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Surgery of axons in C. elegans using ultrafast laser pulses, and observing their 

subsequent regrowth opens a new frontier in neuroscience, since such research holds 

a great potential for the development of novel therapies and cures to 

neurodegenerative diseases. In order to make the required large-scale genetic 

screenings in C. elegans possible and thus obtain statistically significant biological 

data, an automated laser axotomy system needs to be developed. Microfluidic devices 

hold the promise of improved throughput by integrating different functional modules 

into a single chip.  

The first step to developing a microfluidic device for laser axotomy is to 

devise an on-chip worm trapping method, which maintains a high degree of 

immobilization to sever axons without using anesthetics. In this thesis, we present a 

novel method that uses a thin, deflectable PDMS membrane that individually traps 

worms in a microfluidic device. Axons can successfully be severed with the same 

accuracy as those using conventional paralyzing techniques. This device also 
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incorporates recovery chambers for housing worms after surgery and for time-lapse 

imaging of axonal regrowth without the repeated use of anesthetics.  

Towards accomplishing an automated, high-throughput laser axotomy system, 

we developed an improved microfluidic design based on the same mechanical 

immobilization technique. This second generation device allows for serially 

processing of a large quantity of worms rapidly using a semi-automated system. 

Integrated to the opto-mechanical platform, a software program utilizing image 

processing techniques is developed. This semi-automated program can automatically 

identify the location of worms, their neuronal cell bodies, focus on the axons of 

interest, and align the laser beam with the axon via a PID based viso-servo feedback 

algorithm. Statistic data demonstrate that there is no significant difference in axonal 

reconnection rates between surgeries performed on-chip and using anesthetics.  

To improve flow control, a three-dimensional novel microfluidic valve 

structure is designed and fabricated. This novel valve structure allows for a complete 

sealing of the flow channel, without degrading optical conditions for imaging and 

laser ablation in the trapping area. Finally, we developed a prototypical microfluidic 

assembly that will eventually be able to interface a well-plate to automatically deliver 

population of worms from individual wells to the automated chip for axotomy. This 

interface consists of a microfluidic multiplexer to significantly reduce the number of 

solenoid valves needed to individually address each well.   
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Chapter 1 Introduction 

1.1 BACKGROUND AND MOTIVATION 

It is estimated that today nearly 5 million people suffer from degenerative 

diseases in the United States (Alzheimer, Parkinson, Huntington, Pick, Lou Gehrig also 

known as amyothrophic lateral sclerosis, Creutzfeld-Jakob, etc.). By the year 2050, that 

number will reach a dramatic 16 million. At age 60, the odds at developing such diseases 

are 1 over 10,000, while this ratio increases to 1 over 3 by the age 85 [1]. The cost of 

caring for these people is more than $100 billion per year. Projections estimate a rise to 

$500 billion per year by 2030 [2]. Research towards understanding and curing these 

complex neurodegenerative diseases will have a huge economic and social impact. 

Furthermore it will also benefit the victims of nerve injuries that affect half a million 

people in the US. 

Understanding the biological mechanisms of nerve regeneration is an important 

step towards the development of novel therapies for human neurological diseases. Many 

chemical, cellular, and morphological processes occur cooperatively or antagonistically 

during nerve regeneration, but are not completely understood. Any technique that allows 

studying these processes in-vivo could significantly facilitate medical breakthroughs. 

So far, in-vivo studies of nerve regeneration have been limited to complex 

organisms such as mouse or zebrafish, due to a lack of precise surgical techniques for 

severing neural processes, axons or dendrites, generally referred to as axotomy (Figure 

1.1). To sever an axon in-vivo in a small organism requires a high precision and non-

intrusive cutting tool. A few years ago, ultrafast laser surgery of axons of Caenorhabditis 

elegans (C. elegans) and monitoring the subsequent axonal regrowth were developed by 

our group to serve as a tool to study regeneration and degeneration processes [3, 4]. Most 
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recently, scientists have demonstrated that this laser-based method enables the discovery 

of crucial protein pathways that are essential to the axonal regenerations [5-7]. 

 

 

Figure 1.1 In-vivo surgery on animals of different sizes. Axotomy was generally 

performed on complex organisms. Ultrasfast laser has recently been 

successfully used for severing axons of C. elegans.  

The nematode C. elegans is used as a predominant model organism for the laser 

axotomy, because of, among other things, its simple nervous system (exactly 302 neurons 

in the hermaphrodite) and its versatility as a genetic tool. C. elegans is the only organism 

to have its neural circuitry entirely mapped, which enables the studies of neuron 

interactions at a microscopic level [8], and the first organism to have its genome 

completely sequenced [9] allowing the analysis of various cellular and molecular 

neurobiological processes at the genetic level. There are more than 800 research groups 

in U.S. alone researching on this model organism [10]. The roundworm's genome also 

possesses a very high homology to human genome (~40%) [9], and thus the regenerative 

    elegans 
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studies on the nematode will most likely lead to the discovery of new efficient drugs or 

therapies for human neurodegenerative diseases. The well-developed genetic tools for the 

nematode also provide a variety of opportunities for studying the neuronal regeneration 

using RNA interference (RNAi) [11]. The method of knocking genes down has been 

widely used to understand the functions and interactions of genes that are involved in 

areas such as the regulation of synapses [12], neuroprotection in Parkinson's disease [13], 

cell cycle and regulation [14], axon guidance [15]  and synaptic structure and function 

[16]. 

A typical procedure of manual laser axotomy [3] is: first, a worm needs to be 

picked out of a large population by using a capillary tube or a clean pick under a 

stereoscope; the worm is then placed on a flat agar pad, which is prepared prior to the 

experiments; an anesthetic or paralyzing chemical (phenoxypropanol, sodium azide, 

tetramisole or levamisole for the most commonly used on C. elegans) is subsequently 

applied onto the worm; about 5 to 10 minutes later, when no body movement is observed, 

a cover slip is placed on top of the agar pad; last, the worm trapped on the agar pad is 

placed under a microscope for imaging, focusing, and laser surgery. This conventional 

laser surgery procedure requires the use of anesthetics to immobilize the worms, in order 

to maintain a high degree of stillness of the axons throughout the surgery. Focusing on 

the axon has to be critically accurate, since the diameter of an axon is ~300 nm and the 

laser spot diameter is ~600 nm [4].  

The primary drawback of the manual procedure is its tediousness, since by 

average it takes as long as 10 minutes to operate a worm. Furthermore, the 

experimentalist needs to be trained to manipulate worms to successfully complete the 

tasks, including picking a L4-stage worm using a capillary tube. In addition, since the 

surgery is performed manually and the optimal focusing is subjective, the accuracy of 
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severing is not consistent and the precision of the surgery is not guaranteed. Thus, 

improving the surgery efficacy increasingly becomes a major challenge in the 

technological development of laser axotomy, because, in order to perform large-scale 

genome-wide studies of neuronal diseases, an impractically large number of surgery 

experiments have to be carried out for obtaining statistically significant biological data. 

For example, when studying over 20,000 genes silenced by RNAi with 100 surgeries 

performed for each gene, the time it would take for one scientist to finish all experiments 

will be ~40 years, given that one could work non-stop. In addition, the use of anesthetics 

usually results in a prolonged nerve healing, and the chemical could unpredictably 

interfere with the biological pathways of nerve regeneration or degeneration. 

Consequently, methods that can manipulate a large population of C. elegans and perform 

laser surgery in an automated manner with a high degree of precision need to be 

developed.  

1.2 DISSERTATION OBJECTIVES 

The primary objective of this dissertation is the development and testing of a 

novel high throughput microfluidic-based platform that permits performing laser 

nanosurgery and imaging of axons in C. elegans for gene or drug screening studies. More 

specifically, a microfluidic device and an automation platform have been designed, built, 

and tested as a versatile system for applications requiring manipulation, precision laser 

axotomy, and real-time observation of microscopic organisms.  

First, I designed a novel immobilization approach in a microfluidic format that 

enables worm trapping and high-precision surgery. To eliminate the possible interference 

of anesthetics on the nematode‟s nerve system, the microfluidic device uses a mechanical 

approach for immobilization, and guarantees the same severing accuracy as using 

traditional methods such as glue or chemicals. Moreover, the device demonstrates a great 
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potential for high throughput manipulation of C. elegans worms. In addition, it also 

permits on-chip long-term imaging for monitoring post-surgical temporal developments 

of the severed axons.    

To perform automated surgeries on a large population of worms, I designed and 

fabricated a microfluidic device adaptable to a custom-made opto-mechanical platform. 

This chip demonstrates the capabilities of serially transporting, immobilizing, and 

severing worms. A custom-made software program automatically identifies axons of 

interest, aligns these axons with the ablation spot, and performs surgeries, through image 

processing techniques. The integrated platform coordinates the hardware and software 

systems to achieve a high speed processing of the nematodes.  In addition, a novel design 

that allows for flow channel being completely closed without degrading imaging and 

ablation quality was designed and fabricated.  

Last, we designed and fabricated a prototype of a microfluidic multiplexer that 

allows for loading a large population of worms into the surgery device continuously. 

Specifically, an assembly that consists of a 4×4 multiwell plate, a cover, and a 

multiplexer has been designed and built. The multiwell plate is used to house a large 

population of worms. The multiplexer interface is capable of addressing each well by 

actuating a combination of valves, so that worms of either a specific strain or grown in a 

particular environment can be selectively chosen for transport to the surgery device. A 

custom-made software program was developed to control the multiplexer.  

1.3 ULTRAFAST LASER ABLATION 

Laser ablation techniques have been widely used in cell biology and medicine 

since the 1960's [17]. Most of the earlier studies used nanosecond, ultraviolet (UV) laser 

pulses to ablate intracellular components in single cells [18] or to remove individual cells 

in multicellular organisms [19]. UV laser microsurgery, however, has its own limitations. 
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First, with long pulse durations, large energies of the order of micro-Joules are required 

to initiate laser ablation. The damaged area thus extends well beyond the focal volume 

due to extensive thermal and mechanical side effects. Second, UV light can be absorbed 

at regions out of focal volume which limits the capabilities of UV laser ablation and 

surgery to superficial cellular layers. 

Laser ablation using ultrafast near-infrared pulses below tens of picoseconds has 

been suggested for precise ablation of various materials [20-22]. During interaction with 

dielectric or biological materials, for example, ultrafast pulses provide high peak 

intensities that can initiate nonlinear processes, such as multiphoton, avalanche, and 

tunneling ionizations. These nonlinear processes result in a rapid and efficient plasma 

generation in the laser focal volume, and also lead to reduced ablation thresholds that are 

especially critical when interacting with high bandgap, sensitive materials, such as glass 

and biological tissue [23]. In contrast to long pulse ablation, which is inherently 

dominated by thermal diffusion processes, ultrafast laser ablation minimizes the heat-

affected zone and correspondingly allows material removal with a submicron resolution. 

Consequently, when tightly focused on transparent samples including biological tissues, 

the ultrafast laser pulses allow for a confined material removal without altering 

neighboring structures (dielectric or cellular) or compromising cell viability [24]. As a 

demonstration of such capabilities of ultrashort laser pulses, in a prior work, we 

developed a novel laser nano-ablation method to generate nanolines on glass surface 

using femtosecond laser pulses and single wall carbon nanotubes (See Appendix A), 

which extends fabrication capability of femtosecond laser ablation to nanoscale through 

plasmonic enhancement. 
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1.3.1 Mechanisms of Ultrafast Laser Ablation of Biological Samples 

Due to the low energy threshold for plasma formation, the ultrafast laser pulse is 

capable of creating fine ablated features well below the optical diffraction limit [25, 26]. 

Theoretical calculations found that a critical density of 10
21

 cm
-3

 free-electron generated 

by laser absorption is necessary for optical breakdown [27, 28]. It was also 

experimentally found that femtosecond ablation thresholds have less dependence on the 

absorption coefficients of the irradiated materials than the ones of nanosecond ablation, 

which suggests non-linear absorption processes in the plasma formation [29]. 

The processes of plasma formation induced in biological material essentially 

consist of photo- and avalanche ionizations, which were well summarized and discussed 

by Vogel et al [23]. First, a bound electron absorbs photonic energy and is excited into 

the conduction band through photo-ionization, either by multiphoton absorption or 

tunneling.  The free electron gains kinetic energy by absorbing photons through multiple 

inverse Bremsstrahlung processes, provided that photon density is high enough [30]. 

With enough kinetic energy, the electron can produce another free electron by impact 

ionization, which results in two free electrons of low kinetic energy. With enough laser 

irradiance, inverse Bremsstrahlung processes and impact ionization repeat enough times 

to eventually lead to an avalanche of free electrons. Numerical calculations of generation 

and evolution of free electron densities by femtoscond and nanosecond laser pulses reveal 

the importance of multiphoton ionization in generating seed free electrons as compared to 

longer pulse duration. Thus, femtosecond laser pulses can lead to optical breakdown of 

cell or tissue materials at relatively lower energy thresholds [4, 23]. The consequent 

damage mechanisms greatly depend on that initial free electron density generated by 

sufficient laser irradiance. As explained in Table 1.1, the predominant mechanisms lead 

to photochemical damage, thermo-elastic or plasma-mediated ablation. 
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Damage 

mechanism 
Photochemical Damage Thermoelastic Stress 

Plasma-Mediated 

Ablation 

Irradiance 

Threshold 

(W/cm
2
) 

0.26 x 10
12 

 5.1 x 10
12

 6.54 x 10
12

 

Electron 

Density/ 

Pulse (cm
-3

) 

2.1 x 10
13

 0.24 x 10
21

 1.0 x 10
21

  

Description 

Free electrons 

participate in chemical 

reactions to form 

destructive reactive 

oxygen species and lead 

to breaking of chemical 

bonds. 

Since thermalization of 

the plasma occurs faster 

than the acoustic 

relaxation time, 

confinement of thermal 

stresses leads to 

formation of nano-scale 

transient bubbles. 

The damage is 

created by the 

extremely hot 

plasma and the 

accompanying 

shock wave and 

cavitation bubble. 

Table 1.1 Mechanisms of ultrafast laser induced damage in biological samples and the 

corresponding free-electron density and normalized irradiance [4, 23]. 

Photochemical damage is caused by the generation of reactive oxygen species or 

fragmentation of the molecular bonds due to the free electrons. Thermoelastic stress 

results from the temperature and pressure rise in the laser focal volume induced by the 

thermalization of the kinetic energy carried by the free electrons. It also leads to the 

formation of small cavitation bubbles of 120 nm~300 nm in radius, quite smaller than the 

bubbles of 45 µm in radius created by nanosecond optical breakdown [31]. Such small 

bubbles also explain why femtosecond ablation does not usually cause cell death while 

nanosecond laser does. Above an irradiance threshold of 6.54 x 10
12

 W/cm
2
, the 

mechanical effects induced by transient cavitation bubbles contribute to the dissection of 

biological samples. For sufficiently large pulse energies, bubble expansion and shock-

wave pressure can cause damage far beyond the focal volume, which leads to cell death. 

Different repetition rates of femtosecond pulses train were used for cell 

dissections: pulses at MHz repetition rate from a femtosecond oscillator [32-34], or 
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amplified pulse at 1 KHz repetition rate [35, 36]. Whilst irradiation is well above ablation 

thresholds in both regimes, dissection results from cumulative chemical effects in low 

density plasma created by MHz pulse trains, whereas mechanical disruption effect 

contribute to the dissection for KHz pulse trains [23]. 

1.3.2 Laser Axotomy of C. elegans 

Previous research on in-vivo nerve regeneration of C. elegans using femtosecond 

laser pulses demonstrated a great promise of understanding the complicated bio-

molecular processes [3]. This technique opened a new frontier in neuroscience by 

providing a non-invasive cutting tool that could ultimately lead to a complete 

understanding of the underlying biological processes of nerve regeneration. Femtosecond 

laser pulses were used to sever the axons of nematodes labeled with green fluorescent 

protein (GFP), as shown in Figure 1.2. Damages on the axons was localized to a volume 

of a few cubic microns and thus the surrounding tissues were not affected (Figure 1.2b), 

which enabled successful regeneration of the axons (Figure 1.2c) and thus made 

monitoring the in-vivo regeneration process possible [4].  

 

Figure 1.2 Fluorescence images of the axon of ALMR neuron, prior to surgery, 

immediately after surgery, 6 hours after surgery, 12 hours after surgery, and 

60 hours after surgery [36]. 

The energies reported in the literature for nanoaxotomy ranges from 5nJ to 40nJ 

using KHz pulse trains [3, 4]. Ideally, the laser energy should be minimized to only 
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permit the dissection of the axon of interest without collateral damage of the neighboring 

cells. Most of the studies identified the successful severing of axons based on the 

disappearance of the fluorescent signal, even though photobleaching could occur without 

affecting the viability of the ablated cells. Heisterkamp et al [37] found a consistent 20% 

difference of laser energies needed to cause the occurrence of photobleaching and the 

death of mitochondria. Due to the consistency of the 20% energy difference, they also 

suggested using photobleaching as a benchmark and then increasing the applied laser 

energy by 20% for killing cells. Pujol et al. [38] used an ultrastructure analysis technique 

(transmission electron microscopy) to study the morphological change before and after 

ablation and found that laser ablation generally does not cause leakage of internal 

cytoplasm or fluid from C. elegans and only results in scars of 2-5 µm in diameter. 

Bourgeois et al. [4] studied the relation between single pulse energy, number of applied 

pulses, axonal regrowth rate, and viability of the C. elegans worms, and found an optimal 

region in terms of pulse energy and number of pulses for successful laser axotomy and 

optimum reconnection rate. It was also found that instead of using single pulse of high 

energy, multiple pulses with a relatively lower pulse energy can improve the survival 

rates of the animals without affecting the regrowth rate, even though the total used 

energy, single pulse energy multiplied by the number of pulses, is larger than the energy 

of a single pulse. This is due to an incubation effect [39, 40], [41] described as: 

 
k

N NFFFF 

  )( 1  (1.1) 

where N is the number of pulses, F1 and F∞ are the fluence thresholds for a single shot 

and for an infinite number of pulses, respectively. The parameter k describes the strength 

of the incubation effect, which is found to be 1/3 by fitting the threshold data. 
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1.4 MICROFLUIDIC DEVICES FOR C. ELEGANS 

1.4.1 PDMS Based, Multi-Layer Microfluidic Devices 

Microfluidic devices can increase throughput and decrease cost by densely 

integrating complex assays and analytical measurements in a chip format. Due largely to 

their small volume, the devices allow for precise biological detection with a minimal 

consumption of samples and chemical reagents [42]. A variety of materials and 

fabrication methods have been invented to create microfluidic devices [43] for 

applications requiring high-throughput capabilities ranging from analytical chemistry to 

biology and medicine [44, 45]. The early microfluidic devices were predominantly based 

on silicon and its related materials, due mainly to the availability of microfabrication 

technologies in semiconductor industry [46]. However, these devices suffered from 

several drawbacks for chemical and biological applications. They are not transparent in 

the visible light spectrum, which negates the widely used optical detection or imaging 

methods in biological/chemical applications; the fabrication process on silicon is 

generally complicated; the semiconductor material and fabrication equipments for silicon 

are relatively expensive, as compared with soft lithography which is based on a polymer 

replication process.  

To solve these problems, soft lithography techniques with Polydimethylsiloxane 

(PDMS) were developed, which allow for creating polymeric micro-feature from silicon 

molds through relatively rapid replication [47]. Due to the transparency of PDMS 

material in the visible light spectrum, optical sensing techniques can also be incorporated 

for applications such as fluorescence detection, tissue imaging, and pathological 

diagnostics [48-50]. Furthermore, thousands of PDMS chips can be simply replicated 

from a single silicon mold, significantly reducing the cost and the complexity of 

fabrication. In addition, oxygen plasma treatment can be used to bond PDMS/PDMS, 
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PDMS/silicon, and PDMS/glass materials, which allows for sealing PDMS trenches to 

create sealed microfluidic channels [47].  

A variety of fluidic components were developed to drive and manipulate fluidic 

flows in microfluidic environments, including valves, pumps, and filters [51]. In 

particular, monolithic valves and pumps made by multilayer soft lithography attracted a 

lot of attention [52, 53]. The multilayer soft lithography is based on the low Young‟s 

module (360-870 KPa) of PDMS [54] as a soft material [52], and by pneumatically 

applying pressure in an upper layer, a complete sealing of channels in the underlying 

layer can be obtained (Figure 1.3).  The benefits of using multilayer soft lithography are 

the simplicity of fabrication and the capability of integration partly due to the monolithic 

material (PDMS) used in creating such valves and pumps.  
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Figure 1.3  Basic fabrication processes of multi-layer microfluidic devices.  

(A) Two PDMS slabs are fabricated out of the silicon molds. One slab has a 

height only slightly greater than the features on the mold (left). The slabs are 

bonded together with the channels aligned orthogonally, which creates a thin 

membrane between the two channels. (B) By applying a pressure from the 

channel in the top layer, the thin membrane deflects downwards and restricts 

the flow in the bottom layer. The dotted lines represent the cross-sectional 

profiles under different pressures for rectangular (left in B) or semi-circular 

(right in B) channels [53].       

There are two basic configurations for multi-layer microfluidic valves: push-up 

and push-down [45], which have the exact opposite architectures of control layer and 

flow layer, as illustrated in Figure 1.4.   
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Figure 1.4  Two basic configurations for multi-layer microfluidic valves.  

(a) A PDMS push-down valve, where the control layer is on top of the flow 

channel with a semi-round cross-section. (b) A push-up valve, which has the 

opposite structure as in (a). Thin deflectable membranes are used in both 

cases to close the flow channel.  

It is worth noting that in Figure 1.4, only the configuration (b) allows for a 

complete sealing of the flow channel, even though the fluid flow in (a) can be highly 

restricted, if not completely, by applying a fairly high pressure. Extensive studies, using 

numerical simulation and experiments, have established the relation between the 

actuation pressure and the deformation of the membranes in such configurations [55, 56].  

1.4.2 Microfluidic Devices for C. elegans Applications 

So far, however, it is still a technical challenge to transport and manipulate a large 

number of living, microscopic animals in microenvironments, even though overcoming 

such a challenge can be beneficial to many biological and medical applications [55, 57, 

58]. Ideally, a device that enables the rapid processing of multi-cellular animals should 

have a similar critical dimension as that of the samples. Thus, microfluidic devices are 

well suited for C. elegans related applications: the nematode has a ~30 micron body 

diameter and ~1mm body length, and can live in liquid environments for an extended 

period of time. Furthermore, C. elegans is optically transparent, and in the case of our 
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studies, its touch receptor neurons (TRNs) are labeled with Green Fluorescent Protein 

(GFP), allowing wide-field and/or fluorescent imaging through PDMS or glass for 

observation of anatomical development. In addition, microfluidic devices provide a 

controlled environment that allows for laser surgery without either introducing new 

chemical or disturbing normal neuronal functions.  

The first microfluidic devices for C. elegans were designed to create a gradient of 

oxygen in the atmosphere of a Petri dish in order to study the oxygen-dependent behavior 

of these worms [55]. That same device was also used to investigate nociception and 

olfactory navigation [59]. Another demonstration of microfabricated platform is the so-

called "CD-worm", which allows automated cultivation and behavioral observation of the 

C. elegans under low or high gravitation for space scientific missions [60]. Lange et al. 

developed a miniaturized shadow imaging device for the investigation of the behavioral 

effects of spaceflight on the nematode [61]. Drs. Chronis and Bargmann have employed 

similar microfluidic approaches to „trap and stimulate‟ them, whereby worms are 

immobilized and chemically stimulated to study chemotaxis and neuronal activation [57]. 

A few groups have developed microfluidic-based chips that mimic soil environment to 

perform behavioral studies of C. elegans [62, 63]. Dr. Chronis‟ group used CO2 as an 

anesthetic gas to assist immobilization of roundworms, and found that the worms do not 

demonstrate the body stiffness which would occur using other immobilization methods 

[64, 65]. Whitesides‟ group have created a microfluidic chip with “clamps” to immobilize 

worms [66]. Recently, the same group further developed this technique by integrating a 

tapered structure with a development chamber that allows for life-span imaging of 

roundworms [67]. Using above immobilization technique prior to the laser ablation, 

Allen et al., however, experimentally found that laser surgery frequently opens the 

worms cuticle, and thus causes a high percentage of death (30-40%) [68]. This attempt 
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demonstrates that the tapered channel is not ideal for laser surgery applications. Rohde et 

al. have proposed a sorting and screening microfluidic device for the purpose of 

manipulating C. elegans [69]. 

Several methods to serially handle worms have already been proposed or 

demonstrated in different multi-layer based microfluidic devices. As we already 

mentioned, Rohde et al. developed a chip to sort worms using pneumatic suction to select 

the worm of interest. Chung et al. created a two-layer based microfluidic device with a 

cooling technique to serially trap worms and used imaging processing algorithms to help 

sorting worms [70]. The same group proposed another microfluidic design that 

immobilizes worms and allows for ablation of cell bodies using a dye laser with pulses of 

nanosecond duration [71]. However, in this study, the diameter of the cell body is about 

2-5 µm, which is significantly larger than that of axons (~300 nm) and requires 

significantly less precision during focusing and alignment. In addition, Krajniak et al. 

developed a temperature controlled gel-based method to immobilize worms that allows 

for life-span worm imaging [72].  

1.5 CONTRIBUTIONS AND DISSERTATION ROADMAP 

The research for this Ph.D. dissertation is centered on the development a 

microfluidic-based approach to immobilizing roundworms and performing laser surgery, 

toward the development of a high-throughput system. The primary contributions include: 

1. An optical experimental setup is built as a laser surgery platform with a 

nanometer resolution in stage movement, which consists of a custom-made epi-

fluorescent microscope with ultrafast laser ablation capability. The platform also 

incorporates motorized X-Y-Z stages and piezoelectric stages, the combination of which 

allows the microfluidic device and samples to travel several centimeters with 25 

nanometer accuracy to guarantee the precision of laser axotomy.      
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2. A novel method using a deflectable membrane is proposed for on-chip worm 

immobilization. We demonstrate, for the first time, that the deflectable membrane can 

successfully trap worms with a high degree of immobilization, which enables an accurate 

laser surgery. Two-photon imaging is performed to characterize the cross-sectional 

profile of the deflected membrane with and without immobilized worms. Our on-chip 

surgery demonstrates the same accuracy as that of using agar pad. In addition, we 

perform time-lapse imaging of post-surgery axons on the microfluidic device.  

3.  A second generation of the microfluidic device is designed and fabricated, in 

an effort toward developing a fully-automated, high throughput laser surgery on-chip. 

The device is capable of loading a large population of worms, and then injecting them 

one-by-one to a staging area. The worms are immobilized in a serial fashion, and the 

axons are automatically identified and focused upon by a custom-made software 

program, prior to firing the laser to sever them.  

4. A multiplexer-based assembly is developed that can transport a large 

population of worms from a multiwell plate. The multiplexer, controlled by a LabVIEW 

program, is capable of addressing each individual well from a 4×4 plate. In addition, a 

novel microfluidic structure is proposed and fabricated that allows for complete sealing 

of all channels without degrading imaging quality. 

This dissertation consists of seven chapters. The motivation and biological 

background of studying axonal regeneration/degeneration were introduced in Chapter 1. 

We also reviewed the microfluidic devices for C. elegans related applications  and the 

mechanisms of femtosecond laser ablation of biological samples. In Chapter 2, the 

experimental aspects for this research are presented, including optical components for the 

opto-mechanical platform, fabrication process for creating microfluidic devices, and 

procedures of culturing C. elegans. In Chapter 3, we propose the first generation of the 
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microfluidic device that uses the deflectable membrane for worm immobilization and 

laser surgery. We also validate the design by performing laser surgery on C. elegans and 

verify that the on-chip surgery offers the same precision as that using anesthetic. In 

Chapter 4, we present the second generation microfluidic device that is developed 

towards an automated, high-throughput platform. A custom-made software program is 

capable of performing image processing to identify the targeted axons and direct 

automated surgery. In Chapter 5, we design and test a novel 3D microfluidic structure 

that allows complete sealing of the flow channel. In Chapter 6, we demonstrate a 

fabricated assembly that can transport worms from a multiwell plate by controlling a 

microfluidic-based multiplexer. The last chapter summarizes the dissertation, and 

discusses the future research.  
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Chapter 2 Experimental Methods 

The experimental methods of the research involves the use of a custom-made 

opto-mechanical platform for fluorescent imaging and ultrafast laser surgery, the 

fabrication process for creating multilayer microfluidic devices, and biological 

procedures associated with C. elegans.  

The opto-mechanical platform allows for both bright-field and fluorescent 

imaging. It also provides precise motion control which is critical for achieving accurate 

axons severing. The fabrication of microfluidic devices involves the use of SU-8, a 

negative photoresist, and the use of AZ 50XT, a positive photoresist that allows for 

generating curved features.   

In this chapter, we present the experimental details in the research, including the 

introduction of mechanosensory neurons, the components of the opto-mechanical setup, 

fabrication process for creating the microfluidic devices, and procedures for culturing C. 

elegans and preparing a liquid medium. 

2.1 MECHANOSENSORY ALM AND PLM NEURONS 

In this dissertation, we mainly focus on studying the mechanosensory neurons 

ALM and PLM. Since the worms crawl on either side of their body, they always expose 

one of their ALM and PLM pairs of neurons, which facilitates the optical access of those 

axons. All axotomies were performed on animals carrying the transgene zdIs5 pmec-

4::GFP which allows visualization with GFP of the touch neurons ALM, PLM, AVM, 

and PVM. Anterior lateral microtubule (ALM) and posterior lateral microtubule (PLM) 

neurons are part of the mechanosensory or touch-transducing system of C. elegans. ALM 

and PLM are two sets of two neurons, ALML(R) and PLML(R). Their cell bodies are 

respectively situated laterally in the mid-body and in the lumbar ganglia. They have long 
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anterior processes, closely placed near the cuticle and running along the lateral 

hypodermal ridge, as shown in Figure 2.1. In each animal, laser axotomies were 

performed on the processes of the exposed ALM and PLM neurons, which are green 

fluorescent protein (GFP) labeled for visualization in fluorescent microscope. Even 

though the worms are not immobilized or anesthetized in the same orientation each time, 

we can still cut the axons in the same spot in every worm. As shown in Figure 2.1, ALM 

processes extend as far as the mid section of the head, branching off to connect to the 

nerve ring. PLM anterior processes stop at the commissure near the vulva and branch off 

to enter the ventral cord. PLM neurons also possess posterior processes. ALM and PLM 

neurons form gap junctions with agonist interneurons and chemical synapses with 

antagonist interneurons.  

 

Figure 2.1  Sketch of touch neurons with head to the left (bird‟s-eye view).  

The major advantages of performing laser axotomy on ALMs or PLMs include: 

both neurons transducer mechanical stimuli from the outside world to the nervous 

system; the neurons are situated laterally, which makes it relatively straightforward to 

optically access and focus on those GFP-labeled neurons. 

The nematodes were grown on NGM agar plates seeded with E. coli OP50, or in 

the axenic liquid growth medium named CeRH. For the present study, for example, 

processes of both ALM and PLM neurons were cut in a location corresponding to 
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approximately 1/3 of the process length or 50 µm from the cell body. The order in which 

they were operated did not matter.  

 2.2 OPTO-MECHANICAL SETUP FOR IMAGING AND LASER AXOTOMY 

2.2.1 Opto-mechanical setup for the 1
st
 generation of microfluidic device 

The nanoaxotomy setup incorporates optics to deliver femtosecond laser pulses 

for surgery into a custom-built epi-fluorescence microscope, as shown in Figure 2.2a. 

The surgery beam is generated by a regenerative Ti-Sapphire amplifier (Spectra Physics, 

Spitfire), which produces 220 fs (FWHM) pulses at a 1 kHz repetition rate and a 780 nm 

central wavelength (Figure 2.2b). Pulse energy is controlled using two sets of a half wave 

plate and a polarizing cube beam-splitter. The surgery beam is tightly focused through an 

oil-immersion objective lens (Nikon, 40x, NA=1.3). The fluorescence imaging system 

consists of a mercury lamp (XCite 120, Nikon, Melville, NY), an FITC filter set 

(Semrock, Rochester, NY), and a dichroic mirror that transmits the laser beam but 

reflects both the fluorescence excitation and emission light. Images are recorded by a 

CCD camera (Photometrics, CoolSnap ES) with an exposure time of 200 ms. A three-

axis piezoelectric actuator (APB 301, Thorlabs, Newton, NJ), with a minimal step size of 

25 nm and a travel range of ±45 µm for each axis, was used for high-precision 

positioning. The beam energy was measured with an energy meter (PL10, Ophir, Logan, 

UT) prior to performing all axotomies. The location of the laser focal volume was 

determined by ablating the surface of a microscope slide and using the ablation spot as a 

spatial reference. The indexed location of the ablation spot was fixed at the same CCD 

pixel throughout each series of automated axotomies. 
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Figure 2.2  Schematic of the femtosecond laser nanoaxotomy setup.  

(a) The GFP labeled neurons of the worms are excited by a mercury lamp 

(blue lines) and imaged by a high NA objective lens onto a CCD camera 

(green lines). The surgery pulses are delivered to the sample through the 

same objective lens after being attenuated (red lines). (b) The surgery beam 

comprises a train of 220-fs pulses spaced in time by 1 ms. The axotomy is 

performed with 200 pulses with an energy per pulse of 7.2 nJ. 
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2.2.2 Opto-mechanical setup for automated surgeries 

The same setup described in Section 2.2.1, with some modifications, was used for 

automated microscopy with a 5× air objective (Zeiss, Plan-Apochromat, NA=0.16) and a 

63× oil-immersion objective lens (Zeiss, Plan-Apochromat, NA=1.4) [1]. The high 

numerical aperture objective lens tightly focused the laser beam to 1/e
2 

spot size of 620 

nm [4]. For coarse positioning, a three-axis translation stage was built from individual 

actuators (LTA-HS, Newport, MA) operated by a single controller (ESP301-3, Newport, 

MA) that translated the stage at up to 5 mm/s with a minimal incremental motion of 100 

nm and a lateral resolution 35 nm (achieved after backlash compensation). Images were 

captured with a CCD camera (1392×1040 pixels with 6.45 µm pixel size, CoolSnap, ES, 

Photometrics) that gave fields of view (FOV) of 1.8 mm × 1.34 mm at 5× magnification 

and 143 µm × 107 µm at 63× magnification (95 nm/pixel).  

2.3 MICROFLUIDIC DEVICE FABRICATION 

All the fabricated devices consist of a double layered PDMS structure bonded 

onto a glass substrate. The central idea behind the design is the use of a thin PDMS 

membrane, approximately 20-30 μm thick, separating the two PDMS layers. While the 

bottom layer consists of a flow channel where the nematode resides, the top layer 

comprises control channels that are either used as pressure valves or as immibolization 

membranes. The technique of soft lithography was used to fabricate the device. On the 

whole, this method involves the deposition of a soft polymer such as PDMS onto a mold 

that has the desired pattern of the microfluidic structure followed by its removal off the 

mold once the polymer is cured and solidified. 

2.3.1 Fabrication of the 1
st
 generation microfluidic device 

With the help of standard photolithography, the flow and control channels were 

patterned on two different silicon wafer using SU-8 2025 and SU-8 2050 (Microchem 
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Corp., Newton, MA, USA) respectively, to fabricate the 1
st
 generation of the microfluidic 

device. SU-8 2025 was spun at 2800 rpm to achieve a thickness of about 30 μm for the 

flow channels, while SU-8 2050 was spun at 1750 rpm to achieve a thickness of about 70 

μm for the control channels. Following a soft-bake, UV exposure, and a hard-bake, the 

wafers were developed using SU-8 developer and heated at 120°C for approximately 10 

minutes to release stress and to eliminate cracks. The two silicon wafers were then used 

as templates for replicating the features on PDMS (Dow Corning Sylgard 184, MI, USA). 

Next, a mixture of PDMS and curing agent (Slygard 184, Dow Corning) in the ratio of 

15:1 was spun to a thickness of 100 μm over the SU-8-2025 mold. The same mixture in a 

ratio of 10:1 was also poured to a thickness of 1 cm over the other mold. The polymer on 

both wafers was then allowed to cure in the oven at 65°C for about three to four hours. 

The cured polymer was peeled off from the top layer SU-8 mold and subsequently 

aligned and plasma bonded onto the thin PDMS coating present on the bottom layer 

mold. This resulted in a 40 μm thick PDMS membrane separating the two layers. To 

increase the adhesion between the two PDMS layers, they were baked at 65°C for 

approximately 10 minutes. Both PDMS layers were then peeled off together from the 

silicon substrate followed by punching holes at the inlet and outlet ports of the device 

using a sharp needle (1.5 mm diameter from McMASTERCARR). Finally, the flow 

channels were sealed by bonding the PDMS slab to a glass coverslip using plasma. 

2.3.2 Fabrication of the device for automated surgeries 

A slightly different procedure was used to fabricate the 2
nd

 generation 

microfluidic device, due mainly to the different design requirements.  To begin, SU-8 5 

was spin coated onto a 4" silicon wafer to a thickness of 8 µm, and the sieve structures 

(i.e., array of short flow outlets located in the trapping area and staging zone) was 

patterned with a photomask using the recommended processing protocols given by the 
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manufacturer. SU-8 2025 was then applied atop the sieve structure at a thickness of 30 

µm, and the remainder of the flow layer mold was created by alignment and exposure 

through a second photomask using a mask aligner (MA6/BA6, Suss MicroTec). The 

mold for the control layer was formed on a separate 4" wafer by spin coating and 

patterning a 50 µm-thick SU-8 2025 layer. The wafers with the developed SU-8 molds 

were modified with a fluorinated silane (SIT8173.0, Gelest, Inc. Morrisville, PA) that 

served as a release agent. All film thicknesses were verified with a stylus profilometer 

(Dektak 6M, Veeco, Santa Barbara, CA). 

PDMS (at a 10:1 ratio of resin to crosslinker) was thoroughly mixed, degassed in 

a vacuum oven at room temperature, poured onto the control layer mold to a thickness of 

~5 mm, degassed again, then cured at 75 °C in an oven for 1 h. To create the flow layer, 

PDMS was spin coated onto the flow layer mold at 1200 rpm for 30 s and allowed to rest 

at room temperature for 5 min, resulting in a uniform ~50 µm-thick PDMS layer with an 

approximately 20 µm-thick PDMS film covering the top of the SU-8 features. The PDMS 

on the flow layer mold was then cured on a hotplate at 75 °C for 15 min. Next, the PDMS 

control layer was peeled from its mold and then placed in a reactive ion etcher (CS-1701, 

March Plasma System, CA) along with the flow layer mold coated with the thin layer of 

cured PDMS. The surfaces were exposed to O2 plasma for 15 s at 100 W and an O2 flow 

rate of 20 sccm. The two PDMS layers were then aligned and bonded with the aid of a 

microscope (Hirox KH-7700, River Edge, NJ) within 120 s of O2 plasma exposure. To 

improve the bonding strength between the two PDMS layers, the wafer was placed in an 

oven at 90 °C for 2 h. The two-layer PDMS device was then peeled from the flow layer 

mold, 24 gauge holes were punched through the PDMS for making external fluidic 

connections, the PDMS was bonded to a 25×50 mm #1.5 cover slip using the same O2 

plasma conditions described above, and the device was then placed in an oven at 90 °C 
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for 2 h to enhance bonding. Sterile polyethylene tubing (Intramedic, Becton Dickinson, 

NJ) was connected to the device using 23 gauge steel couplers (Instech Solomon, 

Plymouth Meeting, PA) inserted into the punched PDMS holes, and the connections were 

sealed with a small amount of acrylic glue prior to pressurization. 

2.3.3 Fabrication of multiplexer 

The multiplexer was fabricated using modified soft-lithography procedures with a 

positive photoresist, AZ 50XT. Briefly, we first fabricated three photomasks containing 

each layer of the microfluidic design. The layers were aligned and used to create physical 

structures (ridges) in photoresist (SU-8 2025) with very precise heights and widths that 

match those of the final channels. A positive photoresist, AX 50XT, was purchased from 

AZ Electronic Materials USA Corp (NY) and used to fabricate curved channels. 

However, we only used the positive photoresist for fabricating the segment with curved 

features, and the majority of the channels were still fabricated by using SU-8. In order to 

facilitate the alignment and avoid discontinuity in the channel structure, we designed an 

overlapping distance of 50 µm for the connection of SU-8 features and the AZ 50XT 

features.  

We developed the SU-8 features by photolithography using the SU-8 flow 

channel mask. The height of the channel is about 50 µm. The second mask, AZ 50 flow 

channel, was used to develop the features with a similar height on the wafer using the AZ 

50XT photoresist, following the protocol provided by the manufacturer. The wafer was 

placed onto a hotplate at 125 ºC for 10 minutes to generate the curved features. A second 

wafer was used to create SU-8 features for the control layer.  

One of the difficulty in fabricating the positive features using AZ 50XT is the 

“burning” of the photoresist after UV exposure [73]. The multi-exposure function on the 

mask aligner (Karl SUSS MA6) to let the exposed positive photoresist rest for 30 seconds 
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between 7 seconds of exposure with a unit exposure power of 6mW/cm
2
 significantly 

alleviates that "burning" issue. 

2.4 CONTROL OF SOLENOID VALVES  

For controlling flow throughout the chip, two- and three-way solenoid valves 

(LFAA0501717H and LHDA0521111H, Lee Company) were coupled to pressurized 

external fluid chambers containing M9 buffer (22 mM KH2PO4, 22 mM Na2HPO4, 85 

mM NaCl, 1 mM MgSO4, in dH2O) via a manifold (LFMX0510418, Lee Company. To 

minimize debris, M9 buffer was passed through 0.45 µm in-line filters (Acrodisc, Pall 

Corp. Covina, CA) prior to entering the microfluidic device. Valves were independently 

actuated with a multichannel amplifier (Automate Scientific, CA) controlled via a DAQ 

card (USB6501, National Instruments, Austin, TX). All automated stage positioning, 

valve actuation, and image processing was performed with a custom-written 

LabVIEW8.6 (National Instruments, Austin, TX) program.  

2.5 C. ELEGANS CULTURE AND LIQUID GROWTH MEDIUM 

E. coli (OP50 strain) cultures were grown in Luria broth medium (Sigma) and 

then incubated on a shaker for 10-12 h at 37 °C. Nematode growth media (NGM) agar 

plates were seeded by adding 0.5 mL of the E. coli inoculated broth to each 6 cm plate. 

The C. elegans mutant strain used is zdIs5[mec-4::gfp; lin-15(+)] that expresses GFP in 

all mechanosensory neurons (Caenorhabditis Genetics Center, University of Minnesota). 

Worms were maintained at 20 °C on seeded NGM agar plates.  

To synchronize worms, plates with gravid adults were rinsed with 1.5 mL of M9 

buffer and transferred to centrifuge tubes, then briefly spun in a microcentrifuge to 

pelletize the worms. 1.3 mL of the supernatant was then removed before adding 0.3 mL 

of bleach solution (2 parts sodium hypochlorite: 1 part 4 M NaOH). After brief vortexing, 
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the worms were incubated in the bleach solution until they began to crack open (in ~2-3 

min). The tubes were then spun down again briefly, and the bleach solution was removed. 

The eggs were rinsed twice by adding 1.5 mL of dH2O and spinning down the tube to 

replace the supernatant. To obtain L4-stage worms for axotomy, eggs were transferred to 

seeded NGM plates and incubated for 40 hrs at 20 °C. Prior to being delivered from the 

NGM plates into the microfluidic device, the worms were transferred to another non 

seeded NGM plate and rinsed with M9 buffer to reduce debris.  

A full study of nerve regeneration on-a-chip requires the animals to live in the 

chip for the whole duration of an experiment. Also, the transportation of worms on the 

chip happens in a liquid environment in which the animals must find all their nutrients. 

An axenic liquid growth medium offers a couple of advantages over a monoxenic one.  

First, a monoxenic growth medium can clot the microfluidic channels as the bacteria 

multiply during the long period of experiments. Second, the use of another organism as a 

food source can influence the growth of the worms because nutrients can be assimilated 

and modified by the bacteria before being ingested by the worms [74]. Another important 

criterion is the necessity of deriving comparable results whether the worms were grown 

on agar or in liquid medium. CeRH (C. elegans Reproduction and Habitation) developed 

at the U.S. Army Center for Environmental Health Research, is the preferred liquid 

growth medium that fulfills the latter requirement [75]. Other axenic media, like CbMM 

or CeMM, have shown drastic effects on the morphology and the longevity of the worms 

[76]. The CeRH solution consists of 51 ingredients: salts, vitamins, growth factors, 

nucleic acids, amino acids and milk [77]. 

2.6 LASER AXOTOMIES ON AGAR  PADS  

Agar pads were prepared by sandwiching 0.9 mL of melted 4% agar between two 

microscope slides that were then pulled apart upon cooling to create a flat, uniform 
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surface. For anesthesia, worms were transferred with a platinum wire into a small droplet 

of 5 mM levamisole (Sigma) in M9 buffer that was placed in the center of the solidified 

agar pad. Just prior to laser axotomy and follow-up fluorescence imaging of axonal 

recovery, a coverslip was placed on top of the worms. Manual axotomies were performed 

on the same upright setup used for automated surgery, which is described above. 

Subsequent imaging of recovering worms was performed on an Olympus BX-51with a 

63× NA=1.35 oil immersion objective. Recovery data was analyzed using a two-tail 

Fisher‟s exact test. 

2.7 STATISTICAL ANALYSIS 

Effects of on-chip immobilization and surgery are statistically evaluated to 

analyze their significance on worm’s longevity and axonal reconnection. The variables in 

our experiments are categorical: habitat and immobilization technique. Since they are not 

continuous, the Student's t-test and the ANOVA test are not appropriate to evaluate the 

statistical significance of any variation due to either variable. The immobilization 

technique was expected to affect the outcome of the nerve regeneration; therefore a one-

tail directional Fisher exact test was performed to calculate the probabilities of the null 

hypotheses.  
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Chapter 3  Microfluidic Method for Worm Immobilization and 

Axotomy 

In this chapter, we present a first implementation of a new microfluidic method to 

rapidly immobilize C. elegans for laser axotomy and time-lapse imaging of axonal 

regrowth in individual worms. In this new immobilization method, we propose a 

membrane trapping approach that can be achieved using a two layer microfluidic 

configuration. Two-layer configurations were originally developed for constructing 

microfluidic valves [13-15]. Here we enhance the utility of these valves to trap 

nematodes utilizing the elasticity of a membrane between two PDMS layers. The first 

generation microfluidic device includes a immobilization module, as well as a feeding 

module for recovery and follow-up studies of the axotomized animals. The same 

microfluidic trap can be used for both nanoaxotomy and time-lapse imaging.  

This new microfluidic immobilization method presents several unique features 

that are critical for the success of high-throughput in-vivo nerve regeneration studies over 

other existing microfluidic trapping methods: (1) the worms are held directly against the 

glass cover to obtain the best focusing conditions for precise nanosurgery, (2) the trap is 

adjustable to the size of the worms allowing immobilization of worms at various 

developmental stages (L4 to adult size), and (3) the integration of the feeding module 

allows long term follow up studies of the axotomized worms, and (4) the main design 

idea can easily be adapted for studying other model organisms and cells.  

We next describe the chip and characterize the performance of the immobilization 

module. We show how the proposed trapping method has no adverse effect on the 

survival rate of the operated worms and how the regrowth of axons occurs much faster 

than previously thought. Time-lapse images captured the wanderings of a growth cone 

during the “trial and error” regeneration process.  
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3.1 DESIGN OF NANOAXOTOMY CHIP 

The first generation microfluidic system (Figure 3.1a) integrates two separate 

modules; a trapping module for nanoaxotomy and follow-up/time-lapse imaging (Figure 

3.1c-d), and a feeding module for recovery (Figure 3.1b). Operated animals are delivered 

to one of the feeding chambers for recovery. Follow-up imaging of injured axons and 

their regrowth is performed using the same trapping module. Depending on the outcome 

of the imaging session, the animals can either be flushed out through the inlet or sorted 

into different feeding chambers according to their axonal recovery progress. If necessary, 

the feeding chambers can be connected to a supply of fresh liquid growth medium, 

allowing observations for an extended period of time. 

Figure 3.1c demonstrates the microfluidic trap designed to immobilize C. elegans 

at various stages of development to perform nanosurgery and time-lapse imaging. The 

animals are loaded in a 30 µm deep and 110 µm wide microfluidic channel in the bottom 

layer of the chip. Pressurization of the top layer results in the deflection of the membrane 

that quickly immobilizes the freely moving animal. After the axons of the immobilized 

animal are severed, the pressure is released and the animal is transferred to one of the 

feeding chambers. The trapping module incorporates two valves and two side channels. 

As shown on Figure 3.1c, two valves (valves 1 and 4), one at the entrance and one at the 

exit, are designed to make sure that only one animal is in the trapping module at any 

specific time. Between the two valves and the trap, we have incorporated two 

manipulating side channels that allow fine-positioning of the chosen animal in the trap 

while the valves 1 and 4 are closed. Each of these side channels comprises a valve 

(valves 2 and 3) and a series of pillars at their entrance to prevent the animals from 

flushing out. We will refer to these side channels as the “positioning” channels. Once the 
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nematode is fine-positioned directly under the trapping membrane, the upper channel of 

the trap is pressurized to deflect the membrane and immobilize the animal.  

Membrane deflection depends on the applied pressure in the air channel as well as 

the dimensions of the bottom channel. Moreover, the degree of worm immobilization and 

deformation of worm body can be visualized and examined through two-photon imaging 

the cross-sectional profile of the deflected membrane. 

To prepare the chip for two-photon fluorescence imaging, the bottom layer 

channel of the microfluidic chip was injected with a 1% solution of 1 mM Rhodamine 6G 

(Sigma-Aldrich) diluted in PBS. We performed two-photon imaging using a custom-built 

inverted laser scanning microscope[78]. Briefly, we raster-scanned a 780 nm excitation 

light through a 1.4NA/63x objective lens (Zeiss), collected the emitted fluorescence using 

a cooled GaAsP photomultiplier tube (H7422-40, Hamamatsu), and assembled it into 512 

x 512 pixel XY images at a rate of 3 frames per second. The sample was translated in the 

Z direction with a piezoelectric stage in 2 μm increments. XZ images were reconstructed 

from a stack of XY images using the software package ImageJ provided by NIH. 

The fabrication process of the nanoaxotomy chip was described with details in 

Section 2.3.1.   
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Figure 3.1 The nanoaxotomy lab-on-a-chip.  

(a) Overview of the chip. The worms are injected in the chip through the inlet 

on the left hand side (not on the picture), then immobilized in the trap system 

(yellow rectangle). After axotomy, the worm is transferred to either of the 

three recovery chambers (blue rectangle). (b) Magnified view of recovery 

chambers. The three chambers are also connected by a feeding channel to 

permit circulation of fresh liquid growth medium. The three outlets of the 

chambers and the connecting feeding channel have pillars to prevent worms 

from flushing out of the chambers. (c) Magnified view of the trapping system. 

The valves are highlighted by yellow rectangles and numbered from 1 to 4. 

Valve 1 regulates the inlet. Valves 2 and 3 control the side channels allowing 

a fine positioning of the worm. Valve 4 is the gate to the recovery chambers. 

The dashed red line indicates the cross-section that was imaged by two-

photon microscopy in Fig. 3.2 (d) Conceptual 3D sectional renderings of the 

bilayer trap channels. The right image shows the concept of the worm 

immobilization. Scale bars are 2 mm in (a) and (b), 1 mm in (c). 

3.2 DEVICE OPERATION 

The device comprises two separate PDMS components: 1) the bottom layer for 

the microfluidic channels and 2) the top layer for pressure control. The bottom layer of 

the device is segmented into two distinct sections (Figure 3.1a), the immobilization 

region and the recovery region. The immobilization region has two outlet channels on 
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both sides of the trap for fine-positioning of worms in the immobilization area. These 

outlet channels are equipped with several pillar-like structures that enable us to flush the 

small sized nematodes while allowing liquid to flow through. The recovery region is 

mainly composed of the three long rectangular chambers. The recovery rooms are 

connected by fluid channels that deliver the food to the enclosed worms and thus ensure 

appropriate recovery of the worms after the surgery (Figure 3.1b). The three outlets of the 

chambers and the connecting feeding channel have pillars to prevent worms from 

flushing out of the chambers. The top layer comprises several cavities, each having a 

distinct cross-sectional area that overlaps with features of the bottom layer microfluidic 

channels. These overlapping regions form the microfluidic valves in the device. 

The sequence of operations to use the chip is summarized in Table 3.1. Step 1: 

The nematode is first loaded inside the microfluidic channel of the bottom layer. All 

valves are closed except for valve 1, the trap, and valve 3. Once the nematode is inside 

the trapping module, valve 1 is closed and valve 2 is opened. Step 2: The worm is then 

fine-positioned at the trap by using only the side manipulation channels. Step 3: When in 

position, all the valves are closed and the trap is initiated to immobilize the worm. 

Surgery is then performed. Step 4: Completion of the surgery is followed by opening the 

valves 2 and 4, and the ones corresponding to the chamber where the worm has to be 

stored. The inlet valves of the other two chambers are closed. Step 5: The nematode is 

then locked into the desired recovery chamber by closing the valves at its respective ends. 

The above procedure is repeated for as many nematodes as necessary. When the worms 

locked in the chambers need to be imaged, one proceeds by following steps 4, 2 and 3. 

Once the worms are imaged they can be either flushed out by setting the valves to the 

configuration of step 1, or put back into a recovery room. We developed a computer-

aided control of the valves in both modules for high-speed automation. 



 

 35 

 Step 1 Step 2 Step 3 Step 4 Step 5 

Description Loading Positioning Immobilizing Releasing Lockin

g 

Valve 1 (Inlet) 1 0 0 0 0 

Valve 2 (Side channel) 0 1 0 1 0 

Trap 1 1 0 1 0 

Valve 3 (Side channel) 1 1 0 0 0 

Valve 4 0 0 0 1 0 

Valves 5 (Chamber 1) 0 0 0 1 / 0 / 0 0 

Valves 6 (Chamber 2) 0 0 0 0 / 1 / 0 0 

Valves 7 (Chamber 3) 0 0 0 0 / 0 / 1 0 

Valves 8 (Feeds) 0 0 0 0 0 

Table 3.1 Sequence of operations to perform surgery on nematodes and store them in the 

recovery chambers. 

3.3 RESULTS 

3.3.1 Trapping on-a-chip 

Using two-photon imaging, we mapped the cross-sectional profile of the 110 µm 

wide trapping channel and studied the deflection of the 30 µm thick membrane at 

different pressures (Figure 3.2a). As pressure increases in the top layer, the membrane 

begins deflecting downwards. At pressures above 140 kPa, the middle part of the 

membrane begins touching the cover slip and we observe a slight inwards bending of the 

microchannel walls.  
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Figure 3.2 Two-photon visualization of the membrane deflection under different 

pressures.  

(a) Two-photon images of cross-sectional profiles of the microchannel in the 

trap area for increasing air pressures in the top layer. The bottom layer 

channel was flooded with a 1% solution of 1 mM of rhodamine. From left to 

right and top to bottom, the air pressure was successively increased from 0 to 

35, 70, 105, 140 and 175 kPa. (b) Cross-sectional two-photon images of a 

trapped worm at 105 and 140 kPa. The bottom layer channel was flooded 

with a 1% solution of 1 mM of rhodamine. The bright features inside the 

worm are due to autofluorescence. Scale bars are 50 µm in (a) and (b). 

The deflecting membrane immobilizes the nematode by pressing it into one of the 

corners of the channel as shown in Figure 3.1d and Figure 3.2b. Immobilization of young 

animal (L4 and young adult) was achieved using a minimal pressure of 110 kPa air. The 

cross-sectional view of the channel with a trapped animal (Figure 3.2b) shows that the 

side of the nematode lying against the cover glass is flattened. This flattening is optimal 

for both imaging and surgery since most of the length of the target axon will be in focus. 

We performed a survival test on 20 worms, trapped with a pressure of 110 kPa for 5 

minutes. We monitored them for the following three days and did not observe any 

behavioral changes or premature death (see Table 3.1, experimental set 5).  

3.3.2 Femtosecond laser nanoaxotomy on-a-chip 

Figure 3.3 shows a series of snapshots of the whole nanoaxotomy procedure in the 

1
st
 design of the surgery chip: trapping of the animal (Figure 3.3a  b), visualization of the 

axon to be severed under fluorescence and white light (Figure 3.3c), then under only 

fluorescence light (Figure 3.3d), and finally bringing the axon to the target of the laser 
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spot and firing the laser to perform the cut (Figure 3.3e or Figure 3.3f). Immediately after 

the surgery, the proximal and distal ends of the axon were approximately 2 μm apart as 

observed by the disappearance of the GFP signal (Figure 3.3f). 

To test whether the new setup would not alter the axonal recovery statistics, we 

ran two sets of identical experiments, one in the previous experimental setup [3] and one 

in the new setup.  We performed nanosurgery on a group of 20 L4 stage worms that were 

grown on agar and paralyzed in 0.2 mM solution of levamisole on a thin agar pad.   

We studied how the energy per pulse and the total number of pulses affect axonal 

recovery of touch neurons [4]. Performing surgery using a large number of low energy 

pulses was found to be critical in improving the axonal recovery. Since the objective lens 

used on the new setup has a lower numerical aperture of 1.3 (instead of 1.4), we adjusted 

the energy per pulse to obtain similar fluences (energy per spot size).  In our previous 

setup, 48% of the severed axons displayed reconnection after 24 hours of the axotomy 

with 200 pulses at 6 nJ.  In the new setup we obtained similar results with 45% of axons 

reconnecting after axotomy with 200 pulses at 7.2 nJ (Table 3.2, experimental set 1).  
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Figure 3.3 Nanoaxotomy on-a-chip.  

(a) White light picture of the trap before positioning a worm. (b) White light 

picture of a trapped worm (at the tip of the arrow, against the lower wall of 

the channel).  The deflection of the membrane becomes visible by the 

appearance of its optical shadow. The yellow arrow indicates the position of 

the immobilized worm (c) Fluorescence image of the GFP labeled ALML 

axon while the body of the worm is still visible in the white light. By 

convention, C. elegans are presented with the nose directed towards the left 

and the tail pointing to the right. (d) Fluorescence image of the ALML axon 

before axotomy with the white light turned off. (e) Fluorescence image after 

axotomy, performed by 200 pulses of 7.2 nJ. (f) A magnified picture of the 

ablation shows the cut and the retraction of the neuron. Distal ends are on the 

left side of the picture and proximal ends on the right. Scale bars are 200 µm 

in (a) and (b), 10 µm in (c-e), and 2 µm in (f). 
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3.3.3 Time-lapse imaging on-a-chip 

To demonstrate time-lapse imaging capability of the integrated system, we 

performed nanoaxotomy on several worms and recorded videos of their regrowing axons. 

Figure 3.4 shows a series of fluorescence images taken at approximately ten minutes 

intervals. We observed that the regrowth was not continuous but rather it occurred in 

bursts of elongation and retraction. The speed of the growth could be as fast as 2 µm in 

10 seconds as observed in recorded videos. Axons reconnected to their distal end very 

fast within approximately 70 minutes after surgery (Table 3.2).  

 

Figure 3.4 Time-lapse imaging of axonal recovery on-a-chip.  

(a) Fluorescence images of an ALM neuron at 1, 5, 15, 45, 55 and 70 minutes 

after the axotomy, respectively. Distal ends are on the left side of the pictures, 

proximal ones on the right. The radial diameter of the focal volume where the 

ablation occurs is about 700 nm. The extent of the GFP signal loss indicates 

the region of ablation after the retraction due to the tension of the axon. After 

5 minutes, the distal end displays a growth cone that is visible above the 

proximal stump. At 15 minutes, the growth cone branches off into two. At 45 

minutes, a third branch sprouts close to the distal stump. The other two growth 

cones are outside the focal plane and therefore are not visible. At 55 minutes, 

the third branch recesses and the first two branches develop into a broad 

growth cone. The proximal end starts regrowing. At 70 minutes however, the 

proximal end regrows and reconnects to the distal end a bit further past the 

distal stump. The distal growth cone seems to stop and does not recess. The 

proximal end is regrowing towards the distal part. Scale bar is 10 µm. 
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To our surprise, in addition to regrowth of the proximal fragments, we also 

observed the distal fragments sprouting growth cones. The regrowth of the distal 

fragment was already visible within a few minutes after axotomy, while it takes at least 

30 minutes for the proximal fragment to start regrowing. The regrowth velocity of both 

fragments was the same. Interestingly, the distal ends seemed to lack any kind of 

guidance and never reconnected to the proximal end. The regrowth of the distal end 

seemed to stop shortly after the proximal end began its regrowth. Furthermore, once the 

proximal growth cones reconnected to their distal ends, the growth cones from the distal 

ends did not recess. Although regrowth from both distal and proximal stumps after 

nanoaxotomy is observed in 100% of the cases, only a certain percentage of the proximal 

ends reconnected to their distal ends (Table 3.2). 

3.3.4 Axonal recovery on-a-chip 

In order to investigate whether the absence of anesthetics during nanosurgery 

would increase the probability of successful axonal recovery (regrowth and 

reconnection), we performed four sets of experiments (Table 3.2, experimental sets 1-4). 

We first considered the statistical significance of the effect of the growth medium on 

axonal recovery. Animals grown on agar and in the CeRH liquid growth medium, both 

showed similar axonal recovery rates. Considering the growth media as the variable, the 

Fisher exact test yields probabilities of P13=0.284 for worms axotomized on agar pad 

using levamisole (experimental sets 1 and 3), P24=0.328 for worms axotomized in chip 

using the microfluidics trap (experimental sets 2 and 4), and P13-24=0.184 regardless of 

the immobilization procedure. The change of the growth environment thus seems to have 

no statistical significance.  

To characterize the statistical significance of the absence of anesthetics on nerve 

regeneration, we next compared the experiments differing on the immobilization method. 
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Considering the immobilization procedure as the variable, the Fisher exact test yields the 

following probabilities: P12=0.146, P34=0.192, and P12-34=0.046 for animals grown on 

agar, in CeRH liquid medium, and regardless of the growth habitat, respectively. A 

probability of 0.046 indicates that the absence of anesthetics during surgery does not  

have a significant effect on the axonal recovery rate. 

Set # Growth 

medium 

Surgery 

medium 

Surgery 

on agar 

pad, 

paralyzed 

Trapping 

on-a-chip 

Surgery 

on-a-chip 

Survival 

Rate 

(worms), 

24 hrs 

Axonal 

recovery 

time 

Recovery 

Rate 

(axons), 

24 hrs 

Survival 

Rate 

(worms), 

72 hrs 

1 agar agar +   20/20 

(100%) 

6 -12 hrs 18/40 

(45%) 

18/20  

(90 %) 

2 agar M9  + + 20/20 

(100%) 

60 – 90 

min 

24/40 

(60%) 

20/20 

(100%) 

3 CeRH agar +   20/20 

(100%) 

6 – 12 hrs 21/40 

(53%) 

20/20 

(100%) 

4 CeRH CeRH  + + 20/20 

(100%) 

60 – 90 

min 

26/40 

(65%) 

20/20 

(100%) 

5 CeRH no  +  20/20 

(100%) 

N/A N/A 20/20 

(100%) 

Table 3.2 Summary of statistical observations. We performed nanoaxotomy and 

monitored the axonal recovery (regrowth and reconnection) of groups of 20 animals 

grown either on agar or in liquid growth medium (CeRH) and either paralyzed by a 0.2 

µM solution of levamisole and operated on agar pads or trapped in the new nanoaxotomy 

lab-on-a-chip device. 

3.4 DISCUSSION 

The experiments we undertook to demonstrate the advantages of the new chip on 

axotomy and imaging, revealed two major facts concerning axonal recovery in the C. 

elegans. First, axons start regrowing immediately and reconnect between 60 to 90 

minutes after the axotomy in a microfluidic device. As expected, anesthetics used to 
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immobilize the animal (phenoxypropanol or levamisole), slow down the nerve 

regeneration processes and delay it by several hours. The L4 larval stage does indeed last 

8 hours and by the time the biological processes are fully functional after anesthesia, the 

worm might have entered adulthood.  

Second, we observed, for the first time, regrowth of the distal fragment with a 

formation of a growth cone in all the worms that were axotomized on the chip. This result 

suggests that the microtubules within the distal end are stable and that actin, mitochondria, 

and proteins necessary for the creation of a growth cone are present or might be 

transported from the remaining section of the process to its severed end. Because the cell 

body is missing and membranous vesicles cannot be fabricated, the mobility of the 

growth cone requires that these vesicles be endocytosed, transported, and exocytosed at 

the forefront of the growth cone [22, 23]. The absence of recession of the distal growth is 

likely due to the lack of the cell body. Further investigation is needed to understand the 

apparent deficiency of guidance of the distal growth cones, which wander aimlessly until 

they stop growing after about 30 minutes. The hypodermal syncytium hyp7, enclosing the 

ALM and PLM neurons, is thought to provide a structural cue for the guidance of the 

proximal growth cones [79, 80].  

The described microfluidic chip possesses many advantages over the 

immobilization techniques that were previously used in studies of C. elegans, such as 

anesthesia on agar pads or glue, including: (1) no chemical (anesthetic or paralyzer) other 

than the liquid growth medium will interfere with the physiological processes of the 

animals, possibly increasing regeneration success, (2) the adaptive deflection of the 

membrane allows the immobilization of the animals with no dependence on their age and 

size, enabling the C. elegans to be subsequently imaged for monitoring of biological 

events, (3) the animals do not need a period of recuperation after surgery, permitting 
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immediate behavioral study of the post-axotomy functionality, (4) the sample population 

is well contained and experiment conditions are easily reproducible since the trap for 

surgery and the environment for recovery are on the same chip, facilitating the control of 

variables from one experiment to the next, and finally (5) the design of the chip is simple 

enough to be adapted to other organisms or many other kinds of experiments, including: 

ablation, irradiation, stimulation or simply observation, widening the possibilities of 

high-throughput biological investigations. 

3.5 CONCLUSIONS 

We proposed a novel on-chip method to immobilize roundworms, and 

successfully demonstrated that this method allows for the same degree of accuracy for 

nanoaxotomy, without using anesthetics. We also found that this immobilization method 

neither significantly alters the survival rate of worms, nor reconnection rate of severed 

axons. Furthermore, the on-chip immobilization and axotomy improves the speed of the 

axonal recovery. With this proven on-chip immobilization method, the next step is to 

develop a microfluidic device toward high-throughput and automated laser axotomy.   
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Chapter 4 Second Generation Microfluidic Device: Towards 

Automated On-Chip Laser Axotomy 

In this chapter, we present our efforts towards automating on-chip laser axotomy 

presented in Chapter 3. In order to achieve this goal, we developed a 2
nd

 generation 

microfluidic device that facilitates high-throughput processing of worms, and a software 

program that allows automated identification of targeted axons and accurate severing by 

using image processing techniques. Compared to our previous design (Chapter 3) [81], 

the 2
nd

 generation microfluidic device uses a T-shaped structure and two-way flows that 

load and eject worms in perpendicular directions and a peristaltic-like gate at the entrance 

of the trapping area to ensure single-worm loading. These microfluidic features 

minimized worm manipulation errors and increased the rate at which axotomies can be 

carried out. The designed device and optical platform were able to automate on-chip 

transportation, positioning, and trapping of worms. By controlling the coordinated 

actuation of external solenoid valves and on-chip microfluidic valves, we can redirect 

flow within the device and process worms serially in a semi-automated fashion. We 

implemented automation in a LabVIEW program using image processing algorithms. The 

automation includes determining the head-to-tail orientation of the worm within the trap 

and identifying and target the axon of interest. We used a two-step focusing for 

automatically coarse and fine focusing to fulfill the accuracy required for nano-axotomy. 

An imaging-based proportional-integral-derivative (PID) control algorithm was used to 

overcome positioning limitations arising from hysteresis in the piezoelectric actuator. An 

algorithm that differentiates the ALM and AVM was developed in the software to reduce 

axonal detection error.  
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4.1 MICROFLUIDIC DESIGN 

A key design consideration when developing an automated approach to perform 

laser axotomies on C. elegans is how to deliver a single worm from a large, on-chip 

population into the trapping area, while minimizing the degree of spatial variability in the 

trapped position of the worm. The ability of trapping worms at the same location with 

high degree of repeatability affects the maximum speed at which the worm can be 

targeted by the image processing software. In addition, to reduce ambiguity in axon re-

growth data, other delivery errors needed to be considered, such as trapping multiple 

worms or sending a non-axotomized worm into the pool of axotomized worms.  

With these concerns in mind, the design incorporates a T-shaped axotomy chip 

that enables automated delivery and trapping of worms (Figure 4.1). In the initial design 

[81], two main issues prevented the automation of the immobilization process. The first 

problem arose due to the high speed injection of the worms into the trapping chamber, 

resulting in multiple worms being injected or some worms being missed when the 

operated worms were flushed away. The second problem was the complexity of 

manipulating the worms independently during their fine positioning using the side-

channels. A T-shape design of the trapping area possesses two major advantages that 

facilitate the desired full-automation of the axotomy process: first, it permits a repeatable 

immobilization location of the worms, which significantly saves time and complexity for 

automatically locating the worm by the software, and second, it allows for a decoupling 

of the injection and the flushing channels, thus permitting a precise and easy unloading of 

the worms after axotomy. The new chip includes a staging/loading area to deliver the C. 

elegans one by one in a serial manner, improving the likelihood of the worm being 

delivered to the center of the trapping area. The worms are pushed against an array of 

narrow, short flow outlets that practically form a microfluidic sieve [4, 5]. The pressure 
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drop across the sieve immediately straightens the delivered worms into an elongated 

configuration just before actuating the trapping membrane.  Off-chip, two-way solenoid 

valves control the flow in the channels on either side of the trap and are activated when 

loading each worm in the trapping area and unloading after axotomy. 

In order to conserve optimal focusing of the laser beam and thus precision of 

axotomy, we designed the valves with the configuration shown in Fig. 1.4(b). The 

particular circular cross-section, shown in Fig. 1.4(a), can actually create a complete seal 

for ideal blockage of the flow [53]. However, the fabrication of these semi-circular valves 

would indeed require that there be a thin layer of PDMS [3-6] or a control layer [7] 

between the worm and the coverglass in the trapping area. The extra PDMS layer in the 

optical path would introduce an index of refraction mismatch and spherical aberrations at 

focusing distances beyond 30-40 µm, substantially reducing the effective numerical 

aperture and seriously compromising the precision of both imaging and surgery. In the 

previous chapter, we have shown that a deflected PDMS membrane can almost 

completely seal a 30 µm-deep and 120 µm-wide rectangular channel, leaving a 10 µm 

gap in the bottom corners of the channel [81]. Therefore, we designed the staging channel 

to be 120 µm wide beneath the gate valves V1 and V2 (Figure 4.1a) to prohibit L4-stage 

C. elegans from passing through. Such design of widening the channel for an effective 

blocking of the worms has been applied to all valve structures on the device. 

Several filter structures were incorporated into the chip to prevent unwanted 

debris from clogging our sieve structures and affecting chip performance. Despite the 

removal of particulate matter from the M9 buffer with a 0.45 µm filter before injecting it 

into the microfluidic device, small amount of microscopic particles can still accumulate. 

These unwanted debris mainly originate from agar particulates and molted worm cuticles. 

To ensure an automated operation without interruptions or a decline in performance, an 
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array of staggered filter structures with gaps ranging from 50 µm down to 10 µm at the 

entrance of each flow channel should prevent such clogging. These in-line microfluidic 

filters are highly effective at collecting the debris even after performing many axotomies. 

At the entrance of the main loading chamber, the array consists of pillars 30 µm apart. 

This optimized distance between the pillars allows for the passage of worms, but blocks 

debris from entering the trapping area and clogging the sieve structures [82]. 

The fabrication process of the nanoaxotomy chip was described with details in 

Section 2.3.2. SU-8 5 was used to fabricate the sieve structures, and SU 2025 was used to 

create the rest channels and the structures in the second layer. 

 

Figure 4.1 Design of the 2
nd

 generation microfluidic device.  

(a) Microscopy image of the two-layer microfluidic device for automated 

laser axotomy, with blue arrows indicating the direction of fluid flow; scale 
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bar = 200 µm. C. elegans are injected into the loading chamber and are 

serially transported through the device via the synchronized actuation of 

valves 1 and 2 in the staging/loading area. The worms are loaded against the 

microfluidic sieve in the immobilization zone, and a trapping membrane, 

actuated by valve 3 in the control layer, is used to physically trap the worms 

for laser axotomy. (b) Cross-section referenced to the sectioning arrows in (a), 

showing membrane deflection, location of the worm in the trapping area 

before and after membrane deflection, and the relative heights of the 

microfluidic sieve and channel within the immobilization zone. 

4.2 PROGRESSION OF VALVE ACTUATION AND FLOW  

The control layer in the microfluidic device operates all the microfluidic valves to 

synchronize all the procedures (loading, trapping, axotomy, and unloading of the worms). 

Specifically it serves to stage worms for serial processing, trap them individually for laser 

surgery, and control flows throughout the device as explained below. The majority of the 

flow in the device is driven by external solenoid valves connected with tubing to ports on 

the chip.  

Figure 4.2 shows the sequence of valve and flow progression at each step during 

automation. A population of worms is first loaded into the device by blocking all flow 

channels except the small flow exits (2) at the side of the loading chamber (Figure 4.2b). 

Once the worms fill up the loading chamber (1), a peristaltic-like gate is used to stage 

worms for serial injection into the trapping area (Figure 4.2c-d). The gate is operated 

using two valves located at the front (valve V1) and back (valve V2) of the staging zone 

(see Figure 4.2 and Figure 4.3). An array of small channels (3)  (8 µm tall and 10 µm 

wide) on both sides of the staging channel acts as a sieve-like fluidic exit to direct the 

worm between valves V1 and V2 during staging. To prevent multiple worms from 

entering the staging area simultaneously, the channel between the valves is 30 µm × 30 

µm, designed so that its cross-section approximately corresponds to that of an L4-stage 

worm. Likewise, the length of the channel in the staging area is 600 µm at about the 

length of an L4-stage worm [14].  

Once the imaging software detects that a worm has entered the staging zone by image 

processing algorithms, it injects the worm into the trapping area by reversing the flow 

through the staging sieve and opening valves V2 and V3 for 800 ms (Figure 4.2e). The 
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reversed flow in the staging sieve prevents another worm from the loading chamber to go 

into the staging area during the injection of a single worm into the trapping area. About 

800 ms after loading the worm against the sieve structure in the trapping area, the 

software closes valve V2 and actuates the trap (valve V3) to immobilize the worm 

(Figure 4.2f). Meanwhile, the objective lens is switched manually from 5× to 63×, getting 

ready for automated surgery. Then the automation software proceeds to positioning the 

worm, focusing and targeting the axon via image processing algorithms explained in 

Section 4.3. Immediately after finalizing the automated axotomy of the ALM neuron, the 

objective is switched back to 5× and the software actuates several valves for unloading 

the worm through the outlet. It opens the trap (valve V3) and the exit valve V4, reverses 

the flow through the sieve structure in the trapping area by an external solenoid valve, 

and delivers fluid from a side channel into the trap to push the worm from the trapping 

area out through the exit channel (Figure 4.2g). For the entire duration of the automated 

platform operation, a constant head pressure of ~35 kPa is used to continually drive flow 

through the loading chamber and move worms towards and into the staging area. 

Depending on the density of worms loaded into the device, the next worm can be staged 

during axotomy of the previous worm and be ready for loading into the immobilization 

area. As soon as the axotomized worm is unloaded, the next cycle of injection and 

surgery begins (Figure 4.2e-h). 

This automated process is repeated until axotomies have been performed on the 

selected number of worms. The rest of the worms loaded into the device can then be 

removed from the chip by opening all the valves and reverse the flow through the sieve 

structure in the trapping area. The automated staging of a single worm takes 5 to 8 s, 

depending on the configured injection duration (Figure 4.2d and Figure 4.2e). The 

automated axon identification and targeted ablation requires 20 to 30 s. The choice of the 

loading scheme with a staging step substantially reduces the waiting time between 

surgeries and eliminates the possibility of trapping multiple worms.  
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Figure 4.2 Progression of valve actuation.  

(a) Chip design used for automated axotomies. Note: valves numbers are in 

red and channels numbers are in black. Staging valves 1 and 2 are used to 

inject worms serially into the device from the loading chamber (1) by 

opening exit channels (2) used only for filling the chamber with worms. 

Valve 3 serves as the immobilizing membrane and valve 4 is used to open 

and close the exit channel (7). Two-way flow through the side channels (3) 

leading to the staging area, are used for staging and injecting the worm into 

the trapping area (4). Channel (5) for two-way flows through the microfluidic 

sieve structure is used to load and eject the worm along with the one-way 

side channel (6) leading to the trap area. (b) Worms are delivered to the 

loading chamber by opening channel 2 and closing all other valves and 

channels. (c) A single worm is pushed into the staging area where flow is 

directed through channel 3 by closing valve 2. (d) Valve 1 is then closed to 

prevent additional worms from entering the staging area. (e) Valve 2 is 

opened and the flow in channels 3 is reversed to inject the worm into the 

trapping area. (f) The worm is trapped and axotomized, then it is (g) ejected 

from the device by opening valve 4 and flowing M9 buffer through channels 

5 and 6. (h) The process is repeated for the next staged worm.  

4.3 IMAGE PROCESSING FOR AUTOMATED IDENTIFICATION AND TARGETING OF AXONS 

We have developed a LabVIEW software program (Appendix B: Custom-made 

LabVIEW Software Program) that can perform axotomy automatically on the neurons of 

interest using a three step procedure: (1) identify location and orientation of the worm in 

the trapping area, (2) identify the neuron of interest to be severed and focus coarsely on 



 

 51 

its soma, and then (3) focus finely on the targeted axon while bringing it to the location of 

the laser focal point for precise axotomy. The automation code is designed to identify the 

GFP labeled, longitudinal mechanosensory neurons ALM (Anterior) shown in Figure 

4.4a. 

4.4.1 Identification of the Worm Location and Orientation 

Once a worm is immobilized, Figure 4.2f and Figure 4.3a, its centroid (position) 

has to be identified and brought to the center of the field of view (FOV) for fine focusing. 

Knowing its orientation (head-tail) facilitates the rapid localization of the anteriorly 

directed ALM axons that are located towards the head. Because the neuro-anatomy of C. 

elegans is known a priori, determining the location and orientation of a worm at low 

magnification (5×) aids in accurately positioning the FOV for the high magnification 

(63×) fluorescence imaging of the axon of interest for ablation. For that purpose, an 

algorithm based on background subtraction processes low magnification optical images 

and determine first whether a worm is staged and ready to be delivered into the trap area 

and second its location and orientation once immobilized in the trap.  

Determining the head-to-tail orientation of the trapped worm serves as the first 

step towards identifying the exact location of the targeted axon. After a worm is loaded 

into the trapping area against the sieve and immobilized with the membrane, the captured 

image is compared with an image of the same 5× FOV with the membrane deflected but 

without the worm loaded (Figure 4.3). By subtracting the baseline image from the 

snapshot of the trapped worm, the entire background is removed, leaving only the worm 

in the processed image. As shown in Figure 4.3c, the subtraction operation removes 

nearly all noise in the image. The subsequent image thresholding then leads to the worm 

being unambiguously identified (Figure 4.3d). The algorithm incorporates Otsu‟s method 

to automatically calculate the optimal threshold value [83, 84]. To distinguish the head 
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from the tail, the average grayscale values of each end of the worm are compared. The 

darker end always corresponds to the tail, due to the predominance of lipids in that region 

of C. elegans worms [85]. With this information, the 63× FOV can be sensibly moved to 

the expected location of ALM neuron based on the known head-to-tail anatomy of the 

worm. The main advantages of using image subtraction in this automation step are that it 

eliminates the need for the implementation of complex and time-consuming pattern 

recognition algorithms, and is applicable for worms at different development stages from 

L3 to adult. 
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Figure 4.3 Image subtraction for identifying the worm location within the trap and 

determining head-to-tail orientation.  

(a) Microscopy image of a worm trapped by the deflecting membrane. (b) A 

preliminary image of the immobilization area was collected while actuating 

the trapping membrane without a worm loaded.(c) The image captured 

before loading the worm was subtracted from the image of an immobilized 

worm.(d) To differentiate the head from the tail,  image thresholding was 

used to generate a high degree of contrast. The head appears transparent 

relative to the tail region.  
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4.4.2 Identification and Targeting of Axons 

The automation software can perform axotomies on the ALMs processes. The 

surgeries are performed either on the right side of the worm targeting the ALMR 

processes or on the left side targeting the ALML. The following explanation only 

discusses how our image processing algorithm identifies and targets the ALM process 

that are running anteriorly from the soma located close to the centroid of the worm, as 

shown in Figure 4.4a.  

Within each worm, axons from the ALML and ALMR neurons run along opposite 

sides of the body, while the AVM neuron travels along the ventral cord of the worm, as 

shown schematically in Figure 4.4a. Since C. elegans crawl on either side, the ALML and 

ALMR are situated in approximately the same vertical plane on opposite sides of the 

worm (Figure 4.4b). The axon of the AVM will lie in a different focal plane than either of 

the two ALM axons and is also outside the vertical plane that roughly passes through 

both ALMs. Therefore, either the ALMR or the ALML will be closer to the objective 

lens, depending on which side of the worm is pressed against the coverglass. However, 

experimentally, we observed that the worm body can roll during injection, which can 

change the relative locations of ALMs and AVM in the z direction and lead to AVM 

being closer to the objective. The software program incorporates an algorithm that further 

allows for differentiating ALMs and AVM, which will be discussed in the section 4.4.3. 

Figure 4.4b-d show an example where the ALM axon closest to the objective lens was 

automatically chosen as the target during surgery, based on the focusing algorithm used 

(Equation 4.1). Note also that when surgeries are performed on ALMs, no distinction is 

made between the ALML and ALMR. 

The automated identification and targeting of axons is a two-step process. The 

first step, a coarse focusing, identifies the targeted axon, gives a reference point for 
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moving along the axon to the desired distance from the soma (x axis), and determines a 

focal plane (z axis) within the range of operation of the piezoelectric stage that will 

perform the fine focusing. That second step, the fine focusing, moves the axon into the 

laser ablation volume by simultaneously adjusting the focus (z axis) and bringing the 

axon to the correct position (y axis). The simultaneity of both y and z adjustments is 

crucial if the sample is not perfectly leveled.  

4.4.2.1 Coarse focusing on the neuron cell body 

After the approximate location of the ALM has been determined in white light by 

finding the worm‟s centroid using the 5× objective, the 63× lens is moved into place, in 

fluorescence illumination, and the focal plane is positioned at the worm-glass interface. 

The translation stage is then stepped in 3 µm increments in the z-direction into the worm 

and towards the in-focus location of the bottom-most ALM neuron until a circular shape 

is detected, which corresponds to the cell body. To carry out this detection, the software 

collects fluorescence images of the GFP labeled neurons at each 3 µm z-step and 

thresholds them to a pre-determined intensity cutoff. I determined the cutoff empirically 

until the circular feature drops to a radius ~1.5× larger than the expected radius (~3 µm) 

of the cell body. This cell body-locating process provides a fast method for roughly 

finding a z-position just short of optimal focus using a large translation step size. Also, it 

does not require running the best focus or variance process through the entire worm body 

in the z-direction. After the cell body is located, the stage moves the ablation spot to the 

cell body. After a coarse focusing, the stage translates 60 µm down the length of the axon 

to the approximate site of axon ablation.  
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Figure 4.4 Algorithm for automated locating and identifying axons.  

(a) Simplified C. elegans neural anatomy, providing the relative anatomical 

locations of the neurons of interest (i.e., ALMs). (b) Simplified cross-

sectional view of a worm that illustrates positions of the ALM axons relative 

to each other and the AVM axon if the worm is positioned on its side. (c) 

Plot of normalized variance of intensity as a function of z position during the 

fine focusing using the piezoelectric actuator (step size = 1.2 µm) and three 

images from a typical z-stack showing different degrees of focus; scale bar = 

20 µm. (d) Plot of typical automation time versus y and z positions of the 

stage. Coarse focusing with the motorized stage is first used to locate the cell 

body of interest (z1, y1); the stage is translated in the x-direction to place the 

location of ablation on the cell body (y1 to y2); coarse focusing with the 

algorithm is used to find the approximate focal plane of the axon (z2); the 

stage is translated 60 µm in the x-direction away from the cell body, to the 

approximate site of axotomy (z3, y2); fine focusing with the piezo is used to 

locate the focal plane of the axon (z4 to z5); the piezo moves in the y-

direction until the ablation spot reaches the axon, then the shutter is opened 

to ablate the axon. 
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4.4.2.2 Fine focusing on the targeted axon 

To determine the z-location of best focus, we used the variance of pixel intensity of 

each frame as the focusing function for direct image-to-image comparison from a z-stack 

collected at 1.2 µm steps using the piezoelectric actuator for translation (Figure 4.4c). 

The image with the highest variance of pixel intensity correlates to the most in-focus z-

position [8, 9]. The sample variance of pixel intensity,     
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, for each frame in the stack is 

defined as 
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where ijI  is the intensity of a single pixel in the image and I  is the average pixel 

intensity of an M×N array of pixels. Before the variance of intensity of each frame was 

calculated, a 2D Laplacian of Gaussian (LoG) bandpass filter was convolved with each 

image to reduce high-frequency noise and enhance the intensity of the axon. The LoG-

filtered image is given as: 
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f0(x,y) is the pre-filtered image, and σ was assigned a value of 2. Because the Gaussian 

    



g(x,y) is a separable function, the LoG filter can be applied to each frame in a separable 

1D manner. It can be shown that a direct 2D convolution with the LoG filter is 1-2 orders 

of magnitude less computationally efficient than the application of two successive 1D 

LoG filters [83, 86]. Therefore we performed two 1D convolutions in order to shorten 

image processing time and thus improve the efficiency during automation.  

The plot in Figure 4.4c shows an experimental example of normalized variance of 

intensity as a function of z-position. By passing through the point of largest intensity 

variance, the optimal focus for performing axotomies can be determined. It takes 400 ms 

for collecting and transferring a single image to the computer, 300 ms for LoG 
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convolution, and 50 ms to compute the focus function, using a computer with Intel® 

Pentium® Dual-Core processor of 2.4GHz with 1G memory.  

In the final step of the fine-focusing before axon ablation, the piezoelectric 

actuator must move to the precise y-position of the axon so that it is well aligned with the 

ablation target, given an axon diameter of ~300 nm. The 1/e
2
 diameter of the ablation 

spot is estimated to be ~600 nm [4]. With the 63× objective, these dimensions correspond 

to three and six pixels respectively, giving a positioning tolerance for axotomy of only 

one pixel on either side of the axon. Due to the positioning hysteresis of the piezoelectric 

actuators, we incorporated an imaging-based proportional-integral-derivative (PID) 

control algorithm to drive the actuators [11-13]. In PID control, the focused image is  

processed to find the sub-pixel center of the axon in the y-axis. The distance on the image 

in pixels between the axon center and the ablation spot is converted into a physical 

distance based on pre-calibration (95 nm per pixel) The physical distance in turn serves 

as a feedback to the PID control that commands the distance the piezoelectric actuator 

translates. The process is repeated until the axon is within ~1 pixel from the ablation 

target. The driving force of the PID is the proportional term, and the integral and 

derivative terms are to respectively eliminate steady-state error and reduce over-shooting 

[87]. Figure 4.4d gives stage locations (y and z) as a function of time for typical auto-

focusing and axon positioning. 

4.4.2.3 Differentiation of ALM from AVM 

During experiments, the body of a worm occasionally rolls during the worm 

injection into the immobilization area, which leads to the somas of the AVM and ALMs 

being in the same vertical plane, as shown in Figure 4.4b. It became necessary to develop 

an algorithm that differentiates somas of AVM and ALMs prior to focusing on the axons. 
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The algorithm that automatically differentiates the AVM and ALMs was designed 

based on the anatomy of the neuronal circuit. ALMs' processes extend anteriorly (along 

the x-axis), and are approximately in the same position within the center of the soma in 

the y-direction; however, for AVM, the axon first extends radially (along the y-axis) 

before following the ventral cord bundle. Therefore there is no axon grown on the 

anterior and posterior sides of the soma, as shown in Figure 4.4a. 

From the captured images, the software program detects the existence of a line 

(axon) on the left or right (anterior/posterior) of the circular shapes (somas). If there is no 

line being detected, the circular shape is the soma of AVM; otherwise, it is the one of 

either ALMs. A benefit of this algorithm is that it allows for the verification of the 

orientation of the worm, since the ALMs axons always grow anteriorly. In the 

implementation of this algorithm, the line detection in the images is based on the edge 

detection function [88] provided by the LabVIEW.  

4.4 RESULTS 

4.4.1 C. elegans survivability and axonal reconnection 

To ensure that the immobilization procedure used in our device did not interfere 

with the survivability of the worms, we performed an immobilization test where 50 

worms were loaded into the device, trapped for 120 s at 140 kPa, collected from the chip, 

and then placed on agar plates seeded with E. coli. After an incubation period of 24 h at 

20 °C, we found no evidence that the worms had been impaired by trapping with the 

membrane. There was no discernable difference in crawling behavior, no observable 

injuries, all tested worms survived, and their overall body growth rate appeared to be 

unaffected by trapping. Additionally, an eyelash was used to prod the heads of the worms 

during the following three days so that their touch response could be monitored. All 
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testing indicated that worms were unaffected by 120 s of pressurization, which is 

approximately 90 s longer than the time during which the worms are trapped for 

automated axotomies. 

To determine axonal reconnection rates following laser axotomy in our device 

(Figure 4.5a), the worms were ejected from the microfluidic device, collected in a tube 

filled with M9 buffer, and then transferred to seeded agar plates for recovery. After 24 h 

of post-surgical recovery at 20 °C, the axotomy sites were re-imaged to check for signs of 

re-growth and reconnection. Figure 4.5b presents the results for successful reconnections 

of the ALM processes as monitored after axotomies performed by either the automated 

surgery platform with physical trapping and by manual ablation on agar pads using 

anesthetics. Two primary criteria were used to describe successful reconnection: (1) 

proximal re-growth trajectories intersecting the distal axon and (2) a lack of beading or 

fragmentation in the distal axon that normally marks the beginning of Wallerian 

degeneration and removal of the dying distal axon [89]. For example, re-growth with a 

lack of reconnection is evident in the images taken at two focal planes shown in Figure 

4.5c, whereas reconnection by the proximal end of the axon is clearly observed in Figure 

4.5d. We found no statistically significant differences in reconnection probabilities 

between ALM axons severed with the automated approach and those cut with manual 

surgery using anesthetics, as shown in Figure 4.5b.  
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Figure 4.5 Axonal reconnection.  

(a) Fluorescence microscopy image of an axon prior to and following 

automated laser axotomy. (b) Axonal reconnection statistics of ALM 

(SK4005) showing no significant differences between automated axotomy 

within the chip and axotomies performed on ager pads using anesthetics; 

samples size is given above each bar; significance determined using a two-

tail Fisher exact test; p < 0.05. (c) Images at two different focal planes 

showing regrowth with a lack of reconnection, as evidenced by the severed 

ends taking paths in different focal planes. (d) Representative example of 

axonal reconnection following axotomy; scale bar = 5 µm in (a), (c), and (d).  

4.5 CONCLUSIONS  

In this chapter, we have successfully demonstrated a microfluidic platform 

designed towards full automation of laser axotomies in living C. elegans, which uses the 

same immobilization method developed in Chapter 3. No statistical difference was found 

for reconnection probabilities between axotomies performed manually and with our 

automated platform. Synchronized valve and flow progression was designed to serially 

transport and immobilize worms within the microfluidic device. Image processing 
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algorithms, used for targeting axons for ablation, performed up to the standards likely 

required for productive, high-throughput screening studies.  

The performance of the microfluidic device can be further improved by 

developing a microfluidic structure that allows for a complete sealing of flow channel 

without introducing optical aberrations, which will be the topic of the next chapter.  
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Chapter 5 Three-dimensional microfluidic valve structure for 

complete sealing 

As previously mentioned, a curved profile of the flow channel is ideal for a 

complete seal when the overlying membrane is deflected down (Figure 1.4). However, 

optimal optical conditions are not met when the control channel lies between the flow 

channel and the glass. Here we propose a new method of valve fabrication to fulfill both 

requirements: a complete sealing of the flow channel and optimal optical conditions for 

axotomy. The 3-D microfluidic valve structure can be fabricated using the standard two-

layer PDMS fabrication technology [53]. The structure involves a vertical hole to connect 

channels in both layers. With this valve structure, the channel in the first layer (directly 

bond to the cover glass) allows for aberration-free imaging and ablation, while channel in 

the second layer provides a complete sealing. 

5.1 INTRODUCTION 

In the current configuration of the microfluidic device, the flow channel has a 

rectangular cross-sectional profile and is directly bonded to a cover glass to provide an 

ideal optical access to immobilized worms [81]. With this configuration, however, the 

fluidic flow cannot be completely stopped by a pressurized thin PDMS membrane [45].  

There have been several approaches to creating a configuration where the flow 

channel is entirely closed. One approach is to bond the control channel to the cover glass 

and design the flow channels as the second layer [45], as discussed in Chapter 1. Another 

method is to use a thin PDMS layer (50 µm in thickness) with channels of semi-circular 

cross-sectional profile, which was bonded with the cover glass allowing for a complete 

sealing [70]. However, all above methods have a drawback of placing additional 

materials or layers between the cover glass and the sample, which could introduce severe 

optical aberrations, due to refractive index mismatch; thus these methods are not best 
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suited for applications where the optical focusing/imaging is critical. In addition, from 

our own fabrication experience, the latter method that uses the thin PDMS layer bonded 

to glass suffers from difficulties in fabrication: the 50 µm thick PDMS layer needs to be 

peeled off from a wafer in order to bond with a cover glass, and PDMS film often self-

rolled and sticks together, due to surface energy [90]. Thus, so far, there is no ease-of-use 

method to fabricate a microfluidic structure that enables a complete sealing of the flow, 

without neither compromising the optical conditions, nor increasing the fabrication 

difficulty.  

Several groups have also proposed the use of 3-D microfluidic structure, which 

refers to a design where liquid flows not only horizontally, but also vertically, and often 

leads to liquid flowing across different PDMS layers. Li et al. used a “closed-at-rest” 

valve, which involves suction to activate the valve [91]. However, this method suffers 

from the fabrication complexity, since vacuum is required when bonding the thin 

membrane to the flow layer. In addition, since the maximum pressure that can be used to 

actuate the membrane is ~14.7 psi, the deflection of the membrane is not large enough to 

allow large samples including C. elegans to pass through. Most recently, Weaver et al. 

proposed another novel method, which used a SU-8 disk as a “blocking material” to close 

the valve [92]. However, the fabrication process is fairly complicated, since it involves 

the alignment of an addition SU-8 structure with PDMS features.    

5.2 PISTON STRUCTURE 

The initial design we proposed was a piston-like structure, as a valve, in the 

microfluidic channel. Instead of a thin deflectable PDMS membrane, a piston-like 

structure can be bent to prevent a worm to flow through, as illustrated in Figure 5.1.  
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Figure 5.1 Design of piston structure.  

a) Cross-sectional illustration of the microfluidic channel that incorporates a 

piston structure (deflectable membrane). b) When a pressure is applied the 

piston structure is pushed downward.  

However, this design suffers from a few drawbacks. First, even as a fairly high 

pressure is applied and the piston structure is pushed downward, there is still a small gap 

between the bottom of the piston and the sides of the flow channel, as shown in Figure 

5.1b, which allows a small amount of liquid to flow through. Moreover, this design is 

fairly complicated to fabricate, since it requires fabricating “blocks” around the piston-

like membrane and thus alignment is extremely difficult. In addition, as the piston is 

fairly thick (more than 40 µm), the deflection of the piston due to the applied pressure is 

relatively small, as compared to that of a thin membrane. In the experiments, we still 

observed that L4 worms can fairly easily flow through the piston structure. 

5.3 THREE-DIMENSIONAL MICROFLUIDIC VALVE STRUCTURE 

We propose a novel 3-D microfluidic valve structure and demonstrate the 

fabrication process, which allows for completely blocking the flow in the channel. 

Furthermore, the device maintains optimal high-resolution imaging conditions, without 
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additional fabrication complexity. The structure consists of a vertical connection for the 

flow channels in the first layer and the second layer. Curved section is fabricated in the 

channel of the second layer allowing for complete blockage of the flow.  

 

 

Figure 5.2 Illustration of the profile (along the flow direction) of the 3-D structure.  

a) A metallic pin is plugged half-way into the through hole, which connects 

the channels in the 1
st
 layer and the 2

nd
 layer. b) When the valve is open, 

liquid can flow from the channel in the 1
st
 layer to the one in 2

nd
 layer, 

through the punched hole. c) When the valve is closed by a pressurized 

membrane, the channel is sealed.   



 

 67 

The working mechanism of the structure is illustrated in Figure 5.2, which can be 

fabricated by the standard two layer PDMS fabrication procedure. The first layer was 

made of patterns of the SU-8 negative photoresist, while the second layer was made of 

combined patterns of a positive photoresist, AZ 50XT, and SU-8 2025. The reflow 

process was performed on the positive photoresist to generate curved channels. After the 

two PDMS layers were bonded together, a through hole was punched at the overlapping 

areas between the channels in the first layer and the second layer. To prevent liquid from 

flowing out of the device from the through hole, a metallic pin was plugged half-way into 

the hole without touching the first PDMS layer, as shown in Figure 5.2a. The liquid in the 

flow channel can flow from the channel in the first layer to the one at the second layer. 

 

Figure 5.3 Microscopic image of the fabricated 3-D microfluidic valve structure.  

The dotted circle is a punched hole for a pin to be plugged in, where the flow 

can be connected between the first layer and the second layer. The semi-

circular cross-section of the valve structure can completely seal the channel. 

Due to the limited size of the field of view of the CCD camera in the 

microscope, two images were taken for the structure and merged together 

which caused an artificial line on the right side of the punched hole.  

With this configuration, the conventional definitions of the “flow layer” or 

“control layer”, which are widely used in the majority of literature, are not valid any 

more. Each of the PDMS layers has channels used for transporting samples (flow 
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channels), and channels simultaneously utilized to deflect membranes as “control 

channels”. The channel in the first layer, which is directly bonded to the cover glass, 

allows for aberration-free imaging and ablation. Moreover, as shown in Figure 5.3, due to 

the rounded cross-sectional profile, the channel in the second layer can be hermetically 

closed, which permits a complete blocking of the flow.  

Experiments were performed to validate this design by observing a small air 

bubble in the flow channel. We found that when a pressure of 25 psi was applied in the 

microfluidic valve, the fluidic flow was completely stopped.  

5.4 CONCLUSION 

A novel, 3-D microfluidic architecture is proposed and demonstrated, which 

offers an optimal optical condition for imaging and a capability of completely blocking 

the flow. The next development to further facilitate the axotomy is a “world-to-chip” 

device that can assist the loading of worms into the microfluidic device. 
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Chapter 6 Design and Fabrication of Macro/Micro Interface 

While the microfluidic chip we described can finally offers the possibility to 

perform rapid axotomy, we still need to load the worms to the immobilization chip 

manually. When studying over 20,000 genes, for example silenced using RNA 

interference (RNAi), the time-consuming manual loading of worm populations, each 

treated with a different dsRNA [1-3], to the axotomy chip becomes the bottleneck of a 

genome-wide screening. With the full automation of the loading/unloading procedure, we 

can gain another order of magnitude in time, a crucial step towards facilitating cost-

efficient and rapid genome-wide screenings. 

The microtiter (multiwell or microplate) plate has become a standard tool in 

analytical research and clinical diagnostic testing laboratories [93]. It is widely used in 

drug discovery applications where high throughput screening is required. With the 

assistance of robotic handling technology [94], microtiter plates can enable the screening 

of a large collection of chemical compounds (library) [3] in a rapid, automatic, and 

parallel fashion. Additionally, milliliter volumes of samples and reagents can be stored in 

and dispensed from each well. 

In addition to bringing our large-scale nerve regeneration studies a step closer to 

high-throughput capability, the proposed multiwell plate interface could fill an important 

niche between the “macro-world” of current laboratory automation tools and the “micro-

world” of microfluidic labs on chips [95]. Considering the difference in liquid volumes 

handled by a microdevice and a microtiter plate, coupling them for continuously 

introducing samples and reagents into the chip represents a significant technological 

challenge [95]. Such multiwell plate interfaces can not only accelerate the efficiency of 

the current microfluidic systems, but can also enhance the advantages of these devices by 
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controlling the environment of the loaded samples, thus eliminating possible cross-

contamination, and precisely regulating the amount of delivered reactants for a reduced 

cost. 

This chapter focuses on the development and test of an micro-fabricated 

microfluidic multiplexer. The multiplexer can selectively address populations of worms 

from individual wells arranged in a 4×4 microtiter plate. The microfluidic interface chip 

can be eventually connected to the immobilization chip via a short transferring tube to 

facilitate the delivery of C. elegans for imaging and axotomy. The adaptability of the 

proposed worm loading/unloading platform to existing standard laboratory equipment 

such as robotic handling of multiwell plates (microtiters) would further facilitate the end 

goal of large-scale gene or drug screenings. 

 

Figure 6.1 Design of the macro/micro interface device (left) and its connection with the 

laser axotomy device (right) through a transfer tubing. The interface device 

consists of a multiplexer, a multiwall plate, and a cover. 

6.1 GENERAL DESIGN CONSIDERATION OF THE INTERFACE DEVICE 

Since there are a large number of wells in a single multiwell plate, it is impractical 

to use an equal number of solenoid valves to control the flow from each well. For 

example, a widely used multi-well plate consisting of 96 wells would require 96 solenoid 

valves. To address this issue, the interface chip needs to incorporate a microfluidic-based 

multiplexing functionality, which minimizes the number of valves used. We propose to 
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develop a multiplexer that consists of arrays of microfluidic valves synchronized to 

control the flow inside each micro-channel carrying worms from individual wells. The 

multiplexer design adopts a two-layer approach where monolithic microvalves are used 

to control the selection of the samples from each well.  By activating certain valves and 

thus allowing flow in the corresponding channels, one can automatically select the 

samples from the individual wells of interest. The general idea is that the microfluidic 

interface chip collects worms from multiple wells and delivers them through flow lines to 

a single output connected to the axotomy chip, as shown in Figure 6.1.  

 

Figure 6.2 Design of the multiplexer.  

The mutiwells are represented by a 4x4 array. Blue lines represent sixteen 

flow channels, each of which is connected to a single well. A to H represents 

eight control lines with microfluidic valves. (a) All the valves are in an 

opened state (gray). (b) The red represents valves in a closed state. By 

choosing to open certain valves, a single well (green) is selected out of 

sixteen to transport worms to the outlet. 

A multiplexer uses only 2×log2(n) control channels for the control of n fluid 

channels [96]. The prototype we developed, for example, addresses a 4×4-well array 

(n=16) using only 8 control lines instead of 16 to individually address one well and 

transfer its content to the axotomy chip. Figure 6.2a shows a graphical illustration of the 
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multiplexing concept for a 4×4-well array. It consists of a two-layer configuration of 

microfluidic channels: (1) the flow layer with micro-channels in which the worms are 

transferred from the wells to the axotomy chip (in blue on Figure 6.2) and (2) the control 

layer with micro-channels that can stop the flow in the underlying layer when pressurized 

(in grey on Figure 6.2, in red when activated). Each micro-channel “control line” (i.e., A-

H) is pressurized by opening and closing external solenoid valves, thereby individually 

addressing the wells by actuating specific combinations of control lines. For example, to 

deliver or retrieve fluid from well 3-3 (see Figure 6.2b), control lines A, C, F, G would be 

pressurized to close their microvalves and block all flows except for the one from well 3-

3. Therefore, all 16 wells in this arrangement can be accessed by using only 8 solenoid 

valves. When moving from the prototype 4x4-well array (16 wells) to the standard 8x12-

well array (96 wells), we will need to add only 5 more solenoid valves for the control of 

the 13 control lines.  

The driving force to emptying each well containing worms to the axotomy chip is 

provided by controlling the external pressure of the multiwell plate with a sealed, 

pressurized lid covering the entire well array. The outlet of the axotomy chip could be 

connected to another multiplexer/microtiter for storage of the axotomized worms for 

follow-up imaging of their axonal regrowth. This integrated platform will allow the user 

to load and unload microtiters without removing the axotomy chip from the surgery 

microscope. 

6.2 FABRICATION OF A PROTOTYPE MICROFLUIDIC MULTIPLEXER 

The fabrication process of the microfluidic multiplexer was described with details 

in Section 2.3.3. SU-8 2025 was used to create the flow channels, and the positive 

photoresist, AZ 50XT, was used to fabricate curved channels. 
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6.3 DEVICE CHARACTERIZATION AND EXPERIMENTAL RESULTS 

A microscopic image of the fabricated multiplexer is illustrated in Figure 6.3(a). 

A critical feature is the curved channels, which allow for complete sealing of the 

underlying channels once pressure is applied on the microfluidic valve. The high-

magnification image of a segment of the curved channel (Figure 6.3b) clearly shows 

intensity variations across, due to the reflection on the curved profile. In addition, the 

cross-sectional profile (Figure 6.3c), measured by a stylus profilometer (Dektak 150, 

Veeco Instruments Inc., MN) along the a-a' section, clearly shows the curvature of the 

channel, 125 µm in width and 35 µm in height, which is slightly larger than the diameter 

of a worm at L4 stage.  

 

 

Figure 6.3 Fabricated multiplexer. 

 (a) Overview of the multiplexer. To highlight the flow channels and control 

channels, dyes of different colors were injected into the channels. (b) 

Microscopic image of the curved channel, after reflow process. (c) Cross-

sectional profile along a-a’ in (b). 

The fabricated interface device mainly consists of the multiplexer, a 4×4 

wellplate, and a cover, as shown in Figure 6.4a.  The significant configuration difference 

between this interface device and the laser axotomy chip is the control layer. In the 

interface device, the control layer is sandwitched between the glass and the flow layer; in 

the laser surgery chip, the flow layer is directly bonded to the glass instead. Only in that 
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inverted configuration, where the control layer lies underneath the flow channels, can a 

complete sealing be possible because of fabrication requirements [45]. A zoom-in view 

of the multiplexer (Figure 6.4b-d) show dozens of shiny spots on the channels, which are 

the transition area between the curved profile, replicated using AZ 50XT, and the 

channels with straight sides, replicated using SU-8.      

Pneumatic pressure (5 psi) was applied via the cover to drive the M9 liquid with 

worms into the laser axotomy chip. The on/off states of the valves are illustrated in 

Figure 6.4c to only select worms from the green well. It is clearly shown in Figure 6.4d 

that due to the closing of the valve on the left, worms were stopped in the upper flow 

channel, while in the lower channel, worms went through freely. The bending of the 

membrane at the valve is visually noticeable. 
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Figure 6.4 Fabricated interface device and worm transport through multiplexer. 

(a) Optical image of the microfluidic device. (b) top-view of the zoom-in 

area. The scale bar is 1 mm. (c) schematics of the states of the microfluidic 

valves. (d) Worms go through the channel (green arrow) at the bottom, while 

being stopped due to the closing of the valve (red). The scale bar is 300 µm. 

6.4 CONCLUSIONS 

We designed and developed the prototypical microfluidic multiplexerthat could 

eventually facilitate the transportation of roundworms from the microtiter plate into the 

microfluidic devices. The fabricated 4×4 microfluidic multiplexer significantly reduces 

the amount of solenoid valves needed for addressing each individual well in the multiwell 

plate.   
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Chapter 7 Summary and Future Research 

7.1 SUMMARY OF THE DISSERTATION 

A promising avenue to understand the molecular and genetic mechanisms behind 

neuronal diseases is to develop a nerve injury model in living model organisms. Surgery 

of axons in C. elegans, using ultrafast laser pulses, and observing the subsequent 

regrowth opens a new frontier in neuroscience, since such research holds a great potential 

for the development of novel therapies and cures to neurodegenerative diseases. In order 

to make large-scale genetic screenings in C. elegans possible, one must reduce laser 

surgery duration from 10 mins per worm for manual procedures down to sub-minute per 

worm. A high-throughput microfluidic lab-on-a-chip device that integrates a variety of 

functionalities into a single chip format can be used to overcome this technological 

challenge. The present work proposes novel microfluidic devices for immobilizing, 

imaging, and severing axons in vivo, toward a high throughput capability.  

Due to the small dimension of axons, ~300 nm in average, a great degree of 

immobilization needs to be maintained throughout surgery, in order for the tightly 

focused laser beam to cut the specific axon of interest. In Chapter 3, a novel method that 

uses a thin, deflectable PDMS membrane, without the involvement of any chemical, is 

presented to trap a single worm in a microfluidic device. Axons are severed successfully 

with the same accuracy as that using conventional paralyzing techniques. This device 

incorporates recovery chambers that allow for housing operated worms, and for time-

lapse imaging of axonal regrowth in real-time without the repeated use of anesthetics. 

This method offers a well-controlled environment for axonal regrowth and eliminates the 

potential interference of chemicals on the molecular pathways involved in nerve 

regeneration. 
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Using the same immobilization method, a device that allows for serially 

processing a large quantity of worms is presented in Chapter 4. A loading chamber 

receives a large population of worms that are then serially injected to the immobilization 

chamber for surgery. Integrated to the opto-mechanical platform, a software program, 

utilizing image processing techniques, was developed to automatically identify the cell 

bodies, auto-focus on the axons of interest, and align the laser beam with the axon via a 

PID based viso-servo feedback algorithm. Statistical analysis of regeneration data 

demonstrates that there is no significant difference in axonal reconnection rates between 

surgeries performed on-chip and using anesthetics.  

In order to load different populations of worms into the microfluidic device 

without interrupting the surgeries, a novel assembly that interfaces with a multiwell plate 

is presented in Chapter 6. The main idea is to be able to address individual wells in the 

multiwell plate, the most widely used standard tool in labs for drug discovery and 

biomolecular research. To achieve this goal we present a microfluidic multiplexer that 

significantly reduces the number of solenoid valves needed to individually address each 

well.  

7.2 FUTURE RESEARCH 

One of the limitations of the current automated platform for surgery is the wide-

field fluorescence microscopy that restricts surgical access to axons lying at deeper focal 

planes within the worm body. In addition, when studying the post-surgery recovery, it is 

necessary to optically follow and image growth and reconnection of the severed axons, 

whose profiles often randomly fan out three-dimensionally within the worm body. All 

above limitations call for a microscopic technique capable of high-speed optical 

sectioning. Confocal or two-photon microscopy is well poised for overcoming these 

challenges.  
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With the full integration of the individual microfluidic platforms and their 

complete automation, it will eventually be possible to achieve high throughput axonal 

regeneration studies in-vivo using the model organism C. elegans. For example, with this 

integrated platform, large-scale genetic studies using RNAi can be carried out to 

investigate the genetic effects on axonal regrowth. Furthermore, since the current 

microfluidic device is capable of serially handling worms, it is also offering the 

possibility of sorting worms based on their phenotypes. 
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Appendix A. Femtosecond laser nanoablation of glass in the near-

field of single wall carbon nanotube bundles 

Abstract: This paper presents an experimental study on the femtosecond laser 

ablation of bundles of single wall carbon nanotubes (SWCNTs) deposited on glass and 

the resulting nanoablation of glass beneath the bundles.  The peak ablation threshold of 

SWCNT bundles is 5012 mJ/cm
2
, which is about 10 times lower than the theoretical 

ablation threshold of individual SWCNTs.  Nanoscale ablation of the glass surface (30-50 

nm wide, 20-50 nm deep, and micrometers long) directly beneath the bundles is possible 

at a laser fluence of 92076 mJ/cm
2
, which is 4-5 times lower than the femtosecond laser 

ablation threshold of glass. We attribute these reduced ablation thresholds to the 

enhancement of femtosecond laser pulses in the near-field of nanotube bundles.  This 

nanoablation approach can be used for lithographical and surgical applications requiring 

nanoscale precision. 
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A.1. INTRODUCTION 

Laser ablation using ultrafast laser pulses below tens of picoseconds has been 

extensively studied for precise ablation of various materials [20-22]. During interaction 

with dielectric materials, for example, ultrafast pulses provide high peak intensities that 

can initiate nonlinear processes, such as multiphoton, avalanche, and tunneling 

ionizations [97]. These nonlinear processes result in reduced ablation thresholds that are 

especially critical when interacting with high bandgap, sensitive materials, such as glass 

and biological tissue [23]. In contrast to long pulse ablation, which is inherently 

dominated by the thermal diffusion process, ultrafast laser ablation minimizes the heat 

affected zone (HAZ) and correspondingly allows material removal with high precision.  

Single wall carbon nanotubes (SWCNTs) are of practical interest since they can 

potentially be used in many applications, such as chemical sensors and electronic devices 

[98-100]. Recently, SWCNTs have attracted significant research attention in biological 

and medical areas [101-106]. Of particular interest, Kam et al.[106] and Panchapakesan 

et al.[104] have proposed a new class of techniques for cancer therapy using SWCNTs‟ 

strong absorption of light at near infrared (NIR) wavelengths and transferring heat from 

incident laser light to SWCNTs which have been either loosely adsorbed onto or 

delivered into cancer cells. Strong NIR light absorption at the plasmonic frequency by 

metallic nanostructures, such as nanorods [107] and nanoshells [108], has also been used 

for photothermal cancer therapy [109, 110]. The nanostructures act as efficient 

photothermal absorbers to locally destroy cancer cells at low laser energies [111]. To 

minimize the simultaneous destruction of neighboring healthy cells, ultrafast laser pulses 

at NIR wavelengths could be used as a precise submicron surgical tool because of their 

small HAZ [23]. The interaction of ultrafast laser pulses with nanostructured materials 

such as gold nanoparticles16 or SWCNTs will provide local near-field enhancement of 
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electromagnetic field and can be used to increase the precision by confining the ablation 

into nanodomains. However, so far the response of SWCNTs to ultrafast laser pulses in 

terms of ablation threshold and near-field enhancement has not been studied extensively.  

While interaction of ultrafast laser pulses with carbon materials such as graphite 

and diamond has been studied both theoretically and experimentally [112-116], their 

interaction with SWCNTs was explored only by a small number of studies [117-121]. 

Corio et al.[117] and Ma et al.
[118]

, for example, experimentally studied changes of 

morphology and molecular structure of SWCNTs heated by a continuous wave laser. 

Romero et al. performed computational analysis to eliminate defects in carbon nanotubes 

with femtosecond (fs) laser pulses [119]. Recently, Dumitrica et al. calculated that the 

threshold for fs-laser fragmentation of SWCNTs is 2.8 eV/atom, corresponding to a peak 

laser fluence of about 0.48 J/cm
2
 [120]. Kocabas et al. conducted multiple-shot 

picosecond laser ablation of SWCNTs to generate aligned arrays of carbon nanotubes 

[121]. They came to a conclusion that irradiation of SWCNTs with multiple picosecond 

pulses resulted in the accumulation of heat and subsequent thermal ablation of the 

nanotubes. In addition, Corio et al. [117] found that single SWCNTs of small diameter 

are ablated at a lower threshold than those of larger diameter as a result of continuous 

wave laser-induced heating. However, the heat-diffusion based ablation using CW-laser 

irradiation or long duration laser pulses is fundamentally different from that with 

femtosecond laser pulses, which is dominated by non-thermal mechanisms [21]. 

In this paper we study non-thermal ablation of CNTs using a single fs-laser pulse. 

We report the threshold of single-shot fs-laser ablation of SWCNT bundles on a glass 

substrate and the resulting nanoablation of glass beneath the bundles. Atomic Force 

Microscopy (AFM) is used to image laser exposed area before and after ablation. 

Remarkably, nanoscale lines of 30-50 nm widths and 20-50 nm depths are generated on 
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the glass substrate. The nanoablation is believed to be due to enhancement of laser pulses 

in the near field of the SWCNT bundles. 

A.2. EXPERIMENTAL APPROACH 

Purified SWCNTs manufactured by the high pressure CO process were provided 

by Carbon Nanotechnologies Incorporated (Houston, TX) with less than 15% ash content 

by weight. The as-received SWCNTs were further purified using modified oxidation and 

ultrasonication processes [122, 123]. Specifically, SWCNTs were oxidized in a box 

furnace for 14 hours at 275ºC, followed by reflux in 2.5 M HNO3 for 36 hours. The 

resulting mixture was filtered through a 100 nm pore size polycarbonate filter, rinsed, and 

re-suspended in N,N-dimethylmethanamide (DMF). Ultrasonication of the 

SWCNT/DMF mixture at a concentration of ~50 mg/L for 2 hours was performed to cut 

the SWCNTs into shorter length to promote their separation. Centrifugation (5000 rpm, 

45 mins) was used to remove larger impurities from the solution. Transmission Electron 

Microscope (TEM) image in Figure A.1 shows that the SWCNTs remain in a bundle state 

due to the substantial van der Waals attraction (~950 meV/nm) [124]. The diameter of the 

bundles varies between 5-25 nm. A 2 L aqueous sample of SWCNT suspension was 

deposited onto a glass wafer, which was subsequently heated to 120 ºC for 20 minutes on 

a hot plate to evaporate DMF. Consequently, only a single layer of randomly distributed 

SWCNTs was left on the wafer. The density of SWCNTs on the glass wafer could be 

adjusted by the amount of solution deposited. We used borosilicate glass wafers with 

surface roughness less than 1 nm from Precision Glass and Optics (Santa Ana, CA). The 

wafers were ultrasonically cleaned with methanol prior to use.  
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Figure A.1 TEM image of SWCNT bundles after oxidation and ultrasonication 

processes. Scale bar is 5 nm. 

Figure A.2 illustrates the experimental setup. The laser pulses of 220 fs duration 

and 780 nm center wavelength were generated using a regeneratively amplified 

Ti:Sapphire laser (Spitfire, Spectra Physics, Mountain View, CA) at a 1 kHz repetition 

rate. The glass wafer surface was placed normal to the incident laser beam. The laser 

beam was linearly polarized and focused with a long working distance objective lens 

(Mitutoya, 10x, NA=0.28) onto the glass wafer. The 1/e
2
 radius of the laser beam on the 

glass was w0 = 3.5±0.2 μm as measured using a previously published method [20]. The 

laser energy was adjusted by a combination of a polarizing cube beam splitter and a half 

wave plate, and measured by laser pulse energy meter (PD10, Ophir). The SWCNTs were 

imaged before and after laser ablation with an AFM (Digital Instruments Dimension 3000 

scanning probe microscope) in tapping mode.  
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Figure A.2 Schematics of the experimental setup. 

A.3. RESULTS 

To determine the laser ablation threshold of SWCNTs, we measured the minimum 

local laser fluence where SWCNTs started to disappear. Based on Gaussian spatial 

profile of the laser beam with a 1/e
2
 laser beam radius w0, the radial distribution of laser 

fluence is presented by  
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where 0

peakF  is the laser peak fluence and r is the distance from the center of the beam. 

The laser pulse energy E, measured by laser pulse energy meter, is related to the peak 

fluence by 
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For measured radius of disappearance of SWCNTs r0, the local ablation threshold 
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In the literature, on the other hand, most studies report the fluence in terms of an 

average value defined by 
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For consistency with our measurements we cite the data from the literature in 

terms of peak fluences.   

Figure A.3(a) and (b) show AFM images of SWCNTs on a glass substrate before 

and after irradiation with a single laser pulse at a peak fluence of 5.6 J/cm
2
. Using 

fluences slightly above the glass ablation threshold of 5.2 J/cm
2
 [20], we could minimize 

debris due to ablation and prevent impairing the AFM imaging. Figure A.3(c) shows the 

cross-sectional profile of the deposited carbon nanotubes before ablation and reveals that 

most tubes were bundled together with diameter of 5-25 nm (see also Fig. A1). There are 

about 30 SWCNT bundles per 10 μm
2
 area and the average bundle length is about 2 μm. 

The arrow in Figure A.3 (b) indicates the direction of the laser polarization. The center of 

the laser beam is represented by the cross of two perpendicular lines. The corresponding 

Gaussian distribution of laser fluence is plotted in Figure A.3 (d).  

Three distinguished regions of ablation can be observed in Figure A.3 (b). 

Concentric white circles are drawn to indicate the boundaries of these regions. The large 

circle (No. 1) indicates the region where most carbon nanotubes are ablated, the medium 

circle (No. 2) indicates the region where nano-width lines are ablated on glass, and the 

small circle (No. 3) indicates the region where fs-laser ablation of glass at the microscale 

is observed. The radius r0 of SWCNTs disappearance indicated by the large white circle 
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(No. 1) is 5.35 μm, corresponding to a threshold fluence of 
0( ) 52peak

thF r   mJ/cm
2
 for 

SWCNTs‟ ablation. 

 

Figure A.3 AFM images of SWCNTs deposited on the glass substrate before (a) and 

after (b) fs-laser pulse irradiation.  

The area within the large circle indicates the region where SWCNTs 

disappeared. Glass ablation at the nanoscale and microscale takes place 

within the smaller circles, No. 2 and 3, respectively. The corresponding 

distribution of local laser fluence is plotted in the Gaussian curve in (d). The 

cross-sectional profile along A-B is plotted in (c). Scale bars are 2 m. 

To analyze the details of the region of glass nanoablation we present higher 

magnification AFM images in Figure A.4. A few elliptical and rectangular dotted shapes 

are added in the AFM images to highlight the regions of glass nanoablation before and 

after laser exposure. We observed that the glass nanoablation seen in Figure A.4 (b) took 
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place at the same exact positions of carbon nanotubes in Figure A.4 (a). These nanolines 

on glass have the similar orientation and length of the carbon nanotubes that previously 

occupied those locations. The cross-sectional profiles along A-B and A‟-B‟ before and 

after ablation plotted in Figure A.4 (c) clearly demonstrate that the nanoablation occurs 

on glass directly beneath SWCNTs. The width of the nanoablated lines is between 30-50 

nm and the depth is up to 50 nm.  At the center of laser beam inside the small circle, we 

observe direct fs-laser ablation of glass up to a radius of 1.1 μm. This radius corresponds 

to a threshold fluence of 4.6 J/cm
2
 which is close to the published threshold of glass 

ablation of 5.2 J/cm
2
 [20]. The circular distribution of nanoablation region allows us to 

estimate its threshold fluence. The measured distance from the center of the laser beam is 

~3.6 μm, corresponding to fluence of 840 mJ/cm
2
. This fluence is about 6 times lower 

than the expected threshold of glass ablation.  
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Figure A.4 Magnified AFM images of the region within two small circles presented in 

Figure A.3 before (a) and after (b) ablation.  

Several dotted ellipses and rectangles are drawn to highlight that nanolines 

are directly created beneath the SWCNTs. Scale bars are 1 m. (c) The cross-

sectional profile along A-B and A'-B'. 

To estimate the ablation thresholds, additional experiments were performed for a 

variety of laser fluences ranging from 0.2 J/cm
2
 to 3.5 J/cm

2
. At fluences as low as 2.24 

J/cm
2
, direct fs-laser ablation of glass could not be observed anymore whereas the 
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nanoablation of glass could still be obtained. We analyzed the laser exposed regions 

using AFM and measured the radius of circles indicating the disappearance of carbon 

nanotubes, the border of the nanoablated regions (nanolines) on glass, and the border of 

the fs-laser ablated craters on glass. By recognizing that material cannot be ablated at 

laser fluences lower than threshold, namely 0r   when 
0

peak peak

thF F , Eq. (A1) yields, 
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2 0 0ln
2

peak

peak

th

w F
r

F

 
  

 
 (A5) 

Figure A.5 presents the measured radius data as a function of the peak fluence, 

0

peakF . Linear fits to data points based on Eq. (A5) reveal the linear relationship between 

the squared radius of the ablated region and the logarithm of incident laser fluence. The 

extrapolation of the linear fit to 2 0r   results in threshold fluences, peak

thF , for fs-laser 

ablation of glass, nanoablation of glass, and ablation of SWCNT bundles of 4.1±0.2 

J/cm
2
, 920±76 mJ/cm

2
, and 50±12 mJ/cm

2
, respectively. Our measured ablation threshold 

of SWCNT bundles is about 10 times lower than the theoretically calculated value (about 

480 mJ/cm
2
) for the ablation of individual (not bundled) SWCNTs [120]. The reason for 

this discrepancy might be due to the fact that the theoretical value for individual SWCNT 

was computed based on the estimated data for graphite. Their calculated threshold 

fluence for individual SWCNTs is indeed similar to that for graphite (500 mJ/cm
2
) [125]. 

On the other hand, it is also possible that these lower values of measured ablation 

thresholds of bundled SWCNTs are a result of a possible near-field enhancement between 

the bundled nanotubes. 
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Figure A.5 a) Single-shot fs-laser ablation of glass, b) nanoablation of glass, and c) fs-

laser ablation of SWCNT bundles. The plots show the linear relation between 

the squared radius of the areas (circles No. 1, 2, and 3) and the logarithmic of 

4000 5000 6000 7000
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 

 

S
q

u
a

re
d

 r
a

d
iu

s
 (

m

2
)

Laser Fluence (mJ/cm
2
)

10 100 1000 10000
0

5

10

15

20

25

30

35

 

 

S
q

u
a

re
d

 r
a

d
iu

s
 (

m

2
)

Laser Fluence (mJ/cm
2
)

1000 10000
0

2

4

6

8

10

12

14

16

 

 

S
q
u
a
re

d
 r

a
d
iu

s
 (

m

2
)

Laser Fluence (mJ/cm
2
)

b) Near-field nanoablation of glass 

 

c) Fs-laser ablation of SWCNTs 

 

a) Fs-laser ablation of glass 

 

50
peak 2

th
F  mJ/cm


peak 2

th
F 4.1 J/cm

920
peak 2

th
F  mJ/cm



 

 91 

the local laser fluence in accordance with Eq. 5. The extrapolations to zero 

provide the single pulse thresholds. The error bars represent the uncertainty 

of the radius measurement.   

A.4. DISCUSSION 

Notably, the threshold fluence for glass nanoablation (0.92 J/cm
2
) is about 4.5 

times smaller than the measured threshold for fs-laser ablation of glass (4.1 J/cm
2
) 

[20].We may attribute this nanoablation phenomenon to a possible local-field 

enhancement near the carbon nanotube bundles. We have previously showed that the 

near-field enhancement of fs-laser pulses can be used to overcome the diffraction limit of 

traditional laser ablation for patterning silicon at the nanoscale using gold nanoparticles 

[126]. Enhancement of electromagnetic fields near the surface of nanoparticles is a result 

of the excitation of localized surface plasmons as well as the lightning rod effect in 

metallic nanostructures [127]. Surface plasmons are collections of electrons that oscillate 

at the interface between the metal and its surrounding dielectric material.  

A number of experimental studies detected surface plasmons in multi-wall carbon 

nanotubes (MWCNTs) [128, 129], bundles of SWCNTs [130], and purified SWCNTs 

[131] using electron energy loss spectroscopy (EELS). These studies showed two main 

peaks identified as surface plasmons in the ranges of 5-7.5 eV and 21-27 eV. Careful 

EELS measurements by Pitchler et. al. showed some additional peaks at energies below 

3.5 eV [131]. Bose [132], later attributed these peaks to possible surface plasmons related 

to the collective azimuthal motion of electrons on the surface of the nanotubes. More 

recent experiments demonstrated the nanoantenna operation of MWCNTs [133, 134] as 

well as their photon coupling capacity (near 2.3 eV) using a fluorescent microbead 

detection [135].  
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Despite these studies providing some insight on the plasmonic features of carbon 

nanotubes, our present understanding of their collective electronic excitation modes or 

plasmons is still limited. Especially, considering the mixed metallic and semiconducting 

nature of SWCNT bundles, further studies are needed to elucidate the exact nature of the 

near-field enhancement phenomena observed in this study. 

A.5. CONCLUSIONS 

We studied the properties of fs-laser ablation of SWCNTs. We found that the 

peak fluence threshold for ablation of SWCNTs in a bundle state is 50 mJ/cm
2
. This 

value is 5-10 times smaller than the measured fs-laser ablation threshold for graphite and 

10 times smaller than that calculated for the ablation of single nanotubes. At a peak laser 

fluence of 920 mJ/cm
2
, we observed nanoablation of glass directly beneath the bundled 

SWCNTs and creation of micrometers long nanolines. The nanoablations are believed to 

be due to near-field enhancement of the electric field near the bundled SWCNTs. This 

enhancement by carbon nanotubes could potentially be used in a number of applications. 

It could possibly be used for lithographic patterning on various materials for electronic as 

well as for biological applications. Recently, Chen et al. developed a new technique to 

interface biocompatible CNTs with a cell surface by carbohydrate-receptor interactions: 

the modified CNTs are nontoxic and bind to specific sites on cell surfaces [136]. Through 

this method it might be possible to use the near-field enhancement of SWCNTs to kill 

cancer cells by irradiating SWCNT labeled cancer cells with ultrafast laser pulses. The 

advantage of the near-field enhancement is that it only damages atto-litter volumes 

around the SWCNTs. In addition to the nanoscale localization of laser pulses the 

nonthermal nature of fs-laser ablation can be exploited to minimize destruction of 

surrounding healthy cells.  
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Appendix B. Custom-Made LabVIEW Software Program  

The interface of the custom-made LabVIEW software allows users to control all 

the hardware devices, including camera, solenoid valves, motorized translation stages, 

shutter, and piezoelectric stages. All the image processing algorithms were implemented 

in the program as well.  

Major functions of the software program, labeled numerically in Figure B.1, 

include: 

1. Display captured images. 

2. Control camera and the exposure time. 

3. Save images and Z-stack imaging. 

4. Control shutter. 

5. Load, inject, immobilize, and release worms. 

6. Control region of interest on the display, including saving and showing 

ablation spot.  

7. Automatically detect soma (cell body), find axon, and align axon with 

ablation spot; it also incorporates an autofocusing function. 

8. Auto-focus with user-configured step size and range of focusing. 

9. Display position information about detected somas and axons.   

10. Control motorized stages and piezoelectric stages. 

11. Display autofocus results (x-axis is the z-position, and y is calculated focusing 

function). 

12. Control solenoid valves. 

The software program is designed in a way that the image capturing and the event 

structure runs continuously in parallel in a client-server structure [137], so that the image 
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capturing does not affect the execution of event structures. In order to exchange image 

data into the event structure, a queue structure allows for stacking images into a queue 

and retrieving them when necessary [88].    
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Figure B.1 Interface of the custom-made LabVIEW software. 
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