology 

potentiates a increase in the throughput of life-span studies with a significant decrease in 

manual labor and need for equipment requirements in the form of incubator space for 

hundreds of nematode growth plates. In addition, the potential to combine aging and 

learning assays opens up the path to a broader understanding of signaling in C. elegans.  
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THESIS CONTRIBUTIONS AND FUTURE DIRECTIONS  

5.7 Thesis Contributions 

The work in this dissertation has focused on adapting technologies from the field of 

microfluidics and developing novel methods for enabling dynamic studies of C. elegans. 

To goal was to provide a toolkit to cover the full range of dynamic studies time-scales. 

For this purpose, a system was developed for short term live imaging over minutes to 

hours, for dynamic studies of development over hours to days, and for life-span studies 

with high content experimentation over days to weeks. Prior to this work, no technology 

was available to perform live imaging with feeding or dynamic developmental studies on 

an individual animal basis. The technology to facilitate life-span experiments has 

surfaced, but has lacked the full set of features necessary, such as capability of controlled 

chemical stimulation, individual animal tracking, controlled dietary conditions, and 

temperature control without the need for an incubator. Achieving the thesis goal required 

developing a novel immobilization method, designing temperature control systems 

integrated in device, developing novel designs to trap embryos or passively positions 

animals for immobilization, designing peripheral systems such as a bench-top 

temperature controller and fluid re-circulation and delivery system, and integrating these 

components. 

This thesis presents the first system designed for studying C. elegans development 

dynamically on a per-animal basis. It is the first technology capable of repeatedly and 

reversibly immobilizing animals for high resolution and high magnification imaging at 

physiological conditions. The immobilization is facilitated by the solution of Pluronic 

F127. The solution of this polymer undergoes a thermo-reversible sol-gel transition and 

has found uses in drug delivery mechanisms, cell encapsulation systems, and has via this 

work been introduced as a C. elegans immobilization agent.  The thesis establishes the 

ability of the gel formed after a transition to immobilize animals at physiological 
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conditions without any harm as well as the compatibility of the solution with C. elegans 

physiology. To complement the Pluronic F127 component, a microfluidic system was 

developed to culture developing C. elegans in individual chambers and to facilitate their 

development. Larvae are trapped inside these chambers via partially closed valves, which 

prevent animals from escaping while allowing flow of bacteria through the chambers to 

deliver nutrients. The system also includes a liquid based temperature control mechanism 

to trigger the Pluronic F127 sol-gel transition for periodic immobilization for imaging. As 

a whole, this technology represents a completely novel approach to studying C. elegans 

development and potentiates dynamic studies of developmental processes to replace 

traditional population composite based studies.  

As an extension of the principles from this design, this thesis presented the first 

microfluidic system for high throughput and efficient manipulation of C. elegans 

embryos. This technology is the first to facilitate trapping of embryos for highly 

controlled chemical and thermal stimulation, while allowing for subsequent dynamic 

observation of animals hatched from these embryos. Trapping occurs passively; flow 

directs embryos into empty traps and trapped embryos redirect flow into those traps 

which remain empty. Afterwards, embryos are kept in individual chambers which also 

passively prevent embryo and animal escape and enable studying development after 

stimulation. Because of the passive nature, the user is only responsible for loading 

solutions into the device and no active microfluidic components such as valves are 

necessary, thereby cutting down on peripheral equipment requirements. The device also 

facilitates cross-flow across the device to increase the rate of fluid exchange for precise 

timing of chemical stimulation of embryos. Additionally, this work presents a novel 

approach to controlling temperature on chip in the form of individually addressable 

transparent electrodes, which serve as resistive heaters. Because of transparency, the 

electrodes can be placed directly under the chambers in which C. elegans are being 

cultured, without preventing fluorescent microscopy. The ability to individually actuate 
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each electrode also lends to targeting of heating to single chambers. Furthermore, the 

design presented can be fabricated using pre-coated commercially purchased slides with 

surface un-evenness instead of requiring custom deposition by focusing maximum 

resistance into a small footprint. Lastly, the electrodes are integrated into the system via 

an assembly method which leads to re-usability of the electrodes. Such a system of 

temperature control can be used for a myriad of applications from inducing thermal 

stress, to studying thermotaxis behavior, to immobilizing animals using the method 

developed in this thesis. This technology presents the first platform for studying thermal 

stress and chemical agent exposure on a broad range of developmental processes in a 

highly controlled and high throughput fashion. 

The system presented in this thesis for live observation of C. elegans physiological 

processes is the first capable of such observation via selectively immobilizing only the 

animals bodies, while leaving the head free to move and feed. The ability to feed is 

critical for continuous immobilization for live imaging; if animals do not feed, their 

natural physiological processes may be altered. The technology is again based on a 

passive design, which properly positions the animals’ bodies and heads in trapping 

channels via an array of pillars. In this position, only the bodies are immobilized via 

immobilizing agents. These include Pluronic F127 or a mixture of sodium alginate and 

gelatin; the choice of agent depends on application and environmental conditions. 

Animals immobilized in this fashion can then feed on nutrient solution, while they bodies 

remain immobile even during exposure to blue light during fluorescent imaging, which 

normally triggers an escape response. This technology is critical to studying events which 

occur continuously such as trafficking of synaptic vesicles or over a time scale requiring 

very frequent imaging. This work showed the applicability of the system to studying 

morphological changes in lipid droplets, but the range of applications extends to any 

dynamic physiological process or function. 
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Lastly, this thesis presented a system for life-span studies of C. elegans. Other options 

and designs have been previously made available to the C. elegans community, but each 

only has a subset of features required for large scale experimentation. The platform 

presented here is capable of culturing animals in individual chambers for per-animal 

tracking, leading to high content per-animal data gathering. This includes but is not 

limited to measurement of growth rates, pharyngeal pumping rates, and other metabolic 

indicators, periodic exposure to stimulants while correlating behavioral response change 

to aging, and improved life-span tracking. The design of the life-span culture chambers 

combined with flow in alternating directions leads to elimination of all progeny, thereby 

eliminating the need for using sterile strain or sterilizing animals via RNAi exposure. It 

also provides a more natural, crawl-like environment. The peripheral equipment designed 

for this system facilitates parallel experimentation and eliminates the need for incubators. 

First, each microfluidic device can be connected to a fluid distribution system driven by a 

peristaltic pump via flow splitters, which doesn’t interrupt the operation of the delivery 

system or the flow of nutrients to already connected devices. Second, a custom designed 

peltier-based bench-top temperature controller is used to maintain steady temperature on-

chip. The controller can hold up to ~15 individual microfluidic devices and completely 

eliminates the need for incubators. This feature is very critical, as temperature variation 

significantly affects C. elegans life span, and can also be applied to a broad range of 

applications requiring temperature control. By combining these features, the whole 

system aims to become the standard microfluidic platform for life-span analysis studies.  

5.8 Future Directions 

The goal of this thesis was to develop technologies to enable dynamic studies of C. 

elegans across the full range of time-scales during which a process of interest may occur. 

As such, the primary focus was design of microfluidic and MEMS components, design of 

peripheral equipment, and the introduction of a novel immobilization method. Since these 
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technologies are the first of their kind (or first to integrate a full set of features required), 

the majority of work centered on obtaining a functioning design and the validation of 

principles used in the development. The designs have the functionality required, but can 

be further improved to include functionality such as orienting animals in tandem with 

positioning for example. Also, peripheral equipment such as pumps, electrodes, valves, 

and bench-top heaters are all individually controlled and could benefit from a unified 

computer control interface. Additionally, actual biological applications were only used 

for validation. However, the technologies described potentiate an extremely broad range 

of experiments and studies of genetic regulation of development and other physiological 

processes, the understanding of which can be applied to a broad range of organisms 

including human. Thus, the suggestions for future work include optimizations of designs 

to include additional functionality of benefit to the C. elegans research community, 

integration of peripheral component control into a single interface for easier adaptation 

by biologists and the possibility of fully automated operation, and the use application of 

systems to answer pertinent questions in developmental biology and neuroscience. Last 

but not least, a possible strategy to drive acceptance by the biological community is also 

outlined.  

Optimizing the designs for additional functionality can increase the range of applications. 

For example, the live imaging device trapping channels are straight channels. Although 

animals are positioned properly, their rotation along their central axis is arbitrary. The 

animals may thus not orient with their dorsal-ventral axis parallel to the glass, but the axis 

may be perpendicular or at an arbitrary angle. However, orientation along this axis is 

critical for some applications such as imaging synapses, because different orientations 

lead to different apparent object sizes. In our laboratory, curved channels and straight 

channels with bumps have been developed to orient animals with the dorsal-ventral axis 

either perpendicular or parallel to the glass slide. Integration of these features into the live 

imaging device can thus potentially increase its usefulness to broader range of problems. 
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The systems have been designed with simplicity in mind and thus have the least number 

of external components possible. However, syringe or peristaltic pumps, digital I/O 

controllers, and peltier temperature controllers are still used for example. Although these 

can be easily controlled individually, a unified computer control interface may make 

adaptation by non-engineers more rapid. This way, the systems could be distributed as a 

complete plug-and-play package. Additionally, a unified interface lends itself well to 

automation. This could be useful in dynamic developmental studies for example, where at 

predetermined time intervals the system would automatically replace culture solution 

with the immobilization agent, actuate temperature in culture chambers to immobilize 

animals, and automatically acquire images of each chamber. This would further minimize 

user involvement and increase experiment multiplexing capabilities. 

The technologies presented here potentiate and should be utilized for a broad range of 

biological applications in C. elegans. Live observation of neuronal growth cone 

development and axonal regeneration, of trafficking of synaptic vesicles, of re-

arrangement of synaptic connections, maintenance of germ cells, and structural changes 

to lipid droplets all become possible. Studies of protein polarity distributions in embryos, 

of localization of protein rich germ granules during embryonic and later developmental 

stages, of exposure to alcohol and other chemical agents such as drugs and their effects 

on genetic expression and development can also be pursued. High throughput and 

controlled life-span experiments in combination with age-related behavior studies should 

also be investigated. With appropriate imaging equipment, these can further be expanded 

to include measurement of changes to behavior generating neuronal activity with age. 

Also, the principles used to design these systems can be extended to applications on other 

model organisms or platforms such as other nematodes, zebra fish embryos, or embryoid 

bodies. 

To drive the dissemination of these systems and accelerate research into relevant 

applications, acceptance by the biological community is required. The passive nature of 
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the systems developed in this thesis with focus on simplicity and functionality without 

user interaction is one key aspect in this process; the easier the devices are to use, the 

more likely they will be adapted. Simplification of the external components and a simple 

unified GUI will also aid in the process. The third aspect lies in convincing the biological 

community that the systems can accurately reproduce published experiments and 

simultaneously provide data or information not obtainable using standard established 

methods. In the case of the Lifespan-on-Chip system for example, the results needed to 

show the community that the system is capable of lifespan experiments include i) the 

established relationships between lifespan and dietary restriction in form of bacterial 

concentration, ii) the established lifespan differences between long-lived and short-lived 

mutants and wild type animals, and iii) the temperature dependence of C. elegans 

lifespan. In tandem, the argument has to be made that using the microfluidic system 

allows researchers to gather data not possible to obtain using standard methods and 

thereby provides a significant advantage. For example, the ability to observe behavior 

along aging and the changes to behavioral responses is unique to the microfluidic system 

while the combination is extremely difficult or impossible to implement with on-plate 

assays. By additionally incorporating techniques such as calcium imaging to measure 

neural activity as well the functional advantage increases even more. The microfluidic 

system can thus lead to a depth of analysis impossible with standard techniques. This 

argument has to be the focus of convincing the biological community and should drive 

the acceptance of the microfluidic systems developed in this thesis. 
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