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ABSTRACT 

Scalable nano-electrode electrophysiology in intact small organisms 

by 

Daniel L. Gonzales 

Electrical measurements from individual cells and synapses in large 

populations of animals would help reveal fundamental properties of the nervous 

system and neurological diseases (Bier 2005; Jones, Buckingham, and Sattelle 2005; 

Kaletta and Hengartner 2006; Lieschke and Currie 2007). Small model organisms 

like worms and larvae are strong candidates for such large-scale experiments 

(Yanik, Rohde, and Pardo-Martin 2011); however, current methods to measure 

electrical activity via patch-clamping methods in these tiny animals requires low-

throughput and invasive dissections (Broadie and Bate 1993; Drapeau et al. 1999; 

Goodman et al. 1998).  To overcome these limitations we present nano-SPEARs: 

nanoscale electrodes that can record electrophysiological activity in small animals 

without dissections. We designed our prototype device to measure muscle activity 

in the 1-mm long roundworm Caenorhabditis elegans and show the first 

extracellular recordings of body-wall muscle activity inside an intact worm. We also 

reconfigured the geometry of the chip to record from the freshwater cnidarian 

Hydra littoralis, showing that this platform can be expanded to other animal species. 

In addition to versatility, our measurement system is scalable, providing a path to 

high-throughput measurements and offering new screening capabilities for studying 

human diseases with small model animals. As an example, we establish the first 
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electrophysiological phenotypes for C. elegans models for Amyotrophic Lateral 

Sclerosis (ALS) and Parkinson’s disease (PD), and show that the PD phenotype can 

be partially rescued with the drug clioquinol (Tardiff et al. 2012). Together these 

results demonstrate that nano-SPEARs provide the core technology for scalable 

electrophysiology microchips that will enable high-throughput, in vivo studies of 

fundamental neurobiology and neurological diseases. (abstract adapted from 

Gonzales et al. 2016) 
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Chapter 1 

Review of Relevant Literature 

This thesis describes proof-of-principle experiments displaying nanoscale 

suspended electrode arrays, or nano-SPEARs, for recording electrophysiology in 

intact small animals. Although this thesis primarily focuses on the roundworm C. 

elegans, this platform can also be expanded to record from other animals as well. 

The suspended nano-electrode technology used in these recordings is novel in its 

geometry, microfluidic integration and scalability. We show all of these aspects 

through a series of experiments with C. elegans and show that nano-SPEARs offer 

previously impossible experimental capabilities.  

This new platform is enabled by decades of research into C. elegans neurobiology 

and advancements in nano- and microfabricated electrodes for measuring 

electrophysiology. In this chapter, I will first motivate the use of C. elegans as a 

model organism for neurobiology. In the second section, I will review both 

conventional and newly developed methods for C. elegans electrophysiology. In the 



 
2 

third section, I will describe recent advances in nano- and micro-electrode 

neurotechnology and motivate its application to the study of small organisms. These 

discussions will make clear several key concepts that focus on C. elegans, but can be 

generalized to other small animals: 

1. C. elegans continues to be a relevant and powerful model organism for 

neurobiology, 

2. Direct electrical recordings are necessary for electrophysiological 

studies, but patch-clamp methods are limited in throughput and 

versatility, 

3. Nano- and microelectrode neurotechnologies cannot only measure 

the membrane potential, but also offer new experimental capabilities 

over conventional techniques. 

1.1. Motivation for C. elegans as a model organism for 

neurobiology 

In the 1960s, future nobel-prize winner Sydney Brenner first suggested C. 

elegans as a model organism for neurobiology and neural development (Ankeny 

2001). Specifically, he believed the small size of these 1-mm long nematodes would 

offer easy storage in a laboratory setting and novel research through genetic 

manipulations (Ankeny 2001). Since this time, C. elegans has been a highly studied 

model organism with significant “firsts” in the biological community such as the first 

map of cell lineages (Sulston et al. 1983; Sulston and Horvitz 1977), the first (and 
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only) fully-mapped nervous system (White et al. 1986), first fully-sequenced 

genome (The C. elegans Sequencing Consortium 1998), and first gene silencing via 

RNA interference (RNAi) (Fire et al. 1998). These foundational studies make C. 

elegans a highly characterized, genetically tractable, and incredibly powerful model 

organism for the biological sciences.  

In neurobiology, C. elegans remains a widely used model animal for 

electrophysiology (Goodman et al. 2012). The map of the nervous system 

constructed by electron microscopy by White et al. (1986) gives researchers 

complete knowledge of the locations and connections between all 302 neurons in 

the C. elegans hermaphrodite. Furthermore, the structure of the nervous system is 

identical from animal to animal, allowing for the identification of specific neurons 

across populations (Goodman et al. 2012; White et al. 1986). Therefore, the exact 

circuit, cell or synapse can be studied across animals under a variety of genetic and 

experimental conditions (Goodman et al. 2012). Clearly, the neural map of C. elegans 

is an invaluable tool that is unavailable in any other model animal. 

Perhaps an even stronger tool for neurobiology is the genetic tractability of C. 

elegans. Injection of double stranded RNA (dsRNA) is typically considered the most 

potent means of gene silencing (Fire et al. 1998; Tabara 1998); however, both 

soaking and feeding worms dsRNA are effective methods for RNAi (Tabara 1998; 

Timmons and Fire 1998). These two techniques also have the benefit of being 

implemented in high-throughput (HT) (Fraser et al. 2000; Kamath et al. 2003; 

Maeda et al. 2001). In fact, feeding worms dsRNA-expressing bacteria can silence 
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almost 90% of nearly 20,000 C. elegans genes (Kamath et al. 2003). Furthermore, in 

addition to gene knockdown, methods for protein expression (Luan et al. 2004) and 

full genome sequencing are also well developed C. elegans (Sarin et al. 2008; The C. 

elegans Sequencing Consortium 1998). Finally, researchers have easy access to 

entire databases detailing the genetics and genomics of C. elegans (“Wormbase” n.d.) 

in addition to libraries containing thousands of ready-made mutant worms 

(“Caenorhabditis Genetics Center” n.d.). All of these genetic tools are cheap and 

well-characterized methods to study the C. elegans nervous system at the genetic 

level with unprecedented precision. 

In addition to a fully mapped nervous system and genetic tractability, 

technologies have been developed to facilitate the manipulation of large numbers of 

these microscopic animals (San-Miguel and Lu 2013; Yanik, Rohde, and Pardo-

Martin 2011). Although HT studies do not typically occur with direct electrical 

measurements (see Section 1.2.1), single-cell imaging, locomotive phenotyping and 

genetic manipulation can all be performed with sample sizes well into the hundreds 

and even thousands (Chung, Crane, and Lu 2008; Hulme et al. 2007; Kamath et al. 

2003; Larsch et al. 2013; Luan et al. 2004; Maeda et al. 2001; Rohde et al. 2007; 

Samara et al. 2010; Stirman et al. 2010; Sugi et al. 2014; Swierczek et al. 2011; 

Wabnig et al. 2015; Wählby et al. 2012). HT studies in C. elegans allow for sample 

sizes impossible to reach with conventional mammalian models, and at a fraction of 

the cost. Therefore, these tiny animals have the potential to provide large-scale 

screenings revealing the genetic basis of electrophysiology and the effects of 
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pharmacological treatments on the nervous system. These are just two examples of 

many HT experiments that could provide foundational insight into neurobiology. 

The benefits of using C. elegans for neurobiology are certainly powerful 

characteristics for a model organism to have for basic science. However, like many 

other model organisms, C. elegans research extends beyond basic science. For 

example, studies estimate that ~83% and ~38% of the C. elegans genome is 

homologous and orthologous to the human genome, respectively (CH et al. 2000; 

Shaye and Greenwald 2011). Furthermore, much of the basic molecular machinery 

underlying C. elegans electrophysiology is conserved in mammals (Bargmann 1998; 

Perez-Mansilla and Nurrish 2009). For these reasons, electrophysiological studies of 

C. elegans can help researchers to understand fundamental aspects of neurobiology 

that transcend species, such as synaptic transmission and sensory transduction 

(Goodman et al. 2012). In addition, the genetic familiarities between worms and 

humans makes C. elegans a common model organism to study neurological and 

neuromuscular disorders such as Parkinson’s disease (PD) and Alzheimer’s disease 

(Table 1.1) (A J Harrington et al. 2011; Adam J. Harrington et al. 2010; Link 1995; 

Lublin and Link 2013). Research into these diseases using worms even goes beyond 

understanding pathogenesis and into using these tiny animals for therapeutic drug 

discovery (Jones, Buckingham, and Sattelle 2005; Kaletta and Hengartner 2006; 

Lublin and Link 2013). 
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Disease Disease Gene/Protein Reference 

Parkinson’s Disease α-synuclein (Cooper et al. 2006; van 
Ham et al. 2008; Hamamichi 
et al. 2008; Kritzer et al. 
2009; Su et al. 2010) 

Amyotrophic Lateral 
Sclerosis 

FUS 
TDP-43 
SOD1G85R 

(J. Li et al. 2014; Murakami 
et al. 2012; Oeda et al. 2001; 
Tardiff et al. 2012; Vérièpe, 
Fossouo, and Parker 2015) 

Alzheimer’s Disease Aβ 

Sel-12 
(Habchi et al. 2015; Levitan 
and Greenwald 1995; Link 
1995; Lublin and Link 2013; 
Treusch et al. 2011; 
Wittenburg et al. 2000) 

Muscular dystrophy Dys-1 (homologue) (Kim et al. 2004) 

Spinal Muscular 
Atrophy 

CeSMN (homologue) (Miguel-Aliaga et al. 1999) 

Huntington’s Disease Polyglutamine (Brignull et al. 2006; Morley 
et al. 2002; Nollen et al. 
2004; Satyal et al. 2000) 

Table 1.1 – Neurological and neuromusuclar diseases commonly studied with 

C. elegans. 

The combination of these tools—a mapped nervous system, techniques for 

genetic manipulation and HT experiments, and genetic relevance to humans—make 

C. elegans a powerful system to study neurobiology at basic and applied levels.  

Similar arguments can be made proposing other small invertebrates, such as Danio 

rerio and Drosophila melanogaster, as model organisms with several advantages 

over mammalian models. For these reasons, new technologies that expand the 

capabilities of small organism electrophysiology, such as the nano-SPEAR platform 
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described in this thesis, benefit basic biological studies while also providing means 

to better understand the human nervous system. 

1.2. Methods for C. elegans electrophysiology 

C. elegans and other small animals are vitally important to the field of 

neurobiology (see Section 1.1). Furthermore, recording the activity of muscle cells 

and neurons is essential to our understanding of neurobiology. However, due to 

their small size and pressurized outer cuticle, monitoring the activity of single cells 

in C. elegans—as well as other small animals—presents a unique set of challenges. 

In this section, I will first review several electrophysiological techniques including 

patch-clamping and calcium imaging and then show measurements from the worm 

pharynx on a scalable microfluidic platform. The nano-SPEAR electrophysiology 

presented in this thesis is not a replacement for any of these methods, but is instead 

an alternative recording technique with its own pros and cons. However, this 

section will show that scalable methods for electrophysiology in intact worms open 

exciting and unexplored areas of research in C. elegans neurobiology. Therefore, 

because nano-SPEARs achieve both of these goals and can also be applied to other 

animals, they are potentially a highly influential technology in small organism 

neurobiology. 

1.2.1. Patch-clamp electrophysiology 

Patch-clamp electrophysiology is largely regarded as the “gold-standard” for 

electrical recordings from individual cells. In this method, researchers bring the tip 
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of a hollow glass micropipette filled with buffer solution in contact with a cell (i.e. a 

“patch” of cell) and rupture the cell membrane to attain intracellular electrical 

access (Molleman 2002). From here, the membrane potential/current can be held, 

or “clamped,” at a specific value while the membrane current/potential is recorded.  

Although patch-clamping was developed in the 1970s, the technology was 

not successfully applied to C. elegans until 1998 (Goodman et al. 1998). This gap 

largely existed because of the worm’s small size and tough outer cuticle. For 

researchers to access muscles cells and neurons, individual animals must be glued 

down in the proper orientation (Figure 1.1). From here, the internal hydrostatic 

pressure must be released. This typically involves using a dissection pipette to 

puncture the cuticle at some point away from the cell of interest. After this, the 

protocols between accessing neurons or body-wall muscles differ slightly. To access 

neurons, researchers typically make yet another small puncture near the cell of 

interest (Goodman et al. 1998, 2012). The lessened hydrostatic pressure causes the 

cell to protrude from the opening, allowing a patch pipette to reach the cell. The 

protocol for revealing body-wall muscle cells is considerably more invasive. After 

the initial release of hydrostatic pressure, the worm must be filleted longitudinally 

and the cuticle flaps glued down to expose body muscle cells (Figure 1.1) (Goodman 

et al. 2012; Richmond and Jorgensen 1999). 

 

 

 



 
9 

 

Figure 1.1 - Dissection protocol for patching C. elegans muscle cells. 

(Outside) A step-by-step method showing the gluing procedure (1-3), slicing of 

the cuticle (4-5) and gluing of the cuticle flap (6). These steps are necessary 

for patch clamping C. elegans muscle cells. Image adapted from Goodman et al. 

(2012). (Center) Micrograph of a completed worm preparation. Image taken 

from Liu et al. (2013). 

As expected for such a small animal like C. elegans, patch-clamp 

electrophysiology requires a highly trained researcher and an expert preparation. 

However, this has not stopped groups from:  

1. Discovering the neural mechanisms of thermosensory transduction 

(Ramot, MacInnis, and Goodman 2008),  

2. Deciphering functional connectivity (Lindsay, Thiele, and Lockery 

2011; Narayan, Laurent, and Sternberg 2011), 
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3. Finding that C. elegans neurons may operate off of plateau potentials 

(Goodman et al. 1998; Shawn R Lockery and Goodman 2009; Mellem 

et al. 2008), 

4. Discovering a phototransductory neuron in a blind animal (Ward et al. 

2008).  

Despite these fundamental studies, by 2009 only 4 of the 118 classes of C. 

elegans neurons had been recorded from via patch clamp electrophysiology (Shawn 

R Lockery and Goodman 2009). Clearly, much work has yet to be done to 

understand the mechanisms of neural electrophysiology in this model organism; 

however, a different set of cells, the body-wall neuromuscular junction (NMJ), is 

arguably the most characterized portion of the C. elegans nervous system. Patch 

clamp electrophysiology at the muscle cells has 

1. Revealed the precise post-synaptic receptors required for synaptic 

transmission as well as their organization (Maro et al. 2015; Pinan-

Lucarre et al. 2014; Richmond and Jorgensen 1999), 

2. Discovered calcium-dependent muscle action potentials (APs) (Gao 

and Zhen 2011), 

3. Shown the functional relationship between presynaptic motor 

neurons transmission and muscle cell activity (P. Liu, Chen, and Wang 

2013; Q. Liu, Hollopeter, and Jorgensen 2009), 

4. Shown many of the genes underlying synaptic function and 

organization (Francis et al. 2005; Jospin et al. 2002; P. Liu, Chen, and 
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Wang 2014; Pinan-Lucarre et al. 2014; Reina et al. 2013; Richmond, 

Davis, and Jorgensen 1999; Z. W. Wang et al. 2001), 

5. Revealed how muscle cells themselves synchronize activity through 

gap junctions to produce normal locomotion (P. Liu et al. 2013; P. Liu, 

Chen, and Wang 2011; Q. Liu et al. 2006). 

These studies and their successes clearly show the usefulness of patch-clamp 

electrophysiology for understanding C. elegans neurobiology. However, the difficulty 

and limited throughput of patch clamping undermines the full potential of a model 

synapse like the NMJ. The C. elegans NMJ is possibly the most extensively studied 

synapse in nature. Its genetic relevance to humans (Bargmann 1998; Perez-Mansilla 

and Nurrish 2009) makes it a promising starting point in applied science to study 

neurological diseases, search for drug targets and screen for pharmacological 

treatments (Jones, Buckingham, and Sattelle 2005; Kaletta and Hengartner 2006). 

Furthermore, hundreds of C. elegans genes encode for ion channels and receptors of 

which we understand the function of only a handful (Bargmann 1998). The sample 

sizes and throughput needed to conduct these types of studies are well beyond the 

capabilities of patch-clamp electrophysiology. 

1.2.2. Calcium imaging 

Even more recently than patch-clamp electrophysiology, genetically encoded 

calcium sensors, such as the GCaMP series, have risen as a method for noninvasive 

monitoring of muscle and neural activity (Chen et al. 2013; Miyawaki et al. 1997). It 

should briefly be noted that fluorescent protein voltage sensors (Jin et al. 2012) and 
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microbial rhodopsins (Hochbaum et al. 2014) are also optical methods for 

monitoring the electrical activity of cells. However, these have largely not been 

adopted by C. elegans researchers (with the exception of Flytzanis et al. 2014) 

because of their need for high illumination intensities, high background 

autofluorescence, and low signal to noise ratios. However, GCaMP-based imaging 

has been widely utilized. 

In completely intact, but partially restrained worms, researchers have 

investigated motor circuits (Kawano et al. 2011; Z. Li et al. 2014; Piggott et al. 2011; 

Wen et al. 2012b) and sensory circuits (Chalasani et al. 2007; Kuhara et al. 2011) as 

well as muscle activity in the pharynx (Kerr et al. 2000) and body (P. Liu, Chen, and 

Wang 2013). Typically, calcium imaging requires high magnification with a high NA 

objective; therefore these studies typically involve monitoring the activity of only 1-

3 cells in restrained animals. However, advances in two-photon imaging (Schrödel 

et al. 2013) and light-field microscopy (Prevedel et al. 2014)  gave the ability to 

measure from many (60+) neurons simultaneously in restrained animals. Finally, 

the most recent studies have also shown that calcium changes can be detected at the 

cellular level in freely moving animals (Butler et al. 2014; Nguyen et al. 2015; Saul 

Kato et al. 2015; Venkatachalam et al. 2015) and in many moving worms 

simultaneously (Larsch et al. 2013).  

The fast-improving capabilities of GCaMP sensors bring into question the 

usefulness of continuing studies involving direct electrical recordings, such as patch 

clamping. However, direct electrical recordings have several advantages over 
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imaging techniques. First, electrical recordings do not require transgenic animals. 

Creating a stable line of healthy transgenic animals, even in C. elegans, can take 

weeks of work. This significant amount of time is the primary bottleneck for high-

throughput studies. In addition, the ability to voltage/current clamp with patch 

pipettes is an irreplaceable technique for studying ion channels and subthreshold 

activity (Goodman et al. 2012). Furthermore, a full understanding of the biological 

mechanisms of electrophysiology requires single-AP resolution, which have a 

substantially higher signal-to-noise ratio via patch-clamping than optical methods 

(Chen et al. 2013; Goodman et al. 2012; Molleman 2002). Although C. elegans 

neurons may not be driven by APs at all, some results suggest that “spikelets,” which 

are likely undetectable with calcium-imaging, may carry information through the C. 

elegans nervous system (Faumont, Lindsay, and Lockery 2012). While the nano-

SPEAR technology presented in this thesis does not yet have the capability to 

current or voltage clamp, it does resolve spiking activity in the body-wall muscles at 

a timescale not possible with GCaMP sensors (Butler et al. 2014; P. Liu, Chen, and 

Wang 2013). In fact, because body-wall muscle APs in C. elegans are calcium-driven 

(Gao and Zhen 2011), detecting single spikes with calcium sensors may not be 

possible at all. For all these reasons, direct electrical recordings from C. elegans body 

muscles will be of scientific use for some time to come. 

1.2.3. Fluidic platforms 

Although a vast majority of electrophysiological studies in C. elegans use 

patch-clamping or calcium imaging, a small subset of studies has demonstrated that 
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the compatibility of C. elegans with microfluidics offers a powerful method for HT 

electrophysiology (Hu et al. 2013; Shawn R Lockery et al. 2012). Microfluidic 

platforms provide unprecedented control over single cells and can be tailored for 

highly specific on-chip experiments (Ferry, Razinkov, and Hasty 2011; Tang and 

Whitesides 2010). Microchips that accommodate small organisms like C. elegans, 

Drosophila melanogaster and Danio rerio have also been created (San-Miguel and Lu 

2013; Yanik, Rohde, and Pardo-Martin 2011). This technology offers a unique 

opportunity to provide a scalable alternative to electrophysiological measurements.  

In 1994, Raizen and Avery published the first reports of electrophysiological 

recordings from the C. elegans pharynx (Raizen and Avery 1994). However, they 

devised a very unconventional method do to so. Using a micropipette and worms in 

solution, they suctioned worm heads into the micropipette, which formed a tight 

enough seal to measure the activity of the pharynx muscle and several neurons 

controlling pharyngeal pumping (Raizen and Avery 1994). These recordings 

provided vital understanding of this worm organ, and in 2012 Lockery et al. 

discovered an innovative way to expand upon this method using microfluidics 

(Shawn R Lockery et al. 2012). Using photo- and soft-lithography, they fabricated 

microfluidic chips that were also able to tightly suction the head of C. elegans. Using 

a differential amplifier and large planar electrodes on-chip, they demonstrated the 

ability to measure pharyngeal electrical activity (Figure 1.2). 
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Figure 1.2 - Scalable pharangeal electrophysiology in C. elegans. 

Using a scalable microfluidic platform, Lockery et al. (2012) were able to 

manipulate C. elegans and record pharangeal pumping from the worm head. 

Although the recordings themselves were not novel, the use of a scalable 

microfluidic platform greatly expanded their experimental capabilities. For example, 

by arraying multiple devices in parallel, Lockery et al. were able to record from up 

to eight worms simultaneously. This may have been the first demonstration of HT 

electrophysiology in any animal. Furthermore, they were able to construct their 

device in such a way to allow drug delivery. For the first time, large-scale drug 

screenings, such as searching for anthelmintic drugs, with an electrophysiological 

readout could be conducted using C. elegans (Shawn R Lockery et al. 2012). 

This combined microfluidic and electrophysiology platform has since spun 

off into the startup NemaMetrix, which advocate their microchips for drug 

discovery, academic research and world health (“NemaMetrix” n.d.). This success 
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story clearly shows that technologies that perform scalable electrophysiology in 

intact small animals can have a broad impact in basic and applied neurobiology.  

1.2.4. Conclusions on techniques for C. elegans electrophysiology 

This brief review of techniques for C. elegans electrophysiology shows that 

even after two decades of rigorous analysis of muscle cells and neurons, these 

worms have much to offer the scientific community. Patch clamping will continue to 

be used to study more and more types of neurons and synapses, revealing the 

fundamental mechanisms of synaptic transmission, ion channels and sensory 

transduction with unprecedented precision. Calcium imaging will continue to 

increase in popularity and will likely play a major role in discovering how the 

activity of neural circuits—or even the activity of an entire nervous system—leads 

to behavioral output. Finally, scalable electrophysiology will play an equally vital 

role in using C. elegans at its full potential to conduct large-scale electrophysiological 

studies that are impossible with other model organisms. This thesis will show how 

nano-SPEARs are a new technology that can be added to the list of scalable 

electrophysiology platforms for not only C. elegans, but other animals as well. 

1.3. Nano-neurotechnology for electrophysiological studies 

At this point, I have argued that small organisms, like C. elegans, are powerful 

models for neurobiology. Many approaches exist for small organism 

electrophysiology; however, technologies that allow for scalable recordings open a 

wide range of new experimental capabilities. To date, the single platform for 
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scalable small-animal electrophysiology, although far reaching in its applications, is 

limited to the pharyngeal organs of nematode-like animals (Shawn R Lockery et al. 

2012). To develop nano-SPEARs, a platform for scalable electrophysiology across 

different animal species, we looked for inspiration in recent advances in “nano-

neurotechnology.” In this field, scalable semiconductor fabrication processes can be 

used to develop biosensors that have been shown to perform electrical recordings 

comparable to patch-clamp electrophysiology (Alivisatos et al. 2013). In this section, 

I will discuss some of the most influential technologies including nanoscale field-

effect transistors (FETs), vertical nanowires/nanopillars, and vertical 

microelectrodes. 

1.3.1. Silicon nanowire field-effect transistors 

One of the first technologies to record APs from in vitro neurons without 

patch clamping was a planar, microscale field-effect transistor (FET) (Fromherz 

2003; Voelker and Fromherz 2005). These researchers successfully used the 

membrane potential of a cell body to gate the FET. Therefore a change in membrane 

potential (i.e. an AP) lead to a change in conductance across the FET (Fromherz 

2003; Voelker and Fromherz 2005).   

Since this time, research pioneered by Charles Lieber at Harvard University 

has brought the FET to the nanoscale and shown the powerful opportunities of 

miniaturization. This work began through a demonstration that silicon nanowire 

field-effect transistors (NW FETs) can not only record extracellular APs in the cell 

body (Fromherz 2003), but are small and sensitive enough to also record APs in 
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dendrites and axons (Patolsky 2006). The discovery by Patolsky et al. that nanoscale 

sensors can record the membrane potential of cells ultimately began the nano-

neurotechnology revolution for two primary reasons: 

1) The fabrication process of NW FETs is scalable, meaning that multiple on-

chip recording sites could be fabricated and monitored simultaneously, 

2) The small size of these sensors could potentially lead to intracellular 

recordings without cell death. 

As patch-clamp rigs are large and cumbersome, the number of recordings sites for 

an expert technician is generally limited to about four (Molleman 2002). Also, the 

cell membrane is ruptured during patch-clamp recordings, leading to cell death 

(Molleman 2002). NW FETs were the first potential alternative to patch-clamp 

recordings that could both high-fidelity recordings while also increasing the number 

of recordings sites and reducing the invasiveness of recordings.  

 To realize these scalable, intracellular recordings, the Lieber lab then further 

developed the NW FET platform to make in vitro, intracellular recordings from 

cardiomyocytes (Figure 1.3) (Tian et al. 2010). The intracellular recordings were 

accomplished by fabricating the NW FETs on the tip of a flexible film that, although 

initially in a planar orientation, could be made to lift off the substrate and point 

normally to the substrate surface (Figure 1.3) (Tian et al. 2010). This three 

dimensional probe was then coated with phospholipids and held in place while 

heart cells were brought into contact from above. The small size of the device 
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coupled with the phospholipid coating lead to the spontaneous engulfing of the NW 

FET by the cell, allowing for intracellular recordings (Figure 1.3) (Tian et al. 2010). 

 

Figure 1.3 – The evolving nanowire field-effect transistor platform. 

(a) The first NW FET device to record intracellular signals was on-chip, from 

Tian et al. (2009). (b) Duan et al. (2012) constructed a hollow nanotube above 

the NW FET that could be inserted into a cell. (c) Qing et al. (2014) made a 

probe-like device with NW FETs that could be controlled with 

micromanipulators. (d) The latest NW FET devices are fabricated on a ultra-

flexible mesh and can be inserted in vivo, from Xie et al. (2015). (e) 

Intracellular cardiomyocyte recordings from the device in (a), from Tian et al. 

(2009). 

 This technology for the first time showed that nanoscale sensors could not 

only record intracellular activity, but do so with several advantages over patch-

clamp micropipettes. Although it was unclear at the time how applicable the 

phospholipid coating was to cells other than cardiomyocytes, the coated NW FETs 

appeared to leave the cell membrane undamaged. Furthermore, micropipettes can 

typically only be used for a single recording, while a single NW FET could be used on 
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several cells. These findings for the first time offered a possible replacement for the 

patch-clamp electrode.  

 The technology developed by Tian et al. lead to more NW FET devices, 

including the addition of a nanotube at the gate of the FET for piercing the cell 

membrane (Figure 1.3) (Duan et al. 2012; Fu et al. 2014), and a free-standing NW 

FET probe that could be handled via a micromanipulator much like a micropipette 

(Figure 1.3) (Qing et al. 2014). Notably, these studies did not record from other cell 

types, such as neurons, most likely because of the limitations of the phospholipid 

coatings. However, the NW FET technology has been implemented on implantable 

mesh structures (Figure 1.3) and even used for in vivo recordings from mice (J. Liu 

et al. 2015; Xie et al. 2015). Currently, the FETs appear to only have the ability to 

record neural local field potentials, rather than individual APs (Xie et al. 2015), 

although it is likely only a matter of time before successful recordings of neuron APs 

are made. Continued developments likely to come in the near future are coatings 

that enable neurons to endocytose the FET for intracellular neural recordings (Lee 

et al. 2016). 

Overall the silicon NW FET storyline is the best example of nanotechnology 

adding new experimental capabilities and traversing from in vitro to in vivo 

recordings. Ideally, the nano-SPEAR technology described in this thesis will itself 

open a new area of research into small organisms as NW FETs have for 

cardiomyocytes and neurons.   
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1.3.2. Vertical nano-electrode arrays 

Alongside the development of NW FETs have been several other successful 

platforms based on vertical electrode arrays. Like NW FETs, it was hypothesized 

that micro- and nano-electrodes may be able to record the membrane potential of 

cells without dramatically rupturing the cell membrane. In addition, these 

discussions will show how on-chip electrodes can be arrayed and used to record 

from several cells simultaneously. This principle of scalability holds for nano-

SPEARs as well, where an array of nano-SPEARs can record from several animals 

simultaneously. 

1.3.2.1. Recordings from mammalian neurons 

Resolving individual APs from mammalian neurons is essential to 

understanding how neuronal circuits process information in the human brain (Yuste 

2008). However, the tools widely used for measuring APs typically only record from 

a few cells at a time, thus limiting our understanding of neural circuits (Alivisatos et 

al. 2013). This challenge lead the Park Lab at Harvard University to develop one of 

the only nanoelectrode platforms that, to date, has recorded APs from mammalian 

neurons (Figure 1.4) (Robinson et al. 2012). These vertical nanowire electrode 

arrays (VNEAs) composed of pads comparable in size to a neuron cell body (4 µm2), 

each with nine vertical silicon nanowires (150 nm wide, 3µm tall) protruding from 

the surface (Figure 1.4) (Robinson et al. 2012). When rat cortical neurons were 

cultured on top of these devices, the researchers were able to both stimulate and 

record APs from individual cells (Figure 1.4) (Robinson et al. 2012). 
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Figure 1.4 – Vertical nanowires record intracellular signals from primary 

neurons. 

(a) On-chip, vertical nanowires. (b) A mammalian neuron cultured on a VNEA 

pad. (c) Simultaneous patch-pipette and VNEA recordings from the same cell 

show that vertical nanowires record intracellular APs. Adapted from Robinson 

et al. (2012). 

Because semiconductor fabrication processes were used to construct VNEAs, 

an array of recording sites (16 for a typical device) were placed on a single chip and 

allowed for simultaneous measurements across a network of neurons (Robinson et 

al. 2012). These proof-of-concept measurements show that nanowire arrays are a 

scalable method for recording neural activity. This notion means that potentially 

hundreds of recordings sites can be used to record from large neural networks in 

vitro and, possibly, in vivo as well (Robinson, Jorgolli, and Park 2013). Thus, the 

scalability offered by VNEAs can lead to brand new experiments in neuroscience. 
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1.3.2.2. Recordings from cardiomyocytes  

Although Robinson, et al. (2012) successfully recorded from primary 

neurons, a majority of demonstrations with vertical electrodes, like the NW FETs, 

have been performed on cardiomyocytes (Fendyur and Spira 2012; Lin et al. 2014; 

Qing et al. 2014; Xie et al. 2012). Cardiac cells have the advantage of generating 

rhythmic APs, while also typically being easier to culture than primary neurons 

(Gordon, Amini, and White 2013). 

The phospholipid-coatings from Section 1.3.1 allowed NW FETs to 

spontaneously enter the cell membrane of cardiomyocytes and record intracellular 

APs (Duan et al. 2012; Qing et al. 2014; Tian et al. 2010). However, that has largely 

not been the case with vertical electrodes. It was found by the Cui lab at Stanford 

that Pt nanopillars even as small as 150 nm in diameter and 1.5 um in height did not 

achieve intracellular measurements when cells were cultured on top of the pillars 

(Xie et al. 2012). Instead, small amplitude, extracellular APs were initially recorded 

(Figure 1.5) (Xie et al. 2012). This was a surprising finding, considering that 

cultured cells completely engulf nanopillars with adhesion stronger than a planar 

substrate (Hanson et al. 2012; Xie et al. 2010). To acquire intracellular signals with 

nanopillars, researchers used a technique called electroporation. Sending fast, 

biphasic pulses of voltage (~2.5 V amplitude) down the nanopillars increased the 

local permeability of the cell membrane and lead to short-term intracellular 

measurements (Figure 1.5) (Xie et al. 2012). Presumably, the electroporation 

protocol only temporarily creates nanoscale pores that naturally closed over the 
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course of several minutes with minimal damage to the cell (Xie et al. 2012). A later 

study from the group showed that even iridium oxide nanotubes needed 

electroporation protocols to provide intracellular access (Lin et al. 2014). The 

nanotube structure did, however, allow for cell membrane to not only wrap around 

the electrode, but also protrude into the tube, thereby increasing both cell-electrode 

coupling and measurement stability (Lin et al. 2014). Measurements were even 

achieved over the course of many days (Lin et al. 2014).  

 

Figure 1.5 - Nanopillar recordings from cardiomyocytes. 

(a) On-chip nanopillars. (b) Extracellular recordings before electroporation. 

(c) Intracellular recordings are achieved following electroporation. Adapted 

from Xie et al. (2012). 
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Despite needing electroporation to achieve intracellular measurements, 

unlike the recordings from Robinson et al., the technologies from the Cui lab have 

successfully made electrophysiological recordings without the need for biasing the 

electrodes (Lin et al. 2014; Robinson et al. 2012; Xie et al. 2012). These nanopillar 

studies definitively showed that nanoscale electrodes are both a scalable and 

minimally invasive method for measuring the membrane potential of cells. 

1.3.3. Three-dimensional micro-electrode arrays 

In this section, I have largely focused on the capabilities of nanoscale 

electrodes. However, planar microelectrode arrays have been used for decades to 

record electrophysiological activity (Morin, Takamura, and Tamiya 2005). The 

planar geometry of these arrays leads to poor cell-electrode coupling and 

extracellular measurements. However, the Cui group clearly showed that enhanced 

recordings can be achieved by altering the electrode geometry (Lin et al. 2014; Xie 

et al. 2012). The Spira group from the Hebrew University of Jerusalem took 

advantage of this fact and created three-dimensional microscale electrodes with a 

unique shape to record from cardiomyocytes and Aplysia neurons (Fendyur and 

Spira 2012; Hai, Shappir, and Spira 2010). These gold, mushroom-shaped 

microelectrodes (gMµEs) have a maximum diameter larger 1 µm. Despite their 

relatively large size, cells cultured on top of the gMµEs completely engulf the 

mushroom shape, leading to efficient electrical coupling and recordings of APs 

(Figure 1.6).  
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These important findings show that on-chip methods for recording the 

activity of cells is not limited to nanoscale electrodes. Instead, a major factor in the 

success of a technology is a sufficient cell-electrode coupling. Similarly, the nano-

SPEARs in this thesis are nanoscale only in a single dimension (4µm wide, 3 µm 

long, 100 nm high). However, we achieve efficient cell-electrode coupling by 

pressing the muscle cells of C. elegans against the nano-SPEARs. 

 

Figure 1.6 - Gold mushroom recordings from Aplysia neurons. 

(a) Electron micrograph of Aplysia neurons cultured on gMµEs. (b) Electron 

micrograph shows that the neurons completely engulf gMµEs. (c) gMµEs 

record APs (top) induced a micropipette current injection (bottom). Adapted 

from Hai et al. (2010). 

1.3.4. Conclusions on nano-neurotechnology 

The platforms described in this section have been important demonstrations 

of the capabilities of nano- and microelectrodes for electrophysiology. Indeed, the 

primary goal for these technologies is to eventually record in vivo activity from the 

central nervous system of mammals such as mice and primates. However, these 
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technologies should also be developed for small model organisms as well. As 

discussed in Section 1.1, these microscopic animals have their own unique, and 

incredibly important, contributions to neurobiology. Furthermore, the scalability of 

nanotechnologies can be used in a much different manner than mammalian models. 

Scalability for mammalian recordings refers to increasing the electrode density to 

record from more neurons simultaneously. However, recall that many small 

organisms can be manipulated on microfluidic platforms in HT (San-Miguel and Lu 

2013; Yanik, Rohde, and Pardo-Martin 2011). Therefore, nanotechnology scalability 

can be used to facilitate HT electrophysiology via small animals.  

Like these platforms, nano-SPEARs record spiking activity and are less 

invasive than conventional techniques. However, a prominent contribution of nano-

SPEARs is the implementation of scalable electrode arrays to record from many 

microscopic animals simultaneously. This makes nano-SPEARs one of the few 

technologies in the world to potentially provide HT electrophysiology in animal 

models. 
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Chapter 2 

Scalable Nano-electrode 

Electrophysiology in Intact Small 

Organisms 

Chapter 1 shows that not only are small organisms extremely important for 

neurobiology, but that innovative neurotechnologies can continually advance our 

experimental capabilities and lead to new discoveries. Specifically, small model 

animals offer potential for HT studies, however few scalable technologies exist for 

recording electrophysiology in these tiny animals. This technology gap sets the stage 

for nano-SPEARs, a scalable alternative for measuring electrophysiological activity 

in small organisms. This chapter will describe in detail the capabilities of nano-

SPEARs when applied to measure from the roundworm C. elegans. This chapter is 

largely taken from Gonzales et al. 2016 (under review as of October 2016), but is in 

some ways expanded upon and changed. 
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2.1. Introduction to the nano-SPEAR platform 

For the past century, millimeter-scale model organisms that can be rapidly 

raised and tested in a laboratory have helped reveal fundamental principles of 

genetics, development, and aging (Davis 2004). However, only recently have these 

advantages been combined with electrical measurements to study the nervous 

system (Broadie and Bate 1993; Drapeau et al. 1999; Goodman et al. 1998). Less 

than 20 years ago, scientists performed the first single-cell electrophysiology in C. 

elegans using a manual dissection and a glass micropipette electrode (Goodman et 

al. 1998). Similar procedures have recorded from cells in fruit fly and zebrafish 

larvae (Broadie and Bate 1993; Drapeau et al. 1999); however, in all cases 

dissections to access cells in small organisms are highly invasive and require skilled 

researchers. These dissections result in only a few measurements per day and make 

recording the membrane potential of individual cells in intact animals impossible 

(Broadie and Bate 1993; Drapeau et al. 1999; Goodman et al. 1998). Furthermore, 

because these animals are so small, any fluid expelled during the dissection 

procedure may significantly alter the natural concentrations of ions and signaling 

molecules. This change in physiology may be contribute to signal degradation, such 

as the loss of recordings seen after just a few minutes of patching C. elegans body-

wall muscles (P. Liu et al. 2011).  

Calcium- and voltage-sensitive optical measurements can be used as a proxy 

for the membrane potential of cells in intact C. elegans (Butler et al. 2014; Flytzanis 
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et al. 2014; Kerr et al. 2000; Larsch et al. 2013, 2015; P. Liu et al. 2011; P. Liu, Chen, 

and Wang 2013; Piggott et al. 2011; Prevedel et al. 2014; Saul Kato et al. 2015).  

Although these methods work well for determining average activity, individual 

action potentials and synaptic events have yet to be measured in neurons (Flytzanis 

et al. 2014; Larsch et al. 2013, 2015; Piggott et al. 2011; Prevedel et al. 2014; Saul 

Kato et al. 2015) or at the body-wall muscles (Butler et al. 2014; P. Liu et al. 2011; P. 

Liu, Chen, and Wang 2013). Scalable measurements of pharangeal pumping from the 

worm’s head can also be recorded without dissections (Shawn R Lockery et al. 2012; 

Raizen and Avery 1994). This work has opened paths of research into 

pharmacological screenings and global health (“NemaMetrix” n.d.); however, this 

measurement is limited to the pharynx organ of nematode-like animals. A scalable 

method for electrophysiology in intact animals combined with the suite of other 

high-throughput technologies to measure anatomical (Chung, Crane, and Lu 2008; 

Rohde et al. 2007) and behavioral (Larsch et al. 2013; Swierczek et al. 2011) 

properties of small model organisms would provide unprecedented opportunities to 

study fundamental neurobiology and neurological disease models. 

To create a platform for scalable, cellular-resolution electrophysiology in 

intact small animals we invented a new microfabricated electrode geometry we call 

nanoscale suspended electrode arrays (nano-SPEARs) (Figure 2.1).  
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Figure 2.1 – Illustration of nano-SPEAR geometry. 

 A nano-SPEAR is a Pt electrode that protrudes from the wall of an on-chip, 

microfabricated recording chamber. The nano-SPEAR itself is ~100 nm thick, 3 

µm long and 4 µm wide. The chamber is sealed with a microfluidic interface 

molded in PDMS. For details regarding specific materials, layers and 

fabrication see Methods 3.3). 

These suspended electrodes are fabricated in an on-chip recording chamber, 

and can be constructed on either Si or glass substrates (see Methods 3.3, Figure 2.1). 

Si substrates provide straightforward fabrication process, but we anticipated more 

interest from the scientific community for simultaneous high-resolution imaging 

and electrophysiology. Therefore, we have also developed nano-SPEARs on a glass 

substrate (see Methods 3.3). On either platform, we interface with the recording 

chamber by integrating the chip with a conventional microfluidic device (Figure 

2.2). In this way, micro-scale organisms like C. elegans can be flushed through the 

microfluidic device and into the recording chamber (Figure 2.2). When immobilized 

in the chamber, nano-SPEARs, which are much smaller than individual cells, and can 

be pressed against the animal body (Figure 2.2). This tight contact provides a strong 

electrical coupling between the nano-SPEAR and the adjacent cell or cells. 
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Figure 2.2 - Microfluidic integration with nano-SPEAR microchips. 

(a) A conventional PDMS microfluidic device is used to interface with the on-

chip recording chamber. The PDMS channels overlap the recording chamber. 

Pressure via syringes on either end of the chamber guide animals into the 

chip. (b) A to-scale 3D model depicting the cross section at the nano-SPEAR 

when C. elegans is immobilized in the chamber. Nano-SPEARs press against 

the cuticle and body-wall muscles. 

This approach was inspired by recent experiments showing that high-aspect-

ratio nano- and microstructures brought into contact with cultured cells can 

develop an electrical coupling sufficient to record action potentials (Angle, Cui, and 

Melosh 2015; Duan et al. 2012; Hai, Shappir, and Spira 2010; Robinson et al. 2012; 

Tian et al. 2010; Xie et al. 2012). Based on these results we believed that nano-

SPEARs would provide a less-invasive and scalable alternative to patch clamp 

electrophysiology in small organisms like C. elegans. 
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This section was largely taken from Gonzales et al. 2016 (under review as of 

October 2016). 

2.2. Recordings from C. elegans body-wall muscles 

We specifically designed our first-generation nano-SPEAR devices to probe 

the body-wall muscles in the 1 mm-long worm, C. elegans (Figure 2.3). These 95 

muscle cells, roughly 100 µm in length, line nearly the entire worm body-wall. The 

proximity of these muscles to outer cuticle and their repeated pattern along the 

worm make them a good target cell for testing our devices. We found that when we 

immobilized C. elegans inside the microfluidic chamber, individual muscle cells 

typically wrap around a nano-SPEAR that we manufactured to be roughly 25 times 

smaller than a single muscle cell (4 µm wide, 3 µm long, 100 nm thick) (Figure 2.3). 

Furthermore, animals remain intact after being immobilized against a nano-SPEAR 

and resume normal locomotion after removal from the device (Figure 2.3). 
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Figure 2.3 - Nano-SPEARs probe muscle cells in intact C. elegans. 

(a) 3D model showing all components of a nano-SPEAR platform. (b) 

Micrographs showing C. elegans entering a recording chamber. (c) Scanning 

electron micrograph of a nano-SPEAR in a Si device. (d) Confocal image from a 

worm in a glass device expressing channelrhodopsin-2 fused to GFP in the 

body-wall muscles. The nano-SPEAR is in contact with a single cell. (e) 

Locomotive phenotyping of WT animals on agar shows that worms that have 

been immobilized in a nano-SPEAR device remain intact and have no 

significant difference in crawling velocities from control animals (n = 10 for 

each cohort, error represents the standard error, ns = not significant via 

unpaired t-test). Figure adapted from Gonzales et al. 2016.  

Our initial experiments with wild type (WT) C. elegans suggest that nano-

SPEARs indeed record electrical activity from cells within an intact worm. When we 

immobilized WT day-1 adult worms against a nano-SPEAR we observed an 

immediate increase in the variance of the voltage waveform and an appearance of 

putative “spikes” and “bursts” after bandpass filtering the raw data (Figure 2.4). 
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Figure 2.4 – Nano-SPEARs record electrical activity from C. elegans. 

(top) Raw recordings with and without a worm immobilized against the nano-

SPEAR. The spectrogram shows that the data is dominated by the < 1 Hz 

domain. (bottom) Bandpass filtering the data between 1 and 100 Hz reveals 

spiking and bursting activity in the 1-5 Hz band. Figure adapted from Gonzales 

et al. 2016. 

 Although our recordings resemble electrophysiology, we wanted to ensure 

that the data were electrophysiological in nature and not due to worm movement. 

We recorded nano-SPEAR activity while simultaneously imaging the worm body and 

muscle cells and found no qualitative correlation between worm movement and 

spiking activity (Figure 2.5).  
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Figure 2.5 – Simultaneous nano-SPEAR recordings and imaging of worm 

movement. 

(a) Simultaneous monitoring of nano-SPEAR recordings (gray, trace is 

bandpass filtered), body movement (green), and head movement (blue) 

qualitatively shows little correlation. (c) Simultaneous monitoring of nano-

SPEAR recordings (gray, trace is bandpass filtered), and two puncta (green, 

blue) on a muscle cell near the nano-SPEAR qualitatively shows little 

correlation. These results indicate that nano-SPEARs record 

electrophysiological activity. Figure adapted from Gonzales et al. 2016. 

To more quantitatively analyze the correlations between recordings and 

worm movement, we separated each data set into windowed sections. By shuffling 

these windows, we created data sets that are completely random and uncorrelated 

(Figure 2.6). Calculating the maximum correlation in each window of these shuffled 

data sets yields a distribution of values corresponding to uncorrelated data (Figure 

2.6). We then formed a similar distribution, but based on the maximum correlation 

values of the unshuffled (e.g. simultaneous) data. Neither the low-frequency (< 1Hz) 

nor high-frequency (1-100 Hz) nano-SPEAR recordings correlated with whole-

worm or muscle movement (Figure 2.6) (unpaired t-test for each distribution 
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comparison).  Therefore, because of these results and the fact that individual cells 

wrap around the nano-SPEARs when worms are immobilized (Figure 2.3), we 

concluded that nano-SPEARs are recording extracellular electrophysiological 

activity from the body-wall muscles. Due to the small size of the electrode, the 1-5 

Hz spikes likely originate from only one or two cells nearest the nano-SPEAR. We 

relied on this 1-5 Hz “spiking domain” to quantify the majority of the following data 

(see Methods 3.7) 

 

Figure 2.6 - Quantification of simultaneous nano-SPEAR recordings and 

imaging. 

(a) Summary of technique used to analyze simultaneous nano-SPEAR and 

movement recordings. (left) The original data can be separated into windows 

of equal length, but left unshuffled. Finding the maximum correlation in each 
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window forms a distribution of correlation values. (right) Randomly shuffling 

the windows (>1000 iterations) and calculating the maximum correlation of 

each aligned section forms a distribution representing uncorrelated data. (b) 

Comparison of simultaneous nano-SPEAR recordings and worm movement. 

“Bandpass” and “Lowpass” correspond to lowpass (<1 Hz) and bandpass (1-

100 Hz) filtered nano-SPEAR recordings, respectively. “Head” and “Body” 

correspond to worm head and body movement, respectively. In neither case is 

the shuffled distribution unique from the unshuffled distribution, showing the 

nano-SPEAR recordings are not correlated with whole-worm movement 

(unpaired t-test). (c) Comparison of simultaneous nano-SPEAR recordings and 

muscle movement. “Spot 1” and “Spot 2” correspond to two muscle cells 

located near the nano-SPEAR (see Figure 2.5). Again, none of the shuffled or 

unshuffled distributions were distinct, showing the nano-SPEAR recordings 

are not correlated with muscle movement (unpaired t-test). Figure adapted 

from Gonzales et al. 2016. 

Follow-up experiments using optogenetics and multiple mutant strains with 

known electrophysiological phenotypes further confirm that nano-SPEARs record 

activity from the C. elegans body-wall muscles. For example, we recorded from a 

transgenic strain expressing light-gated chloride pump halorhodopsin (NpHR) in 

the excitatory motor neurons (Punc-17::NpHR::GFP). When we illuminated the 

animal with yellow light we recorded a dramatic decrease in the firing rate, 

suggesting that the nano-SPEARs indeed record from the body-wall muscles, which 

are driven by excitatory motor neurons (Figure 2.7) (Q. Liu, Hollopeter, and 

Jorgensen 2009). When we removed the optical stimulus, spiking activity returned 

to pre-stimulus levels. We observed no light-dependent change in electrical activity 

in a group of control worms raised in the absence of all-trans retinal (ATR, a small 

molecule required for functional NpHR (Han and Boyden 2007)) (Figure 2.7). 
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Figure 2.7 - Nano-SPEARs detect C. elegans body-wall muscle activity driven by 

excitatory motor neurons. 

(a) An illustration of the C. elegans body-wall neuromuscular junction with 

NpHR expressed in the excitatory motor. (b) Worms expressing NpHR show a 

reduction in firing rate under yellow illumination (Interval 2). Top trace 

shows a representative nano-SPEAR recording. Yellow bar denotes the time 

period of yellow light illumination. Raster plot (center) shows spike times 

recorded from 4 different worms each tested 8 times. The histogram shows a 

drop in spike frequency during illumination. (c) Mean firing rates for test 

worms raised with ATR (NpHR +ATR) show a significant drop in firing rate 

during illumination while the control worms raised without ATR (NpHR -ATR) 

show no significant change in activity under yellow light illumination (n = 4 

for NpHR +ATR with 8 trials per worm, n = 5 for NpHR –ATR with 5 trials per 

worm, ***p<0.001, one-way ANOVA with a post hoc Bonferroni test compared 

to Interval 1, ns = not significant). Figure adapted from Gonzales et al. 2016. 

As further confirmation that nano-SPEARs record electrophysiological 

activity from the body-wall muscles we found that egl-19(n582) and shk-1(ok1581) 

loss-of-function (lf) mutant worms show longer putative spike waveforms as 

compared to WT worms, which is consistent with previously reported patch-clamp 

electrophysiology data for body-wall muscle action potentials (Gao and Zhen 2011; 

Jospin et al. 2002; P. Liu et al. 2011) (Figure 2.8). In addition, egl-19(lf) have been 

shown to have a longer inter-spike-interval (ISI) as compared to WT animals (Gao 

and Zhen 2011; Jospin et al. 2002). When we analyzed our nano-SPEAR recordings 
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from egl-19(lf) animals we found that the mean spike waveform is more than 2 

times longer than the mean WT waveform and the inter-spike interval (ISI) is 50% 

greater than WT animals (p<0.001, Figure 2.8). Similarly we found that nano-SPEAR 

recordings from shk-1(lf) animals showed approximately 15% longer waveforms as 

compared to WT (p < 0.001, Figure 2.8). Unexpectedly we also detected a shorter 

shk-1(lf) ISI (Figure 2.8). This indicates that the immobilization of the recording 

chamber may affect muscle cell activity and action potential generation. However, 

the shk-1(lf) spike frequency is disputed with patch-clamp measurements as well 

(Gao and Zhen 2011; P. Liu et al. 2011). Additionally, when comparing the 

spectrograms of the elongated egl-19(lf) and shk-1(lf) waveforms to WT, we 

observed a significant reduction in power in 1-5 Hz frequency band, indicating that 

a frequency domain analysis may also help phenotype mutant strains (Figure 2.8). 

 

Figure 2.8 – Nano-SPEARs confirm known electrophysiological phenotypes. 
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(a) Representative data from WT (gray) and egl-19(lf) (light blue) mutant 

worms. (b) Average waveforms for each strain. The spectrogram is calculated 

from the mean waveform. Qualitative differences can be seen in the waveform 

width and the total power in the frequency band above 1 Hz. (c) As expected 

from previously reported patch-clamp measurements, egl-19(lf) animals have 

a longer spike width and ISI. Longer egl-19(lf) waveforms also lead to less 

power in the 1-5 Hz frequency domain in the spectrograms from (b) (n = 28 

for WT and 30 for egl-19(lf); ***p < 0.001 unpaired t-test, error bars represent 

the standard error). (d) Representative data from WT (gray) and shk-1(lf) 

(dark blue) mutant worms. (e) Average waveforms and spectrogram. (f) As 

expected, shk-1(lf) worms exhibit longer spike widths, but a short ISI was 

unexpectedly measured. The variation in the WT data occurs because the data 

in (a-c) and (d-f) were recorded on separate microchips (see Methods 3.4). 

Figure adapted from Gonzales et al. 2016. 

To detect spikes we bandpass filtered the raw data to reveal spiking activity 

in the 1-5 Hz frequency band (Figure 2.4) and set a threshold level of six-sigma 

above the root mean squared (RMS) background voltage to identify spikes (see 

Methods 3.7). For both egl-19(lf) and shk-1(lf), we found that these phenotypes do 

not depend on a particular choice of the spike-detection threshold (Figure 2.9).  
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Figure 2.9 – Mutant phenotypes are not dependent on spike-detection 

threshold. 

In all cases, the x-axis is the spike-detection threshold in units of standard 

deviations above the background (i.e. no worm) RMS noise. (a-b) egl-19(lf) (n 

= 30) mean spike width (left) and mean ISI (right) are consistently longer than 

WT (n = 28) when the threshold is varied from 4 to 15 standard deviations. (c-

d) Likewise, shk-1(lf) (n = 8) waveforms are consistently longer than WT (n = 

10) over the same threshold range. On the other hand, the ISI phenotype is 

more sensitive to the choice of threshold level. Based on this analysis, we 

chose a threshold of 6σ for choosing spikes. Figure adapted from Gonzales et 

al. 2016. 

Because nano-SPEAR recordings do not require dissections we recorded 

from nearly 60 worms over the course of four days (n = 28 WT, n = 30 egl-19(lf) in 

Figure 2.8), roughly twice the throughput of patch-clamp techniques (n = ~6-

7/day). To determine the minimum sample size necessary to accurately phenotype 

these mutant strains, we selected random subsets of worms from the full dataset 

and calculated the spike width and ISI. We found that on average a sample size of 
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only 6 worms was sufficient to quantify these metrics with less than a 6% error 

(Figure 2.10). 

 

Figure 2.10 - Quantification of the error involved when sampling a small 

number of animals.  

For both plots, the y-axis represents the percent difference from the 

population average. (a) Randomly selected subsets from a total of 28 

recordings from WT worms show that on average subsets as small as 6 worms 

closely match the population average (<6% error for spike width and <2% 

error for ISI). (b) Similarly, subsets of 30 egl-19(lf) worms also show average 

spike  width and ISI values that closely match the population average. These 

results indicate the sample sizes used in this manuscript (n > 6) are sufficient 

to phenotype these mutants, which show large (> 20%) differences in these 

electrophysiological metrics when compared to WT. Figure adapted from 

Gonzales et al. 2016. 

Future work will help determine if this spiking activity originates solely from 

individual muscle-cell action potentials, or is a combination of activity from multiple 

nearby cells and synapses. However, the small size of the electrode ensures that it is 

not in contact with more than a few muscle cells at the same time, suggesting that 

activity from only one or two cells dominate the recordings. It should also be noted 

that the linear geometry of the tapering channels used for worm immobilization 
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likely reduces muscle cell activity, which is known to depend upon proprioception 

and posture (Wen et al. 2012a). Thus, comparisons between immobilized worms 

may not represent muscle activity in freely moving animals, but is nevertheless 

sufficient to identify phenotypic differences between mutant strains. 

This section was largely taken from Gonzales et al. 2016 (under review as of 

October 2016). 

2.3. New capabilities with nano-SPEARs 

The previous section shows substantial evidence that nano-SPEARs indeed 

record electrophysiological activity from the body-wall muscles in intact C. elegans. 

However, as shown in Section 1.3, nano- and microfabricated neurotechnologies 

have the benefit of being less invasive and more scalable than conventional patch-

clamp measurements. To display that nano-SPEARs show similar capabilities with 

small organisms, we devised a series of experiments showing the versatility offered 

with our microfabricated platform. 

Because our nano-SPEAR measurements require no dissection and the worm 

cuticle is not punctured (see Figure 2.3), we can record from the same animal on 

consecutive days (Figure 2.11). This ability raises the exciting prospect of measuring 

how age, disease progression, or drug treatment affect electrophysiology over the 

lifetime of individual animals. 
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Figure 2.11 - Recordings from the same animal on consecutive days. 

(a) Images of the same animal on day 1 and day 2 in a wide section of the 

recording chamber. (b) Recordings taken from the worm in (a) on day 1 and 

day 2. (c) The power spectra of the recordings show good agreement, 

indicating that electrophysiology is largely conserved from day-1 to day-2. 

Figure adapted from Gonzales et al. 2016. 

Additionally, we can perform measurements for significantly longer than 

conventional methods. We have reliably achieved 30 min recordings, but have also 

demonstrated recordings lasting 1 hr (Figure 2.12). While future work will 

determine the ultimate factor limiting the length of nano-SPEAR recordings, these 

long recordings may result in previously unknown C. elegans phenotypes, such as 

the change in spike frequency over the course of immobilization (Figure 2.12). 
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Figure 2.12 - Nano-SPEARs can record continuously for tens of minutes.  

(a) Continuous 30 min recordings from six WT animals. (b) We quantified the 

firing rate (top), spike width (middle) and spike amplitude (bottom) for each 

animal with respect to time. Black lines correspond to the mean response. The 

firing rate varies dramatically from worm to worm. Most animals exhibit a 

slow decrease in firing rate. One animal displayed periods of quiescence 

lasting for several minutes (orange trace). The spike width and spike 

amplitude remain much more constant throughout the recording, although 

individual animals exhibit high variation when the firing rate diminishes to 

near zero. (c) An hour-long recording from a WT animal. Similar to (b), this 

animal showed distinct periods of quiescence during the second half of the 

recording. Figure adapted from Gonzales et al. 2016. 

The fact that integrated nano-SPEAR devices are manufactured using 

semiconductor microfabrication technology allows us to easily reconfigure the chip 

layout to accommodate differing C. elegans postures and sizes. For example, we can 
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record from multiple sites along a single worm and also record from worms 

immobilized with a curved posture that more closely resembles their natural body 

position (Figure 2.13).  

 

Figure 2.13 - Diverse trap and electrode configurations for C. elegans 

recording chambers.  

(a) Electron micrograph showing three nano-SPEARs in the same recording 

chamber on a glass substrate. (b) (Top) Optical micrograph of a WT animal 

immobilized against all three electrodes. (Bottom) Simultaneous recordings 

from the three nano-SPEARs in contact with a single worm. (c) Electron 

micrograph of nano-SPEAR in a curved worm trap. (d) (Top) WT C. elegans 

trapped in a curved chamber. (Bottom) Characteristic nano-SPEAR recording 

from the curved chamber in (d). This recording geometry may increase 

muscle activity through proprioceptive activation of muscle cells (Wen et al. 

2012a). Figure adapted from Gonzales et al. 2016. 
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Furthermore, nano-SPEARs are not limited to nematode-like organisms. In 

fact, we can dramatically alter the geometry of the recording chamber to record 

from the freshwater cnidarian Hydra, which has a distinctly different neuroanatomy 

(Westfall, Yamataka, and Enos 1971) (Figure 2.14). We envision that the ability to 

tailor microchips for specific experiments in a variety of model organisms will allow 

for a new paradigm for integrated small animal electrophysiology with broad 

impact across many neurobiology disciplines. 

 

Figure 2.14 - Nano-SPEARs record from Hydra.  

(a) Electron micrograph of the recording chamber specifically designed to 

accommodate Hydra. (b) Micrograph of a Hydra immobilized in the recording 
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chamber. (c) (left) Representative traces from four Hydra show distinct, high-

amplitude pulses. Stars denote bursts of pulses, which resemble previously 

reported contraction bursts (Passano and McCullough 1962). (right) We 

quantified the mean interpulse interval (the time between pulses), the mean 

interburst interval (the time between contraction bursts), and the average 

number of pulses per contraction bursts (n = 4, error bars are the standard 

error). Figure adapted from Gonzales et al. 2016. 

In addition to adjustable recording chambers, we can also create arrays of 

chambers that, when paired with the appropriate microfluidic channels, can record 

from multiple animals simultaneously (Figure 2.15). In a configuration designed for 

immobilizing four C. elegans, out of 10 trials (i.e. a maximum of 40 worm 

recordings) we immobilized a total of 30 animals and detected spikes in 27 (Figure 

2.15). These trials were conducted over the course of only 1.5 hr. Thus, we achieved 

a throughput of 18 animals/hr—a significant improvement over conventional 

patch-clamping techniques (~1 animal/hr). Future improvements in worm loading 

and semi-automation of our platform provide the first clear path towards high-

throughput electrophysiology at the C. elegans body-wall muscles at rates in excess 

of 100 animals/day.  
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Figure 2.15 - Nano-SPEAR scalability improves throughput. 

(a) Electron micrograph of an array of C. elegans recording chambers. (b) 

Schematic showing that the microfluidic interface (blue) can be tailored to 

interface with multiple recording chambers (gray). Typically only the left or 

right array of chambers is use for parallel recordings. Arrows indicate the 

direction of fluid flow used to immobilize animals in the left set of chambers. 

The flow can be reversed to allow animals to fill the right array of chambers. 

(c) Representative traces from the four chambers used for recordings (all 

vertical scale bars are 100 µV). Recordings are non-simultaneous. (d) Raster 

plot of spike times detected from 27 total worms in each of the four recording 

chambers during a 1.5 hr period. (e) Mean spike widths measured in each 

recording chamber (n = 10 for chamber 1, n = 10 for chamber 2, n = 5 for 

chamber 3, n = 2 for chamber 4). Only chamber 4, which had the lowest 

number of immobilized animals, significantly differs from the others (*p < 

0.01, one-way ANOVA with a post hoc Bonferroni test). Figure adapted from 

Gonzales et al. 2016. 
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The high-throughput potential of our nano-SPEAR technology would be 

particularly powerful for studying the synapses at the worm neuromuscular 

junction. These synapses have a conserved structure throughout the body-wall 

(Jorgensen and Nonet 1995) and share many genetic similarities to mammalian 

synapses, making them a good model for studying synaptic transmission (P. Liu, 

Chen, and Wang 2013; Q. Liu, Hollopeter, and Jorgensen 2009; Richmond and 

Jorgensen 1999) and neurodegenerative diseases (Bargmann 1998; Jones, 

Buckingham, and Sattelle 2005; Kaletta and Hengartner 2006). In fact, many human 

neurodegenerative diseases can be modeled at the C. elegans NMJ including 

Alzheimer’s disease, PD and ALS (Kaletta and Hengartner 2006; Lublin and Link 

2013). High-throughput electrophysiology would enable large-scale screens for 

drugs that effectively treat C. elegans models for neurological disease and could lead 

to improved treatments for human disorders (Jones, Buckingham, and Sattelle 2005; 

Kaletta and Hengartner 2006; Sin, Michels, and Nollen 2014). 

This section was largely taken from Gonzales et al. 2016 (under review as of 

October 2016). 

2.4. Studying neurological diseases with C. elegans 

To demonstrate how nano-SPEARs can facilitate the study of neurological 

diseases, we selected C. elegans models for PD and ALS (van Ham et al. 2008; J. Wang 

et al. 2009). These diseases are modeled by heterologous expression of human 
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genes implicated in disease pathogenesis, namely, α-synuclein (α-syn) for PD and 

G85R Cu, Zn-superoxide dismutase-1 (SOD1) for ALS. While reduced animal 

locomotion and cell loss have been shown in these disease models (van Ham et al. 

2008; J. Wang et al. 2009), the electrophysiological phenotypes remain unknown, 

likely due to the difficulty of performing electrophysiology.  

To identify how neuromuscular activity in PD and ALS disease models differs 

from healthy WT worms, we compared nano-SPEAR recordings in day-1 and day-2 

adult worms to age-matched WT animals. For both disease models, we observed an 

age-progressive reduction of power in the 1-5 Hz frequency band that was not 

observed in WT animals, suggesting altered body-wall muscle activity (Figure 2.16). 

Because day-2 animals showed more pronounced phenotypes, we compared several 

electrophysiological metrics in day-2 worms to see if we could better distinguish 

ALS and PD worms using a high-dimensional phenotype (Methods 3.12). 
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Figure 2.16 - Comparison of disease model and WT power spectra.  

(a) All disease models show reduced power compared to WT, particularly in 

the 1 Hz range that is associated with spiking activity. The increased changes 

from day-1 to day-2 indicate age progressive phenotypes. PD worms treated 

with CQ (+CQ/DMSO) show less difference compared to WT, a change that was 

not seen in control worms (+DMSO) (n = 6 ALS day 1, n = 7 ALS day 2, n = 6 PD 

day 1, n = 6 PD day 2, n = 8 PD day 2 +CQ/DMSO, n = 8 PD day 2 +DMSO) . (b) 

We performed the same analysis comparing day-2 WT spectra to day-1 WT 

spectra to show that the age-progressive change in power spectra does not 

occur for WT animals (n = 10 WT day 1, n = 6 WT day 2). Figure adapted from 

Gonzales et al. 2016. 

While common phenotyping metrics such as paralysis and lifespan make PD 

and ALS worm models almost indistinguishable (van Ham et al. 2008; J. Wang et al. 

2009), we found that using multiple electrophysiological metrics based on nano-

SPEAR recordings allows us to clearly differentiate between the two disease models 

(Figure 2.17). To more clearly visualize the high-dimensional phenotypes we 

created phenotypic maps by plotting the z-score with respect to WT for each metric 
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on a polar plot (Figure 2.17, see Methods 3.12). Most notably, we observed a 

dramatic increase in the ISI for PD worms (~300%, p < 0.001) that was not 

observed in ALS worms. We also found a significant increase in the mean spike 

width of ALS worms (~30%, p < 0.001) while PD animals exhibited shorter 

waveforms (~40%, p < 0.001). We also measured the variability in the spike width 

(σm) and discovered that the ALS distribution of widths increased in variability 

compared to WT. To our knowledge, this data represents the first 

electrophysiological phenotypes for PD and ALS worm models. 
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Figure 2.17 - Nano-SPEARs reveal phenotypes for neurodegenerative disease 

models. 

(a) Characteristic voltage waveforms of all disease models tested. (b) 

Quantified electrophysiology metrics for day-2 adult worms show differences 

in spike statistics between disease models and age-matched WT controls (*p < 

0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with a post-hoc bonferroni test 

with respect to WT). PD worms treated with CQ (+DMSO/CQ) show a partial 

rescue of metrics not seen in control worms (+DMSO). Error bars represent 

the standard error, or 95% confidence intervals in the case of spike Width σm. 
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(c) Phenotypic maps show a cyan polygon created by connecting the z-score 

with respect to WT (zwt) on five axes representing different metrics (see Key). 

A phenotypic map for a WT animal creates the gray pentagon. ALS and PD 

worms show distinct age progressive phenotypes. When PD larvae were 

raised in the drug CQ (+DMSO/CQ), day-2 adults showed nearly complete 

rescue of the WT five-dimensional phenotype. Figure adapted from Gonzales 

et al. 2016. 

While more work is needed to understand why ALS and PD models show 

such different electrophysiological phenotypes, one explanation is the fact that the 

each disease model expresses the respective disease-related gene in a different 

group of cells: ALS is modeled in neurons while PD is modeled in the body-wall 

muscle itself (van Ham et al. 2008; J. Wang et al. 2009). This hypothesis suggests 

that synaptic input in ALS worms may reduce overall excitatory input to the body-

wall muscle without affecting their relative health and mean ISI. In PD worms, 

however, degradation from α-syn of the body-wall muscles themselves may make 

them less capable of firing many successive spikes leading to a larger mean ISI.  

Because nano-SPEARs have the ability to phenotype disease states in ALS 

and PD, we hypothesized they could also measure the efficacy of drugs for treating 

electrophysiological deficits. Indeed, when we measured day-2 adult PD worms that 

were treated with the known neuroprotective drug clioquinol (CQ) (Tardiff et al. 

2012), we discovered that the electrophysiological symptoms associated with this 

disease model were dramatically improved compared to a control group (Figure 

2.17). Notably, the ISI of treated animals was fully improved, supporting the 

hypothesis that α-syn inclusions inhibit the cell’s ability to spike with a regular rate. 
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However, we did not see an improvement in the spike width of treated animals, 

which further emphasizes the fact that multiple metrics must be used to evaluate 

drug efficacy. Finally, in control animals we surprisingly measured an improvement 

of the width of waveforms. This supports previous reports that DMSO alone can 

affect C. elegans neurodegenerative models (Frankowski et al. 2013). The 

phenotypic maps show that compared to the control worms, treated PD worms have 

an electrophysiological profile that more closely matches WT (Figure 2.17). Overall, 

our ability to phenotype mutant strains and measure drug efficacy, show that nano-

SPEAR electrophysiology can facilitate drug screening and drug development using 

C. elegans as a model organism. 

This section was largely taken from Gonzales et al. 2016 (under review as of 

October 2016). 

2.5. Conclusions and future directions with nano-SPEARs 

Overall, we found that nano-SPEARs provide a platform for scalable and 

versatile cellular-scale electrophysiology in intact small organisms. We have shown 

that the nano-SPEARs presented here capture muscle activity from C. elegans body-

wall muscles, and that these measurements allow us to phenotype neurological 

disease models and test for drug efficacy. Furthermore, other new capabilities are 

now possible with nano-SPEARs such as recording from the same animal over 

multiple days, recording from several animals at the same time, and recording from 
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multiple sites within a single animal. Each of these proof-of-concept experiments 

open the door to many new electrophysiological studies at the body-wall muscles in 

these common model organisms. Additionally, we have shown that nano-SPEARs 

are not limited to recordings from C. elegans, but can record activity in other small 

organisms like Hydra and possibly other microfluidic-compatible animals like 

Drosophila Melanogaster and Danio rerio larvae. Although electrical measurements 

of C. elegans body-wall muscle electrophysiology provide rich data for studying NMJ 

activity and disease models, future work to modify the nano-SPEAR geometry and 

improve worm positioning may enable intracellular access to the body-wall muscles 

and even recordings from neurons. A clear goal for future work is to develop nano-

SPEARs that can perform voltage and current clamp experiments to measure ion 

channel behavior and postsynaptic potentials. We also envision that future work 

will combine the high-throughput, versatile electrophysiology of nano-SPEARs with 

other high-throughput assays (Yanik, Rohde, and Pardo-Martin 2011) to help 

uncover fundamental relationships between genetics, electrophysiology, and 

behavior using small model organisms. 
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Chapter 3 

Methods 

3.1. C. elegans strains and culture 

All C. elegans strains obtained from the CGC were: N2 Bristol as wild-type; 

MT1212 egl-19(lf)(n582) IV; RB1392 shk-1(lf)(ok1581) outcrossed with WT 6X; 

ZX398 zxEx32 [myo-3p::NpHR + myo-3p::ChR2(H134R)::YFP + lin-15(+)]; EG4813 

(Punc-17::NpHR::GFP); NL5901 pkIs2386 [unc-54p::α-syn::YFP + unc-119(+)]; ZX299 

zxEx22[myo-3p::ChR2(H134R)::YFP + lin-15(+)]; CB5600 ccIs4251 [(pSAK2) myo-

3p::GFP::LacZ::NLS + (pSAK4) myo-3p::mitochondrial GFP + dpy-20(+)] I .  

egl-19(lf) encodes L-type voltage-gated Ca2+ channels, which aid muscle cell 

depolarization during an AP (Gao and Zhen 2011; Jospin et al. 2002). EGL-19 

reduction of function also likely causes a decrease in muscle cell firing rate (Gao and 

Zhen 2011). shk-1(lf) encodes voltage-gated K+ channels expressed in muscles, and 

these channels are known to facilitate muscle repolarization (Gao and Zhen 2011; P. 

Liu et al. 2011). Some studies also suggested that SHK-1 may also regulate the firing 
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rate of body-wall APs (Gao and Zhen 2011); however, other studies have shown a 

negligible difference between WT and shk-1(lf) ISIs (P. Liu et al. 2011).  

The disease models used were NL5901 for PD and the ALS strain was 

obtained from Jiou Wang from the work conducted in J. Wang et al. 2009. 

Specifically these disease models express α-syn fused to YFP in the body-wall 

muscles (“PD worms”) (van Ham et al. 2008) and the G85R mutation of SOD1 fused 

to YFP in all neurons (“ALS worms”) (J. Wang et al. 2009). All strains were 

maintained at approximately 21°C on standard nematode growth medium (NGM) 

seeded with OP50, unless stated otherwise. 

3.2. Hydra strains and culture 

Hydra littoralis was obtained from the Carolina Biological Supply Company 

(www.carolina.com). The Hydra were cultured at approximately 21°C in Hydra medium 

in a dark environment and fed freshly hatched Artemia naupli (brine shrimp) every other 

day. Hydra were starved for at least 24 hours before experiment to facilitate microfluidic 

manipulation. 

3.3. Device fabrication  

Si and glass devices were fabricated using conventional micro- and nano-

fabrication techniques (Madou 2011). For Si, Pt was sputtered onto a thermal oxide 

grown on a highly-doped Si wafer (NOVA Electronic Materials) with an electron-
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beam or photo-lithography defined electrode pattern. Al2O3 is grown via atomic 

layer deposition to insulate and protect the top of the Pt. Photolithography with the 

thick photoresist KMPR-1025 (MicroChem) then defines the recording chamber. 

During this photolithography, the photomask is aligned such that the tips of the Pt 

electrodes protrude from underneath the KMPR. We suspended the electrode tips 

by reactive ion etching the exposed oxide and Si substrate. For more details on the 

step-by-step process, see Figure 3.1. 

Fabrication on a glass substrate (University Wafer) has the advantage of 

reducing the parasitic capacitance due to the Si wafer and allowing for high-

resolution imaging through the glass substrate using an inverted microscope. 

Instead of Si, Pt electrodes are deposited onto a KMPR-photoresist layer. A second 

layer of KMPR is deposited on top of the Pt electrodes and the recording chambers 

are defined using photolithography. Next we use a reactive ion etcher to etch the 

bottom KMPR layer and suspend the electrodes. Due to KMPR being a poor water 

barrier and the lack of oxide layers as in Si wafers, devices fabricated on a glass 

substrate typically have a short lifetime (1-3 days) once in contact with buffer 

solution. This timeframe can be increased to the order of weeks by coating the 

entire wafer in ~100 nm of Parylene C. Focused ion beam milling can then be used 

to expose the electrode tips. This additional process was used for parallel recordings 

(Figure 2.15) and 30 min continuous recordings (Figure 2.12). For more details on 

the step-by-step process, see Figure 3.1. 
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We used conductive epoxy to bond electrical leads to on-chip Pt pads. The 

completed wafers are connected to a PDMS (Sylgard) microfluidic layer that is 

approximately 4-mm thick and molded from SU-8 2050 (MicroChem) (Figure 3.1). 

To allow for easy cleaning of the nano-SPEAR device, the PDMS is not permanently 

bonded to the wafer. Instead, a custom acrylic enclosure is used to clamp the PDMS 

to the wafer and prevent fluid leakage (Figure 2.2, Figure 2.3). The PDMS 

microfluidic device has channels that guide animals into the nano-SPEAR device and 

provide suction for immobilization (Figure 2.2, Figure 2.15). A single recording 

chamber and worm trap have a combined fluidic volume of approximately 0.7 µL. 

The average nano-SPEAR impedance is 1.5 MΩ at 1000 Hz on a Si wafer. 

For Si substrates, upright microscope objectives image through the acrylic 

and PDMS (~8 mm total), therefore limiting the platform to low-magnification 

imaging. For glass devices, an inverted microscope need only image through the 

~300 µm glass substrate.  
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Figure 3.1 - Nano-SPEAR fabrication on multiple substrates. 

(Left) (I) Fabrication on a Si substrate (gray, Nova Electronic Materials) with 

300 nm of thermal oxide (yellow). (II) 300 nm of Pt is sputter coated on top of 

a patterned resist layer (photolithography (LOR 30B and S1818, MicroChem) 

or electron-beam lithography (950 PMMA C2, MicroChem)). Liftoff of the resist 

leaves behind the patterned electrodes (light grey). The mask used for 

lithography can be easily tailored to place the electrodes in the desired 

position or alter the electrode dimensions. (III) 20 nm of Al2O3 (purple) is 

deposited via atomic layer deposition to insulate the top and sides of the Pt. 

(IV) 30 µm of KMPR-1025 (MicroChem, red) is used to define the recording 

chamber via photolithography. The photomask used can be changed to create 
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recording chambers that can accommodate varying sizes and orientations of 

worms or other animals. When performing the exposure, the photomask is 

carefully aligned such that approximately 3 µm of the electrode tips protrude 

from under the KMPR. (V) Reactive ion etching (RIE) removes the exposed 

Al2O3 and thermal oxide (CHF3, C4F8, O2). Another RIE process (cryogenic or 

Bosch) etches a total of 30 µm into the Si substrate (SF6, O2). This etch is tuned 

to be slightly isotropic and suspend the Pt and underlying oxide. (VI) The final 

microchip is sealed with PDMS and the final chamber height is ~60 µm. Total 

fabrication time is approximately 15 hr. 

(Right) (I) Fabrication on a fused silica (transparent, University Wafer). (II) 

KMPR-1025 is spun to coat the entire substrate with a 20 µm film that is then 

exposed to UV light to cross-link the polymer. (III) As before, 300 nm of Pt, and 

a liftoff procedure defines the electrodes. (IV) 30 µm of KMPR defines the 

recording chamber. In this case, the Pt is aligned to be fully embedded under 

KMPR. (V) RIE (SF6, O2) removes 20 µm of KMPR from both the top and bottom 

layers. The etch is slightly isotropic, which exposes and suspends the Pt. (Vi) 

Because KMPR is a poor water barrier, coating the device with ~100 nm of 

Parylene C is an optional process to increase device longevity. (Vii) Focused 

Ion Beam (FIB) milling is used to expose the Pt tips. These steps allow for 

microchips to be used on the order of weeks, rather than days for uncoated 

wafers. (VI) PDMS again seals the chamber; however, it is molded to fit the 

recording chamber for a final chamber height of ~60 µm. An inverted 

microscope can be used to image through the glass substrate. Total fabrication 

time is approximately 18 hr without parylene and 24 hrs with parylene. 

Figure adapted from Gonzales et al. 2016. 

3.4. C. elegans Electrophysiology  

For each worm recording, we picked an individual worm from an NGM plate and 

placed it an open syringe cap filled with M9 buffer. The syringe and tubing lead to the 

microfluidic device and nano-SPEAR microchip. Suction applied to an opposing syringe 

brings the worm into the recording chamber. As previously seen in microfluidic devices 

(S R Lockery et al. 2008) and due to a chamber height (~60 µm) just large enough for 
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adults, worms naturally undergo crawling motion when traveling down the tapering 

channel to the worm trap (Figure 2.3), ensuring that in most cases the body-wall muscles 

are in the proper orientation with respect to the nano-SPEAR. Because of this, we 

achieved a 90% success rate for recordings (i.e. detected spikes in 90% of immobilized 

animals). Occasionally, a worm brought into the chamber was too small and the resulting 

insufficient immobilization prevented stable recording. These data was discarded. After 

recordings, we flushed worms off-chip and removed them from the tubing. Unless stated 

otherwise, we analyzed only the first five minutes of data from each worm. Slight 

differences from chip to chip (i.e. final chamber height, length of the electrodes, etc.) led 

to slight changes in the WT phenotype. To account for the variances in devices, mutant 

worm strains were always compared to WT worms that were measured on the same 

device. All data was obtained with an Intan Technologies RHD2216 bipolar input 

amplifier (http://intantech.com/) at a sampling rate of 10 KHz, low frequency cutoff and 

DSP filter of 0.1 Hz and high frequency cutoff of 7.5 KHz. A nano-SPEAR not in contact 

with worms was used as a reference and a low-impedance Ag/AgCl electrode in fluidic 

contact with the worm trap was used as ground. The total number of C. elegans 

recordings for this thesis exceeds 100 animals. 

3.5. Parallel C. elegans recordings 

For simultaneous recordings in multiple animals, the microfluidic device is 

molded such that one entry channel splits with separate paths to all four recording 

chambers (Figure 2.15), much in the same way as previously reported microfluidic 
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devices (Hulme et al. 2007). Although eight total chambers were on the chip, we 

used only four at one time to perform recordings. Like single-worm recordings, 

animals were picked from NGM and suctioned into the device. For each trial, 

typically only 3 animals were successfully immobilized. This was due to the 

significant decrease in flow rate and poor suction through the final unoccupied 

chamber. All trials lasted 3 min. Worms were removed by flushing them back out 

the entry port. We began timing the experiment just before loading the first set of 

animals. Within 1.5 hr, 10 different sets of animals had been loaded and 

immobilized 

3.6. Hydra electrophysiology  

An individual Hydra approximately 1-2 mm in a contracted state was pulled 

from growth media into clear tygon tubing attached to a syringe. The tubing 

containing the polyp was plugged into an entry port in the microfluidic device, 

allowing for Hydra to be suctioned into the device much in the same way as C. 

elegans. Electrical recordings from Hydra resemble contraction bursts that are 

known to be associated with body contractions (Passano and McCullough 1962). 

Upon completion of the experiment, Hydra was removed from the recording 

chamber through the syringe connected to the entry port. All data was obtained 

with an Intan Technologies RHD2132 unipolar input amplifier 

(http://intantech.com/) at a sampling rate of 10 KHz, low frequency cutoff and DSP 

filter of 0.1 Hz and high frequency cutoff of 7.5 KHz. A low-impedance Ag/AgCl 
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electrode in fluidic contact with the Hydra trap was used as the reference and 

ground. 

3.7. Spike detection and analysis 

The algorithm we developed to choose C. elegans spikes first involves using a 

high-order bandpass filter to reveal spiking activity in the traces. For phenotyping 

all disease models, the low- and high-cutoff frequencies used were 1 and 100 Hz, 

respectively. When comparing the waveforms of WT, shk-1(lf), and egl-19(lf) we 

used cutoff frequencies of 0.3 and 100 Hz. Each day, we recorded 15-20 min of data 

from the nano-SPEARs with no animals in the chamber in order to determine the 

baseline RMS noise. From Figure 2.9, we determined a threshold of six standard 

deviations (six-sigma) above the background RMS value was sufficient for detecting 

spikes. Both positive and negative waveforms are detected in the recordings, likely 

due to worm micro-movement and small changes in cell-electrode coupling. 

Therefore, we searched for both negative and positive spikes when analyzing data. 

To avoid any potential artifacts of the filtering process we used raw, unfiltered data 

when comparing waveforms (with spike timing identified using the filtered data as 

described above). To form average waveforms, all detected spikes from each strain 

were made positive, scaled to the peak value, and time aligned according to the 75% 

of the max value on the rising edge. The reported spike widths are the full-width, 

half-max values. Unless otherwise stated, all error bars represent the standard 

error. 
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3.8. Movement and electrophysiology recordings 

Nano-SPEAR recordings were conducted while simultaneously performing 

either bright-field or fluorescence imaging to measure heady/body or muscle 

movement, respectively. WT animals were used for bright-field and the ZX299 

(grown in the absence of ATR) and CB5600 strains for fluorescence. To eliminate 

photocurrent artifacts during laser scanning confocal microscopy, we tracked the 

movements of a muscle cell near the electrode rather than the cell directly against 

the nano-SPEAR. To account for any offset in the timing of the electrical and optical 

data, we measured the maximum of the cross-correlogram rather than the cross-

correlation value at zero offset (see below). To determine if the peak in the cross-

correlogram represented statistically significant correlation between nano-SPEAR 

recordings (µV) and worm movement (µm), we separated each data set into a series 

of 2-10 s intervals that could be shuffled to remove any potential correlation. For 

bright-field imaging, we used a 2 s interval that shifts with a step size of 0.2 s until 

reaching the end of the data sets. For fluorescence, we used a 10 s interval that shifts 

with a step size of 1 s until reaching the end of the data sets. To remove any 

potential correlation between the nano-SPEAR recordings and movement data we 

independently shuffled the intervals of each data set. Calculating the correlograms, 

then extracting the maximum of the correlograms in each window of these shuffled 

data sets yields a distribution of correlation values that represent uncorrelated data. 

This data became the histogram of peak correlogram values for uncorrelated data. 
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We then formed a similar distribution, based on the peak correlogram values of the 

unshuffled (e.g. time-aligned) data. We expect these distributions to be significantly 

different if movement is correlated with nano-SPEAR measurements; however, we 

found no such differences indicating that nano-SPEAR recordings are not correlated 

with animal movement. See Figure 2.6 for a visual depiction of the data analysis. 

3.9. Locomotive phenotyping 

We immobilized 10 day-1 WT animals in a nano-SPEAR recording chamber 

for 5 min (the time of a typical recording). Following recordings, worms were 

flushed from the device and onto NGM. Control worms (n = 10) were continually 

kept on NGM. We then used a previously established single-worm tracker (Yu et al. 

2013) to phenotype animal locomotion on an agar substrate for both groups (2 min 

per animal). Worm tracking occurred within 4 hours of the nano-SPEAR recordings. 

3.10. Optogenetics 

EG4813 (Punc-17::Halo::GFP) expresses NpHR, a light-gated proton pump in 

presynaptic excitatory motor neurons. Under illumination with 540-600 nm light, 

NpHR hyperpolarizes cells and inhibits activity both in vitro and in vivo for up to 

several minutes (Han and Boyden 2007; Zhang et al. 2007). In EG4813, NpHR 

activation hyperpolarizes the excitatory motor neurons, reduces the release of 

acetylcholine into the synaptic cleft and thus suppresses post-synaptic activity at the 
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muscle cells (Q. Liu, Hollopeter, and Jorgensen 2009). Worms were raised in the 

dark on NGM plates seeded with OP50 and transferred to NGM plates seeded with 

OP50 supplemented with all-trans retinal (ATR) approximately 48 hrs before 

experiments (4 µL of 100 mM ATR in for every 250 mL of OP50). Control worms 

were never in the presence of ATR and were also raised in the dark. Each trial 

consisted of a 60 s period of no illumination (Interval 1), a 20 s period of yellow 

(540-600 nm) illumination with an X-cite XLED1 (“Excelitas Technologies” n.d.) 

(Interval 2), and a final 60 s period of no illumination (Interval 3). Turning on the 

LED on and off induced large photocurrents in the nano-SPEARs. Therefore, we used 

a fast-settle mode on the Intan amplifier to ground all electrodes for 3 s while the 

LED is turning on (after Interval 1) and off (after Interval 2). This 3 s period was not 

included in the analysis. 

3.11. Spectral analysis 

We calculated the spectrogram from each worm with a sliding window, 

multi-taper spectrogram function (“Chronux” n.d.). Averaging all spectrogram 

frequency bins across time produced the power spectrum for a worm with a 

standard error for each frequency data point. We then averaged each individual 

power spectra to produce an average power spectrum for the strain (using standard 

error propagation). For comparison between strains or animals, we normalized the 

spectra by dividing by the maximum power. In this way, comparing the shapes of 

the spectra reveals differences in the “spiking domain” above 1 Hz. When 
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quantifying the total power metrics, we summed the power in each frequency band 

for every time bin of each worm spectrogram. This produced a normal distribution 

of total-power values for each strain in each frequency band.  The means and SEMs 

of these distributions reflect the final total-power metrics. 

3.12. Disease model phenotyping 

Animals were synchronized and age-matched for recordings. We fabricated 

two sets of recording chambers with slightly different chamber widths to 

accommodate day-1 (~50 µm diameter) and day-2 (~60 µm diameter) adults and 

compared the recordings. Measurements from day-1 and day-2 worms were 

normalized to age-matched WT animals recorded in the day-1 or day-2 chamber 

respectively. The data for day-1 and day-2 animals represent two different groups of 

animals raised under the same conditions. Using the spike detection algorithm and 

spectral analysis, we devised five electrophysiological metrics to phenotype the 

disease models. By summing the specific frequency bands in an average power 

spectrum, we can quantify the total power less than 1 Hz (low frequency 

oscillations) and the total power between 1 and 5 Hz (spiking activity). We initially 

hypothesized that the power less than 1 Hz was related to worm head or body 

movement, but simultaneous imaging and electrophysiology showed that these data 

are uncorrelated (Figure 2.6). Future work is needed to determine the underlying 

electrophysiology behind these low frequency oscillations. By detecting all spikes in 

each data set, we quantified the mean inter-spike interval (ISI). Also, by isolating 
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each detected spike and measuring its full-width half-max, we calculated the mean 

half-width of a spike. For each strain, we measured several hundred half-widths. 

The standard deviation from the mean of this distribution is the metric σm. For all 

disease models we took only p<0.01 as a significant difference. 

3.13. Clioquinol treatment 

When PD is modeled in the dopaminergic neurons of C. elegans, cell death 

occurs much more rapidly than in WT worms (Tardiff et al. 2012). However, CQ has 

been shown to protect these neurons against α-synuclein toxicity and allow for 

longer cell health (Tardiff et al. 2012). We hypothesized CQ would therefore protect 

body-wall muscles from α-synuclein toxicity in our PD models and preserve WT 

electrophysiology. PD worms were synchronized using standard bleaching methods 

(“WormBook” n.d.) and the eggs were incubated in a 30 µM CQ, 1% DMSO in M9 

solution for 24 hrs at room temperature. The DMSO potentiates the drug 

penetration through the tough cuticle. After the incubation period, the L1 larvae 

were plated on typical NGM until reaching day-2 adulthood. In parallel with the 

treated worms, control worms underwent the same protocol but were never in the 

presence of CQ.  
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