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ABSTRACT OF THE DISSERTATION 
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Neurotransmitters and Nucleic Acids 

 

by 

 

Allison Mika Yorita 

Doctor of Philosophy in Chemical Engineering 
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Professor Harold G. Monbouquette, Chair 

 

Studying neurological disorders on a chemical level requires sensitive and fast techniques 

in order to monitor the release of neurotransmitters in near-real time. When creating probes for 

the purpose of sensing these neurotransmitters, these sensors must demonstrate high selectivity 

for the neurotransmitter of interest, high sensitivity towards the neurotransmitter, and a low 

detection limit such that small releases of the neurotransmitter can still be detected. Creating 

platinum-based electrodes, onto which various permselective polymers are deposited, has been 

demonstrated to be an effective means by which sensors can be created for use in vivo in 

behavioral studies. The first example is the creation of a platinum wire-based sensor, on which 

polymers and the enzyme glutamate oxidase were deposited to create a glutamate sensor. The 

benefit to using a platinum wire its small physical footprint, making it effective for in vivo 

studies where tissue damage is a big concern, such as when studying brain slices. The second 
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example is the fabrication of a multielectrode microprobe, with which numerous 

neurotransmitters can be detected simultaneously. Using these sensors, a dopamine-sensing site 

was modified and optimized to decrease the limit of detection to 10 µM, which is comparable to 

the lowest concentration that needs to be detected in the brain. Ultimately, this dopamine sensor 

will be incorporated as one site on the multielectrode microprobe, such that dopamine and 

glutamate can be detected simultaneously on one sensor in vivo. This dual sensor could be used 

to study how imbalances in both neurotransmitters affect neurological disorders, in hopes of 

elucidating the link between neurotransmitter release and behavioral response. 

There is a great need for sensors that detect specific sequences of nucleic acids quickly 

and at a low cost. The applications behind a nucleic acid sequence sensor are broad, ranging 

from detection of food or water contamination to quick diagnosis of the presence of harmful 

bacteria. Current nucleic acid sensors rely on methods such as polymerase chain reaction, 

making it less portable and requiring more complex electronics for detection. We have created a 

sensor made of a thin (1 µm or thinner) glass membrane in which a single nanopore is milled. An 

electric potential is applied and the resulting current flowing through the pore is measured. On 

one side of this nanopore, microspheres conjugated with a peptide nucleic acid (PNA) sequence 

complementary to the target sequence are injected. These microspheres are neutrally charged, 

such that when a potential is applied across the glass membrane, they will not respond to the 

electric field. However, in the presence of the target nucleic acid sequence, the beads’ PNA 

probe sequence hybridizes to the target sequence, thus imparting negative charge onto the bead. 

As a result, these beads will move towards the nanopore upon application of an electric field. 

The pore is designed to be smaller than the beads, such that when the bead blocks the pore, a 

discernible decrease in current is detected which confirms the presence of the target nucleic acid. 
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To date, this platform has demonstrated the ability to distinguish between complementary and 

non-complementary nucleic acid sequences, down to a detection limit of 1 aM of 16S ribosomal 

RNA extracted from Escherichia coli. These results indicate that this sensor can selectively 

detect low concentrations of pathogenic bacteria, even in the presence of other organisms. 
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Chapter 1: Introduction  

1.1 Electrochemical sensing of neurotransmitters (glutamate and dopamine) 

1.1.1 Motivation 

There are two types of signaling in the brain: electrical and chemical. Electrical signaling 

is the firing of action potentials, which can propagate electrical signals throughout neuronal 

networks. Chemical signaling is the release of neurotransmitters across the synapse, where they 

are received by receptors in another neuron. Electrical signaling has been well-studied, with 

electrophysiological recordings taken using microelectrodes to study how electrical signaling 

works in the brain[1]–[4]. Creating sensors for chemical signaling is more difficult, as there are 

numerous neurotransmitters in the brain released simultaneously. Glutamate is an excitatory 

neurotransmitter released by a majority of neurons during excitation signaling[5]. It is attributed 

to forming memories and learning. Disorders in glutamate signaling have been attributed to 

Huntington’s disease, Alzheimer’s, Parkinson’s, ALS, and Jakob-Creutzfeldt disease[6]. 

Dopamine is most commonly associated with the development of reward-seeking behaviors and 

motivation, as well as with developing motor function[7].  As a result, dopamine is typically 

studied to understand how addictions are formed (such as to drugs or food)[8]. Dopamine 

imbalances have also been linked to Parkinson’s and Huntington’s disease[9]. With regards to 

the effects of glutamate and dopamine simultaneously, it has been suggested that imbalances 

between glutamate and dopamine levels together play a role in schizophrenia, Parkinson’s 

disease, and addiction [10]–[12]. By fabricating sensors that can detect both glutamate and 

dopamine simultaneously in near-real time, it is clear that such sensors could further elucidate 

these neurotransmitters’ roles in neural disorders and diseases. 
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1.1.2 Current sensing mechanisms for neurotransmitter detection 

Many sensors focus on detecting the extracellular release of neurotransmitters, which are 

the neurotransmitters that are released into the synapse during chemical signaling. Historically, 

neurotransmitter chemical detection has been done via microdialysis[13]–[15]. This typically 

involves inserting the microdialysis device into the brain, where analyte diffuses across a 

membrane into perfusate, which then removes the analyte from the brain for analysis via 

methods such as mass spectroscopy or high performance liquid chromatography (HPLC). 

However, there are drawbacks to using microdialysis as a sensor. The time it takes from 

neurotransmitter release to analysis of the analyte is generally slow, on the order of 5 minutes. 

Furthermore, these microdialysis sensors can be bulky, with diameters ranging from 200-400 µm 

and lengths ranging from 1-4 mm. These dimensions, relative to neurons, are large enough that 

spatial resolution is poor. 

Electrochemical sensing of neurotransmitters is seen as a viable and quick way to 

measure neurotransmitter release without the drawbacks of poor spatial or temporal resolution 

seen in microdialysis. These sensors, once implanted in the brain, remove very little analyte and 

can provide near-real-time feedback on chemical release. There are numerous electrochemical 

methods that are used for detection, such as fast scan cyclic voltammetry (FSCV) and constant 

potential amperometry (CPA). FSCV is a method where the potential of the electrode is rapidly 

increased linearly to a peak potential, then decreased back down to the original potential. The 

resulting current waveform peaks become characteristic identifiers for specific neurotransmitters. 

Benefits to this method include high selectivity and quick time resolution (as short as 100 

ms)[16]. However, drawbacks include greater complexity in the electrical equipment and the 

need for complex data analysis (such as background subtraction to obtain the characteristic 
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peaks). In comparison, constant potential amperometry is a method by which the electrode is 

held at a constant potential. The current measured will change as electrooxidizable molecules 

oxidize on the surface. This method has the fastest time resolution, as sampling rates can be 

much higher than FSCV (on the order of milliseconds). The main issue with CPA arises from its 

inability to differentiate between different electrooxidizable components in the brain, such as 

dopamine and ascorbic acid. However, chemically coating the surfaces of these electrodes can 

make them selective, thus making amperometric sensors the most straightforward in terms of 

data collection and analysis[17].  

To create platinum-based microelectrodes that can specifically detect different 

neurotransmitters, polymer layers and enzymes can be deposited onto the surface. For example, 

rejecting dopamine from oxidizing on the surface of the electrode has been done via deposition 

of overoxidized polypyrrole (oPPy)[18]–[21]. Pyrrole can be selectively polymerized on the 

electrode surface via electrochemical deposition. It is believed that overoxidizing the pyrrole 

layer creates a nonconducting barrier, through which larger molecules (such as dopamine) cannot 

pass. In addition, the charge of the polypyrrole layer is also responsible for charged-based 

repulsion of interferents. Rejecting ascorbic acid can be accomplished via the deposition of 

negatively-charged polymer films such as Nafion[22]–[24]. Once Nafion is deposited, the 

polymeric structure rejects larger molecules while the negative charge specifically rejects 

negatively-charged interferents such as ascorbic acid. Certain neurotransmitters cannot oxidize 

on the surface of the electrode at moderate potentials, such as glutamate, choline, and 

acetylcholine. In order to make sensors for these analytes, enzymes are typically deposited on the 

surface of the electrode. For example, glutamate oxidase is the most commonly-used enzyme to 

detect presence of glutamate[25], [26]. Glutamate oxidase catalyzes the oxidation of glutamate in 
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the presence of oxygen and the formation of hydrogen peroxide. This molecule is able to freely 

diffuse through the polymer layers due to its small size and oxidize at the surface, thus 

generating a discernable current signal. 

The material of the sensors themselves can range from carbon-based electrodes (such as 

carbon fiber or graphene) to metal electrodes (such as platinum). Graphene-based sensors are 

touted for their electrical conductivity, as well as low material cost[27]. They have been 

deposited on glassy carbon electrodes (GCE) to enhance detection of dopamine using cyclic 

voltammetry[28]. However, methods to deposit graphene evenly over large areas are still not 

well-established, making batch fabrications to create these sensors difficult. Carbon fiber 

electrodes are most commonly used electrodes in FSCV applications, and can be coated with 

polymers such as polypyrrole and Nafion to make them more sensitive to detecting various 

neurotransmitters[29]. Typically, they have been used to detect dopamine, with studies 

conducted in vivo to track dopamine release[30], [31]. The main drawback to using carbon fiber 

electrodes lies in the fact that it is difficult to simultaneously insert more than one in a small 

space, making simultaneous measurements of neurotransmitters in the same area of the brain 

difficult. Using semiconductor fabrication technologies to pattern arrays of microelectrodes has 

been well-documented, and can create an array of planar microelectrodes that can detect 

numerous neurotransmitters on one sensor. 

1.1.3 Fabrication of microelectrode arrays for electrochemical detection of 

neurotransmitters 

Numerous groups have created microelectrode arrays (MEAs) using semiconductor 

processing methods. By using semiconductor fabrication methods, these probes can be 

manufactured reproducibly and with smaller dimensions, allowing for more accurate 
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measurements in the brain[32], [33]. For example, one group created silicon-based sensors, on 

which they patterned microelectrodes made out of iridium and platinum for electrophysiological 

and chemical recordings, respectively[34]. There have also been MEAs based on ceramic, due to 

ceramic’s rigidity and insulating properties[35], [36]. In these cases, platinum electrodes were 

deposited onto the surface of the ceramic substrate, where they were coated with permselective 

polymers and enzymes to make them specific towards different neurotransmitters.  

 Development of electrochemical sensors for neurotransmitters has been ongoing in our 

group. First generation sensors began as a single 125 µm diameter platinum wire for glutamate 

detection, onto which overoxidized polypyrrole was deposited to reject dopamine and ascorbic 

acid[19]. As mentioned previously, glutamate oxidase was deposited onto the surface of the wire 

in order to sense the presence of glutamate. Next generation sensors were microelectrode arrays 

made out of a ceramic substrate with four platinum microelectrodes per sensor[37]. Further 

refinement in microfabrication technique led to the silicon-based sensors used today, with four 

platinum electrodes on a 150 µm-thick silicon substrate [38]. Work has continued in vivo as we 

continue to increase the number of neurotransmitters we can sense, as well as add different 

functionalities to the sensor such as an on-probe iridium oxide reference electrode[17], [39].   
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1.2 Nucleic acid sequence-specific detection 

1.2.1 Motivation 

Sequence-specific detection of nucleic acids can be utilized in a variety of situations, 

including the detection of biowarfare agents, food and water contamination, pathogens in body 

fluids, and cancerous cells. In all of these situations, creating a sensor that is fast and low-cost is 

of utmost importance. Specific applications include creating clinical diagnostic devices to detect 

the presence of pathogenic bacteria. In 2011, it was estimated that about 721,800 inpatients per 

year suffered from bacterial infections due to exposure during treatment at a hospital for other 

ailments[40]. Furthermore, at least 2 million people per year in the United States are infected 

with antibiotic-resistant bacteria, which has directly led to at least 23,000 deaths annually[41]. 

Typical clinical diagnosis of bacterial infections involves culturing methods, which can take days 

before proper diagnosis. In addition, current diagnostic methods to differentiate between 

antibiotic-resistant bacteria and treatable bacteria also involve culturing, furthering time to 

diagnosis. Examples of bacteria with known antibiotic resistance include Clostridium difficile, 

Neisseria gonorrhoeae, methicillin-resistant Staphylococcus aureus (MRSA), and 

Mycobacterium tuberculosis. Thus, a diagnostic device that could quickly (on the order of an 

hour or less) detect the presence of specific nucleic acid sequences in clinical samples would be a 

huge improvement in lowering costs, pinpointing appropriate treatment, and decreasing patient 

waiting time. Since such a device would focus on presence of pathogens in any number, creating 

a binary yes/no readout gives strong motivation towards developing a quick, portable device.  

1.2.2 Current methods of nucleic acid detection  

Two of the most common methods to molecularly detect pathogens are polymerase chain 

reaction (PCR) and immunoassays (such as ELISA)[42]. For some pathogenic diseases, such as 
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Clostridium difficile infection, there has been a shift from using immnoassays for diagnosis to 

focusing on nucleic acid amplification[43]. Utilizing PCR to detect nucleic acid sequences 

typically involves detection of a fluorescent molecular probe bound to the PCR product[44]–

[46]. Recently, work has been done to conduct PCR on a smaller scale, with the aim to decrease 

sample size volume and time to detection. For example, microfluidics and micro-droplets have 

been used for PCR in nucleic acid sequence detection, with fluorescent tags used to detect the 

amplification of the target sequence[47], [48]. The drawback to using PCR is the need for 

complicated electronics, such as a thermocycler or fluorescence detector, as well as needing 

numerous reagents that would make creating a compact, simple and inexpensive device not 

feasible.  

Creating a sensor for nucleic acids without sequence amplification can greatly decrease 

the cost, size, and difficulty of manufacturing. Recent work in amplification-free detection 

includes using peptide nucleic acid (PNA) probes, which were modified with chromophore dyes 

that emitted fluorescence upon being brought into close proximity with a cationic-conjugated 

polymer. This would only occur when the PNA encountered a complementary ssDNA 

sequence[49]. The polymer enhanced levels of fluorescence, thus eliminating the need to amplify 

the DNA sequence. However, in this particular case, a fluorometer is required, thus increasing 

the complexity of the device. In general, while fluorescence-based technology can achieve highly 

sensitive detection, the complexity involved in manufacturing a small, portable optical system 

increases costs compared with manufacturing a sensor using simple electronics[50].  

Other methods of nucleic acid detection that do not involve amplification of the target 

sequences involve using electrochemical methods. One work utilizes amplification-free 

electrochemical methods to specifically detect rRNA sequences associated with urinary tract 
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infections by using horseradish peroxidase to generate an electrochemical current[51]. Another 

method focused on using gold nanoparticles and horseradish peroxidase to create visible bands to 

confirm presence of specific nucleic acid sequences, which achieved a detection limit of 1.25fM 

when looking for human genomic DNA[52]. However, with these amplification-free 

technologies, there is still the need for multiple reagents. Ideally, a simple nucleic acid sensor 

would involve using just the probe sequence and would eliminate the need for extra reagents or 

instrumentation. 

Previous work using sensors that do not use fluorescence, complex electronics, or 

reagents other than the target probe sequence typically involve sensing based on a change in 

conductance or change in frequency upon binding of the target nucleic acid on the surface of the 

sensor. Research in this area is still relatively sparse, due to the large number of constraints and 

specifications placed on creating such a device. For example, work has been done to create a 

sensor using a silicon nanowire onto which peptide nucleic acid probe sequences are 

immobilized. As a microfluidic channel directs flow over this wire, complementary DNA strands 

bind to the PNA probes, causing a measureable increase in the conductance of the nanowire[53]. 

Another technology created nanowires out of polypyrrole with immobilized probe ssDNA bound 

to the surface and was able to specifically detect sequences of ssDNA down to 0.1 fM[54]. 

Another method of detection involves using a QCM, in which a change in the frequency is 

detected when the target NA binds to the sensor surface[55]. Similarly, hybridization of DNA 

onto a cantilever could be detected in other recent work by measuring the change in resonance 

frequency[56]. As these label-free methods continue to be developed, ultimately, it is desirous to 

create a probe that can solely rely on simple electronics. 
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1.2.3 Current Methods and Applications of Nanopore Fabrication 

Solid-state fabrication technology is one method by which a small, portable sensor can be 

manufactured. Using nanopores involves applying a potential on either side of the pore and 

measuring the current as it passes through the buffer-filled pore. A change in current can indicate 

the passing of an analyte through the pore due to an increase in the pore resistivity. Pores can be 

constructed from naturally-occurring ion channels, mainly Staphylococcus aureus α-hemolysin, 

that are inserted into lipid bilayers[57], [58]. These nanopores have been used as sensors for 

analytes such as cocaine, in which the presence of cocaine causes a change in the shape of a 

DNA aptamer which can be detected electrically via a α-hemolysin pore[59].  

As semiconductor fabrication technology has improved, researchers have moved on 

towards using etched nanopores due to a variety of advantages. For example, the ease at which 

the dimensions of the nanopore can be controlled is very desirable, as the pores can be 

controllably etched for specific types of detection. In addition, high-throughput methods can be 

used to create many sensors in one batch, and the surface can be modified based on different 

sensing situations[60]. These nanopores are typically silicon- or glass-based, with a thin 

membrane (tens of nanometers thick) in which the pore is etched using focused ion beam, an 

electron beam via transmission electron microscope (TEM), or ion-track etching[60], [61]. There 

has been much work in using these methods to mill smaller pores with nanometer-level precision 

and reproducibility[61]. A common use for these nanopores is to electrically monitor nucleic 

acid sequences as they are threaded through the pore[62]. Ultimately, this is in hopes of creating 

a device that can electrically distinguish individual base pairs for sequencing purposes. These 

nanopores have also been used for detection purposes, such as being able to electrically resolve 

areas in which oligonucleotides or PNA probes were specifically bound to a DNA molecule as 
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the DNA was threaded through a nanopore[63], [64]. The main drawback to using these small 

nanopores is that they are typically used for translocation experiments, which involves sensing 

transient passages through the pore. The travel time through a pore can be as short as 200 µs, 

which requires more sophisticated electronics than simply sensing the blockage of a pore since 

the temporal resolution requirement is much higher[65]. 

1.2.4 Using Pores for the Detection of Nucleic Acids 

Previous versions of a device for the detection of nucleic acids utilized drawn glass 

pipettes as a pore[66]. These pipettes were drawn to 2 µm in diameter at the tip. Upon immersion 

in a buffer solution, electrodes were placed on either side of the pipette tip, such that current 

could be measured through the pore. On one side of this pipette, 3 µm-diameter polystyrene 

beads with a probe sequence made up of peptide nucleic acid (PNA) were injected. These beads, 

without any nucleic acid hybridization, are electrically neutral. When a potential is applied 

across the pore, these beads should not respond with any movement. However, once exposed to 

complementary nucleic acids that will specifically bind to the PNA probe sequence on the bead, 

the beads gained a negative charge as a result of the negatively charged backbone of the nucleic 

acid. The bead then responded to the applied electric field and headed towards the pore. Since 

the bead is larger than the pore, this causes a pore blockage and a discernable drop in current. 

Using this technology, a 10 fM detection limit has been measured with 16S rRNA from E. coli as 

a target organism[67]. 
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Chapter 2: Detection of glutamate using a microwire-based electrode coated 

with permselective polymers and immobilized glutamate oxidase 

 

Abstract 

 A glutamate sensor consisting of a 50 µm-diameter platinum wire coated with 

permselective polymers and enzyme has been created. Glutamate is one of the most important 

excitatory neurotransmitters in the brain, with a majority of neurons releasing glutamate for 

excitatory signaling. Near-real time monitoring of glutamate in vivo could elucidate how neural 

networks are connected on a chemical level. Glutamate sensors for the electrochemical 

amperometric monitoring of glutamate have previously been created in a microelectrode array, 

with four microelectrodes on a 150-µm-thick silicon substrate[1], [2]. These sensors have been 

used for in vivo studies in which they were implanted in rat brains for behavioral studies[3], [4]. 

However, there exist neural studies that focus on examining brain slices versus the whole brain. 

In these situations, our currently existing microprobes are too large, causing rips in the brain 

tissue that render studies of these brain slices unattainable. As a result, a microwire-based sensor 

has been developed that can electrochemically detect glutamate on a smaller dimensional scale to 

reduce tissue damage upon insertion. Due to the different geometry of the wire sensor versus the 

planar microelectrodes previously designed, the deposition process of the permselective 

polymers and enzyme were redesigned and optimized for selectivity against ascorbic acid and 

dopamine (two common interferents in the brain). It was demonstrated that sensitivity to 

glutamate was approximately 93 nA µM-1 cm-2 with a detection limit of 1.52 µM. These 

parameters show the potential for these glutamate wire sensors to be used in vivo with brain 



 21 

slices for further studies on how neurons in different portions of the brain fire when exposed to 

different stimuli. 

2.1 Introduction 

Glutamate is one of various neurotransmitters used for chemical signaling in the brain.  It 

is the most common excitatory neurotransmitter, with approximately 90% of neurons releasing 

glutamate upon excitation[5]. Normally-functioning glutamate release has been linked to 

synaptic plasticity and memory formation[6]. Because of its ubiquity in the brain, imbalances in 

either glutamate release or reuptake can be attributed to a wide variety of neural disorders, 

including Huntington’s disease, Alzheimer’s, Parkinson’s, ALS, and Jakob-Creutzfeldt 

disease[7]. In order to electrochemically detect glutamate, permselective layers must be 

deposited over the microelectrode surface to ensure interfering chemicals do not oxidize at the 

surface and give a false signal. Examples of such permselective layers include overoxidized 

polypyrrole (oPPy) to reject dopamine[8]–[11] and Nafion to reject ascorbic acid[12]–[14]. 

Pyrrole can be electrochemically deposited, thus forming polypyrrole, onto the surface of the 

electrode. Glutamate on its own cannot oxidize at the surface of the microelectrode; thus, an 

enzyme such as glutamate oxidase must be immobilized to the surface of the electrode. 

Glutamate oxidase (GluOx) catalyzes glutamate oxidation via the following reaction[15]: 

𝐺𝑙𝑢𝑡𝑎𝑚𝑎𝑡𝑒 + 𝑂! + 𝐻!𝑂 
!"#$%

 𝛼 − 𝐾𝑒𝑡𝑜𝑔𝑙𝑢𝑡𝑎𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 + 𝑁𝐻! + 𝐻!𝑂! 

 The generated hydrogen peroxide travels through the permselective layers, where it 

electrooxidizes on the electrode surface and generates a current increase, indicating presence of 

glutamate. 

Studies using brain slices have been used to examine the effects of external stimulants 

(either electrical or pharmaceutical) on very specific portions of the brain. Once the slices are 
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created, they are kept in a buffer to maintain the viability of the neurons in the slices. The 

benefits to using brain slices lie in the ability to control the extracellular conditions of the cells, 

as well as focus on a specific part of the brain without concern that other physiological factors 

that arise from whole-brain, in vivo studies could affect neuron signaling[16]. Electrochemical 

measurements done in brain slices include measuring nitric oxide using a carbon fiber electrode 

coated with Nafion and o-phenylenediamine for selectivity[17]. In this case, fast scan cyclic 

voltammetry (FSCV) was used for detection. The drawback to using FSCV compared to 

amperometry is that more complex electrical equipment is required, as well as more complex 

data analysis to determine concentration of analyte released. It is fairly common to use carbon 

fiber electrodes for detection in brain slices, as these are already in wire form and can be inserted 

without damaging the tissue[18]–[20]. However, these all rely on FSCV, with fewer studies 

focusing specifically on detecting glutamate.  

Previous sensors for electrochemical detection of glutamate have focused on sensing 

glutamate using platinum wire in initial studies, moving onto developing planar microelectrodes 

patterned onto a silicon-based substrate[1]–[3], [9]. Platinum wire sensors consisted of 125 µm-

diameter platinum wire with an exposed length of ~250 µm were coated electrochemically with 

platinum black, which creates a rough surface on the wire surface with the benefit of increased 

sensitivity at a lower operating potential. This wire was then coated in electrodeposited oPPy and 

immobilized glutamate oxidase to create a glutamate sensor selective against dopamine and 

ascorbic acid. The drawback to this sensor is that due to the rough surface of the deposited 

platinum black, the current noise is higher, which affects its detection limit. Subsequent 

generations of glutamate sensors involved fabricating a silicon-based microelectrode array, 

which consists of four microelectrodes, each approximately 40 x 150 µm in size arranged at the 
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tip of a microprobe shaft in a 2x2 formation. This shaft was 120 µm wide and 150 µm thick. 

However, preliminary tests showed that insertion of these sensors into brain slices (typically 

~400 µm thick) damaged the brain tissue to the point where no neurotransmitter release could be 

detected. Thus, a thinner sensor with a smaller physical footprint is necessary to conduct similar 

electrochemical measurements specifically for brain slices. Although there is a loss in 

simultaneous measurements of different neurotransmitters using a multielectrode array, the 

ability to monitor release of a single neurotransmitter without greatly damaging the tissue is the 

largest benefit to using a microelectrode wire. Thus, we aimed to create a smaller platinum wire-

based sensor without the platinum black deposition done in previous work, in hopes of creating a 

sensitive sensor to glutamate with a lower level of noise. 

2.2 Experimental Setup 

2.2.1 Materials 

Pyrrole, Nafion® (5%), glutaraldehyde, bovine serum albumin, hydrogen peroxide, L-

ascorbic acid, dopamine hydrochloride were purchased from Sigma-Aldrich (St. Louis, MO). L-

Glutamic acid was purchased from Acros Organics  (Geel, Belgium). Fifty-µm-diameter Teflon-

coated platinum wire was purchased from A-M Systems (Sequim, WA). L-glutamate oxidase 

was purchased from Associates of Cape Cod (East Falmouth, MA). Ag/AgCl 7.5-cm-long glass-

bodied reference electrode in 3M NaCl and a platinum wire auxillary electrode were purchased 

from BASi (West Lafayette, IN). Phosphate-buffered saline (PBS) is made of 50 mM sodium 

phosphate (dibasic) and 100mM sodium chloride, pH 7.4.  
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2.2.2 Instrumentation 

A Versatile Multichannel Potentiostat (VMP3) with an N’stat box for low current 

operation was connected to a computer running EC-Lab software (all by Bio-Logic USA, 

Knoxville, TN). The VMP3 was operated in three-electrode mode, with a working electrode, 

reference electrode, and auxillary (counter) electrode connected to the potentiostat. The VMP3 

was used for electrochemical deposition, selectivity tests, and glutamate calibration curves. 

2.2.3 Platinum wire preparation and surface modification 

Due to the thin diameter of the platinum wire, the wire was attached to a support for ease 

in handling. For these tests, a thin pipette tip was used as support. The wire was threaded through 

the pipette tip, where epoxy was applied to secure the wire in place. The wire was cut such that 

~5 mm protruded out from the end of the pipette tip. Since Teflon covers the platinum wire, this 

layer was gently cut away and removed, exposing the bare platinum wire. Approximately 400 

µm of bare wire was exposed after the cut, for a total exposed area of ~6.5x104 µm2, as seen in 

Figure 1.  

The bare platinum wire was sonicated in isopropyl alcohol prior to surface modification. 

The first deposition consisted of inserting the wire into a solution of 200 mM pyrrole (using PBS 

as the dilution solution). The deposition was done using cyclic voltammetry, cycling from 0.6 to 

0.9 V vs. Ag/AgCl at a ramp of 10 mV/s for 15 cycles. After this initial deposition, the exposed 

wire was cut from a 400 µm length to 100 µm under a microscope. To coat the exposed cut end 

of the wire, a second deposition was conducted, in which the wire was inserted into a solution of 

200 mM pyrrole. Again, a cyclic voltammetric deposition was done, cycling from 0.6 to 0.9 V 

vs. Ag/AgCl at a ramp of 10 mV/s for 10 cycles. Next, the sensor was dip-coated in 5% Nafion. 

Four coats were deposited, where after each coat the sensor was baked in a 180 °C oven for 3 
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minutes. One half U of glutamate oxidase in DI water was mixed with 3 µL bovine serum 

albumin (BSA) in water (10 mg/mL) and glutaraldehyde (0.125% v/v). This solution was placed 

in a microsyringe. The glutamate oxidase solution was then manually coated on the exposed wire 

sensor under a microscope 45 times using the microsyringe. The sensor was then stored at 4 °C 

in a dessicator overnight to dry. 

             

Figure 2.1. A step-by-step depiction of the coatings deposited on the bare platinum wire. Step 
1: Bare platinum wire, 400 µm exposed. Step 2: First deposition of polypyrrole. Step 3: Wire cut 
to 100 µm exposed length, second deposition of polypyrrole. Step 4: Dip coating with Nafion. 
Step 5: Manual deposition of glutamate oxidase.   

 All in vitro tests were conducted in stirred PBS at room temperature, with the electrode 

held at 0.7 V vs. Ag/AgCl. For interferent tests, varying concentrations of interferents (ascorbic 

acid and dopamine) were pipetted into the stirred PBS to determine if there was any current 

response. For the calibration tests, varying concentrations of glutamate were pipetted into stirred 

PBS and the current response was measured. 

2.3 Results and Discussion 

2.3.1 Selectivity of the sensor against ascorbic acid and dopamine 

Due to the different geometry in using a platinum wire instead of a flat microelectrode, 

such as those used in our microelectrode arrays, a different method of deposition had to be 
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developed. When using our microelectrodes, amperometric deposition is used to deposit 

polypyrrole (PPy) on the surface of the electrodes for rejection of dopamine. However, using this 

method on the platinum wire led to uneven deposition, with bulkier deposits visibly seen at the 

very tip of the electrode. This can be attributed to the edge effects seen in electrodes, in which 

the edges experience a higher field than the rest of the electrode. Since there are many edges at 

the very tip of the electrode, this can cause uneven deposition. This was apparent even for more 

dilute solutions of pyrrole. Thus, switching to cyclic voltammetry (CV) deposition was 

necessary. CV provides a much thinner deposition of PPy, although uneven deposition was still 

seen at the tip of the wire. As a result, the tip would still be noticeably bulkier than the rest of the 

electrode, but the PPy was too thin everywhere but the tip. Dopamine was still able to react on 

the surface of the electrode and generate a small current increase in in vitro studies. Thus, the 

cutting method was devised. By depositing PPy onto a longer length of electrode, an initial 

thickness of PPy was deposited on the sides of the wire electrode. Cutting the wire to its final 

length (~100 µm) and doing another round of CV deposition allowed the sides of the wire 

electrode to become thick enough to reject dopamine, while the tip, because of the edge effect, 

had enough PPy to reject dopamine without additional PPy bulk. After the PPy deposition was 

optimized, the Nafion coating was also optimized to ensure the electrode would not respond to 

ascorbic acid. It was determined that four dip-coats in 5% Nafion rejected ascorbic acid. In vitro 

tests after these optimizations showed that the electrode did not respond to injections of 

dopamine and ascorbic acid, but still had high response to injections of hydrogen peroxide 

(Figure 2.2). 
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Figure 2.2. Current trace from an in vitro test showing the lack of response to interferents. 
The injection order was as follows: 250 µM ascorbic acid (AA), three 2 µM dopamine (DA), two 
5 µM DA (DA’), and two 20 µM hydrogen peroxide (H2O2). The electrode was held at 0.7 V vs. 
Ag/AgCl, and the resulting current was measured as a function of time. 

 

2.3.2 Calibration curves for glutamate using the platinum wire sensor 

Two important characteristics for electrochemical sensors are the sensitivity and the limit 

of detection of the electrode. The sensitivity is a measure of how much a current increases in 

response to a certain concentration change of analyte. The limit of detection is the smallest 

concentration a sensor could theoretically detect, which is a function of both the noise of the 

measured current and the sensitivity. This is typically characterized as a signal that is at least a 

two-fold increase above the noise. Thus, calibration curves for glutamate were measured by 

injecting increasing concentrations of glutamate and measuring the current response. Previous 

work has been done with regards to depositing glutamate oxidase onto a platinum wire, and thus 
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a similar protocol was used to coat the wire with the enzyme[9]. With 45 coats of GluOx, an 

example calibration curve is seen in Figure 2.3: 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. A glutamate calibration curve measuring current response as a function of 
increasing glutamate concentration at 0.7 V vs. Ag/AgCl. The red line is the averaged trendline. 

 

Dividing the conversion factor (the slope of the calibration curve) by the total surface 

area of the electrode gave a sensitivity of 73.5 nA µM-1 cm-2. The noise was calculated to be 

about 15 pA. To calculate the limit of detection, the noise was multiplied two-fold, then divided 

by the conversion factor, giving a limit of detection of 2.3 µM. The main issue that arose with 

these sensors was the lack of consistency in their sensitivity and limit of detection. For example, 

when looking at the data generated by three wire sensors coated with the same PPy, Nafion, and 

GluOx layers in Table 2-1, the average sensitivity was 143 ± 51 nA µM-1 cm-2. Similarly, the 

detection limit had a wide range, with one sensor providing a detection limit of 942 µM, clearly 

much higher than the detection limit of the other two sensors. This was attributed to the much 
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larger degree of noise seen in the baseline current, which could be attributed to the sensor itself 

or to external factors. It is believed that the platinum surface could play a large role in this 

variability, especially with regards to noise. Potential scratches that arise from removing the 

Teflon layer on the wire or any remaining debris not visible under the microscope would affect 

the noise of the sensor, regardless of the permselective polymer and enzyme layers deposited. 

The large error range relative to the average should be addressed, with recommendations 

provided in Chapter 6. 

 

 Sensor 1 Sensor 2 Sensor 3 
Sensitivity (nA µM-1 cm-2) 241 74 113 
Detection Limit (µM) 1.52 2.31 942 

 

Table 2.1. A comparison of three platinum wire sensors with regards to their sensitivity to 
glutamate and detection limit. The wide variance in numbers shows the need for further 
investigation into making these sensors more uniform. 

However, overall, it is noted that certain sensors exhibit both the ability to reject ascorbic 

acid and dopamine and high sensitivity with low detection limits. There exists great potential to 

further develop these wires into a consistent product. 

2.4 Conclusion 

A platinum wire glutamate sensor was created with optimized permselective layers to 

reject interferents. The footprint of this wire is much smaller than that of our silicon-based 

microelectrode arrays, thus minimizing tissue damage upon insertion. We demonstrated the 

sensor’s ability to block dopamine and ascorbic acid using optimized electrochemical methods to 

deposit pyrrole and Nafion. Immobilization of glutamate oxidase on the wire surface allows for 

sensing of glutamate, shown by the ability to construct calibration curves. While the selectivity 

of the sensor is clearly demonstrated, further study of the root cause of the variance in noise and 
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sensitivity to glutamate should be done to address sensor consistency. This sensor could be used 

in studies requiring brain slices as a way to electrochemically detect glutamate without ripping 

the slice apart, due to the thin diameter of the platinum wire. 
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Chapter 3: Enhanced permselective polymer deposition for dopamine sensing 

in a micromachined multielectrode microprobe for simultaneous 

glutamate and dopamine detection 

Abstract 

We have designed, fabricated, and modified multielectrode microprobes to monitor the 

release of neurotransmitters from neurons in near-real time. These microprobes can be used to 

study chemical release in vivo in rats. Since electrodes can be chemically modified to become 

selective for the detection of specific neurotransmitters, a variety of neurotransmitters can be 

detected simultaneously for neurological behavioral studies. This work focuses specifically on 

creating a sensor for the simultaneous, real-time detection of glutamate and dopamine. A 

dysfunction in glutamate and dopamine balances has been implicated in numerous neurological 

diseases and disorders, such as Parkinson’s disease, addiction, and schizophrenia.  

Multiple probes are fabricated on a four-inch silicon wafer using microelectromechanical 

systems (MEMS) technology, with a single probe containing four microelectrodes. Modification 

of the electrode surface for specific neurotransmitters is done chemically, with permselective 

polymers deposited on the electrode surface to reject interferent chemicals. A glutamate sensor 

requires deposition of a thick layer of polypyrrole and Nafion to block against electrooxidizable 

species in the brain, such as ascorbic acid and dopamine. Glutamate oxidase is deposited on the 

electrode surface to electrochemically detect glutamate by catalyzing the reaction that produces 

hydrogen peroxide from glutamate. In the case of a dopamine sensor, overoxidized polypyrrole 

is electrochemically deposited to enhance electrode sensitivity to dopamine. Nafion is deposited 

to prevent the detection of ascorbic acid. Previous work has shown glutamate sensitivity to be 

126 nA µM−1 cm−2, with a detection limit of ~2 µM[1]. Recent improvements on polypyrrole 
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electrodeposition and overoxidation have led to a dopamine sensor with a sensitivity of ~2000 

nA µM−1 cm−2 and a limit of detection lower than 15 nM. As a result of this lower detection 

limit, our amperometric sensors can be compared to carbon fiber electrodes, which are also used 

to detect dopamine via fast scan cyclic voltammetry (FSCV). These promising results can be 

used to study glutamate and dopamine release in the brain in vivo. 

3.1 Introduction 

Glutamate and dopamine are some of the various neurotransmitters in the brain responsible 

for chemical signaling between neurons. Each of these neurotransmitters is thought to be 

associated with various roles. For example, glutamate is the most common excitatory 

neurotransmitter in the brain, with approximately 90% of excitatory neurons releasing 

glutamate[2]. An imbalance in glutamate release or reuptake can lead to a host of neural 

disorders, including depression, Alzheimer’s, Parkinson’s, Huntington’s disease, and a lack of 

spatial learning[3], [4]. Dopamine is a neurotransmitter typically associated with learning 

processes and reward-seeking behavior[5], [6]. As a result, dopamine release has been heavily 

implicated as the cause behind addiction and addiction-forming behaviors. It is known that the 

ventral tegmental area (VTA) of the midbrain that extends to the nucleus accumbens is the hub 

associated with feelings of reward and potential reinforcement of these reward-seeking 

behaviors[7], [8]. Administration of addictive drugs has been shown to increase levels of 

dopamine in these specific areas of the brain[9]. Sensing the release of dopamine and glutamate 

together could be used to study neural disorders that suggest an imbalance in both of these 

neurotransmitters, such as schizophrenia, Parkinson’s disease, and addiction[10]–[12]. Creating a 

sensor that can have the ability to detect glutamate and dopamine simultaneously would provide 

great insight into the molecular mechanisms behind such brain dysfunctions.  
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Current sensing methods that do not focus on microelectrode arrays consist of using 

microdialysis to sample extracellular fluid for neurotransmitters[13]–[15]. In this method, 

extracellular analyte is physically removed from the brain via dialysis, in which the analyte 

diffuses across a membrane and is removed for further characterization using mass spectroscopy 

or high performance liquid chromatography. The drawback to this method is that it can take up 

to five minutes to take these measurements, which is much longer than typical neurotransmitter 

release and reuptake (on the order of milliseconds)[16]. Using this method would make it 

difficult to associate specific neurotransmitter release with certain behavioral actions when 

testing sensors in vivo. Furthermore, because analyte is being physically removed from the brain 

space, it is thought that this could potentially affect baseline neurotransmitter concentrations or 

affect in vivo tests[17]. Thus, electrochemical amperometric methods are preferable to take near-

real-time measurements of neurotransmitters. 

With regard to electrochemical sensing, there are several approaches, all involving 

different measuring methods and electrode size. One common method of measuring dopamine in 

particular is fast scan cyclic voltammetry (FSCV), in which the potential of the electrode is 

ramped up and down rapidly at a constant rate. This generates a characteristic current waveform 

in the presence of specific neurotransmitters. The main benefit to using FSCV is that it is easier 

to discriminate between neurotransmitters with similar molecular structure, such as dopamine 

and 3,4-dihydroxyphenylacetic acid (DOPAC) as long as they are electrooxidized at different 

potentials [18]. However, a greater complexity in electronics and data analysis is necessary to 

process FSCV data, including background subtraction to determine the characteristic peaks of 

different neurotransmitters. In addition, many FSCV methods use carbon fiber electrodes, 

especially when detecting dopamine[19], [20]. However, carbon fiber electrodes are usually 



 36 

inserted one at a time. This makes simultaneous measurement of neurotransmitters within the 

same area of the brain very difficult, and typically only one neurotransmitter can be detected in 

one experiment. Thus, creating a sensor that can quickly and sensitively detect dopamine in 

conjunction with other neurotransmitters would be largely beneficial for dual sensing purposes. 

We have developed well-established methods for modifying a platinum electrode surface 

to make it selective for glutamate[1], [21]–[24]. Briefly, an overoxidized thick (~100 nm) 

polypyrrole layer is electrodeposited to prevent dopamine from reaching the electrode surface 

and causing a false signal. The sensor is dip-coated in Nafion to prevent ascorbic acid from also 

reaching the electrode surface. Since glutamate cannot oxidize on the surface of the electrode 

and generate a current, the enzyme glutamate oxidase (GluOx) is immobilized on the surface. 

This enzyme catalyzes the generation of hydrogen peroxide from glutamate. Hydrogen peroxide 

is small enough to diffuse through the polypyrrole and Nafion permselective layers and 

electrooxidize on the electrode surface, thus generating a current corresponding to glutamate 

release.  

Much of the previous work done on electrochemical dopamine sensing has focused on 

using cyclic voltammetry instead of constant potential amperometry. One approach involves 

coating a glassy carbon electrode (GCE) or metal electrode with graphene or carbon nanotubes, 

which helped block ascorbic acid from interacting with the sensor when running CV looking for 

dopamine response[25], [26]. Another method involves molecularly imprinted-polymer (MIP), in 

which an electrodepositable polymer is mixed with the analyte of choice and is deposited on the 

electrode. The analyte becomes embedded within the polymer, and upon removal from the 

polymer layer, leaves behind imprints that are specific to the neurotransmitter of interest. It was 

shown that MIP can enhance detection of dopamine when detecting via CV[27]. As mentioned 
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previously in the discussion about FSCV, using CV does have its drawbacks compared to 

amperometry, such as slower sampling time and more complex data analysis. We thus aim to 

design a sensor that can detect dopamine using constant potential amperometry, but can still 

reject interferent chemicals. 

Work has been done to develop a dual-sensing sensor, on which glutamate and dopamine 

can be detected simultaneously[1]. By selectively depositing the polypyrrole electrochemically, 

such that some of the electrodes have a “thick” polypyrrole film (~100 nm) and others have 

“thin” polypyrrole film (~1 nm), glutamate can be detected on sites that have the thick 

polypyrrole while dopamine can be detected on sites that have the thin polypyrrole. It was 

determined that this thin deposition of oPPy actually enhanced dopamine sensitivity, which 

could be attributed to the change in charge of the polymer layer when the thin pyrrole layer 

undergoes an electrochemical overoxidation step. Glutamate oxidase was selectively 

immobilized on the glutamate-sensing sites by hand under a microscope. The sensitivity and 

limit of detection was measured for both the glutamate- and dopamine-sensing sites. While the 

glutamate limit of detection was low enough to cover the range of glutamate levels possible in 

the brain (2.1 µM), the dopamine detection limit of 62 nM is still not low enough to sense the 

lower end of the range of dopamine concentrations in the brain, which could be as low as 10 nM 

depending on the area of the brain[28]. Thus, developing a better, permselective coating that 

could lower the noise, and as a result lower the detection limit, is desirable to create a sensor that 

could be used for in vivo studies of glutamate and dopamine release. 
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3.2 Experimental Setup 

3.2.1 Materials 

Pyrrole, Nafion® (5%), isopropyl alcohol, sulfuric acid, and dopamine hydrochloride 

were purchased from Sigma-Aldrich (St. Louis, MO). Sodium hydroxide was purchased from 

Fisher Chemical (Pittsburgh, PA). Ag/AgCl, 7.5-cm-long, glass-bodied reference electrodes in 

3M NaCl and platinum wire auxiliary electrodes were purchased from BASi (West Lafayette, 

IN). Phosphate-buffered saline (PBS) is made of 50 mM sodium phosphate (dibasic) and 100 

mM sodium chloride, pH 7.4. Four-inch, P/Boron doped, 150 µm-thick silicon wafers were 

purchased from Silicon Valley Microelectronics, Inc. (Santa Clara, CA). 

3.2.2 Instrumentation 

A Versatile Multichannel Potentiostat (VMP3) with an N’stat box for low current 

operation was connected to a computer running EC-Lab software (all by Bio-Logic USA, 

Knoxville, TN). The VMP3 was operated in three-electrode mode, with a working electrode, 

reference electrode, and auxiliary (counter) electrode connected to the potentiostat. The VMP3 

was used for electrochemical deposition. For dopamine calibration curves, a FAST16mkIII 

potentiostat was used (Quanteon, Nicholasville, KY). This potentiostat operates in two-electrode 

mode, with a working electrode as one and a reference/counter electrode as the other. A 

Ag/AgCl electrode was used as the reference/counter electrode with the Quanteon potentiostat. 

3.2.3 Probe fabrication and electrode surface modification 

The fabrication process to create the microprobes begins with a 4-inch bare silicon wafer. 

A silicon dioxide insulating layer was grown on both sides of the silicon wafer using an oxide 

furnace. Three different photolithography steps were then done to outline the metal areas, open 
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up the metal on the bonding pads and electrodes from deposited insulating layers, and define the 

probe outline for a wafer etch-through. A more detailed fabrication process flow can be found in 

Appendix A. The tip of the electrode contains four platinum microelectrodes, each of which are 

about 40 x 150 µm in size arranged in a 2 x 2 formation.  

For surface modification, the platinum surface must be as clean as possible. First, 

microelectrodes were sonicated in isopropyl alcohol for approximately 1 minute. Next, electrode 

sites underwent an electrochemical cleaning scan in 0.1 M sulfuric acid, in which the potential 

was cycled between -0.2 V and 1.5 V vs. Ag/AgCl, at a ramp of 50 mV/s. These cycles were 

repeated 5 times, with care being taken to stop the clean scan when the electrode was reduced. 

Dopamine-sensing sites were then electrodeposited with a thin layer of 2 mM pyrrole in PBS. 

This was done via CV deposition, cycling from 0.2 V to 1.2 V vs. Ag/AgCl with a ramp of 20 

mV/s. This was cycled through once for deposition. To overoxidize the pyrrole layers, the sensor 

was immersed in a 0.1 M solution of sodium hydroxide and overoxidized via CV by cycling 

between -0.263 V and 0.737 V vs. Ag/AgCl at a ramp of 100 mV/s for 50 cycles. This new 

overoxidation method was modified from methods used by Sasso et al. [29]. Finally, the sensors 

were dipcoated with 2 coats of 2% Nafion, with baking at 180 °C for 3 minutes after coating 

each layer. The layered construction of the sensor can be seen in Figure 3.1. 
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Figure 3.1. A side-view profile of a fully constructed dopamine sensor, starting with the 
layers fabricated while making the actual sensor itself. The silicon substrate can be seen, covered 
with an insulating layer of low-pressure chemical vapor deposited (LPCVD) silicon dioxide. The 
platinum layer is shown, as well as the insulating plasma enhanced chemical vapor deposited 
(PECVD) silicon dioxide and silicon nitride. On top of the platinum electrode, the thin 
overoxidized pyrrole can be seen, as well as the dip-coated Nafion. 

Subsequent tests were conducted at 0.7 V vs. Ag/AgCl for in vitro calibration tests. In 

these tests, varying concentrations of dopamine were pipetted into stirred PBS with the resulting 

current response measured. 

3.3 Results and Discussion  

The main issue with previously developed dopamine sensors was the high level of noise. 

Thus, even though the sensitivity was sufficiently high at 3250 ± 50 nA µM-1 cm-2, the detection 

limit was still not low enough to detect all levels of dopamine that could potentially be detected 

in the brain. The focus of this work was to address the dopamine portion of a dual-sensing probe, 

so that eventually a dual sensor with high-functioning glutamate and dopamine sensing sites can 

be implanted and tested in vivo. Previous research has already shown the selectivity of the 

glutamate- and dopamine-sensing sites against ascorbic acid, and thus this study focused on 

creating calibration curves, from which the sensitivity and detection limit of dopamine can be 

extracted.  

The first parameter examined was the deposition of the pyrrole. Previous work established 

a 2 cycle CV deposition in 2 mM pyrrole to create the thin polypyrrole layer for a dopamine 

sensor. We looked into altering the concentration of the pyrrole, as well as the number of cycles. 

Technically, the type of deposition could also have been altered to deposition by constant 

potential amperometry, but typically this deposition method results in much thicker layers of 

polypyrrole. Thus, we focused specifically on CV deposition. Ultimately, it was determined that 
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one cycle of CV in a 2 mM concentration of pyrrole resulted in the greatest sensitivity to 

dopamine while maintaining low noise. 

The next point of focus was the method of overoxidation. Typically, our overoxidation 

methods have focused on holding the potential at the electrode at 0.989 V vs. Ag/AgCl until the 

current level stabilizes. However, there exist other methods of oxidizing the polypyrrole layer. 

Conducting a CV overoxidation in a low concentration of sodium hydroxide is believed to 

introduce more oxygen into the polypyrrole layer, via carboxyl groups, ketone groups, and/or 

hydroxyl groups[30]. Thus, we sought to test this method of overoxidation with our thin 

polypyrrole layer to determine if it would improve the current noise. After overoxidation in 0.1 

M sodium hydroxide using CV and deposition of the Nafion layers, these dopamine sensors were 

analyzed to determine their sensitivity and detection limit. Increasing concentrations of 

dopamine were injected into stirred PBS while the dopamine sensor was held at 0.7 V vs. 

Ag/AgCl. A certain current level was then associated with each concentration of dopamine, and a 

calibration curve was constructed, as seen in Figure 3.2. 
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Figure 3.2. An example calibration graph that is constructed showing the relationship 
between the dopamine concentration in the stirred PBS and the current. In this instance, three 
different channels are shown and compared. 

In this analysis, the conversion factor of the calibration is calculated to be the slope of the 

calibration curve. To find the sensitivity, the conversion factor is divided by the total exposed 

area of an electrode, such that the sensitivity is normalized per unit area. In order to calculate the 

limit of detection, the noise was measured from the baseline current (prior to the addition of any 

analyte) and multiplied three-fold. This number was then divided by the conversion factor, 

giving the detection limit in terms of concentration. Looking at three different electrode sites, all 

deposited with the thin layer of polypyrrole and overoxidized in 0.1 M NaOH, the sensitivity was 

calculated to be 2260 ± 76 nA µM-1 cm-2 and the limit of detection was found to be 2.8 ± 0.3 nM. 

These results are compared to previously published results in Table 3.1. 

 

 Previous Results Current Results Physiological 
Levels 

Sensitivity 3250 ± 50 
nA/µM-cm2 

2260 ± 76  
nA/µM-cm2 

 

Limit of detection 62nM 2.8 ± 0.3 nM 10nM (basal) 
– 1 µM 

(stimulated) 
 

Table 3.1. A table comparing the sensitivity and limit of detection between previously 
published results and current results. For reference, the physiological range of dopamine is also 
listed for comparison. 

It is important to note that our current results have yielded much lower detection limits 

compared to previously published results. However, the sensitivity to dopamine has decreased 

approximately 30%. The lower sensitivity, yet lower detection limit indicates that the noise of 
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these sensors is significantly lower, since even with the lower sensitivity (and thus lower 

conversion factor) the detection limit is still an order of magnitude less.  

The next step in this study was to determine if, even with a lower sensitivity, dopamine 

release could be seen in vivo. Figure 3.3 shows preliminary in vivo results measured in a rat 

dorsal striatum using the dopamine sensors. 

 

 

 

 

 

 

 

Figure 3.3. Preliminary in vivo data measured within an anesthetized rat dorsal striatum. The 
average (n=3) is portrayed via the line, with the standard error depicted as the shaded region. 
This result is after nomifensine administration (20 mg/kg, i.p.). Electrical stimulation was 
applied over the red region for 5 seconds at 400 µA 60 Hz biphasic in the medial forebrain 
bundle. Measurements done by Dr. Zhan Shu.  

This promising data indicates that it is possible to sense dopamine release with the newest 

iteration of dopamine sensors. However, this was accomplished by administration of 

nomifensine, which is a pharmaceutical that inhibits dopamine reuptake into neurons. Thus, it is 

necessary to continue optimizing these sensors to increase their sensitivity to dopamine while 

maintaining the low current noise, such that the low limit of detection is preserved. 

3.4 Conclusion 

A dopamine sensor with lower current noise and detection limit was fabricated with the 

intent to incorporate these modified electrode steps into a dual sensor for the simultaneous 



 44 

detection of glutamate and dopamine. The improved deposition of polypyrrole, and, most 

importantly, the new method of overoxidation significantly decreased the current noise, giving 

rise to a detection limit of 2.8 nM. This detection limit is sufficient for detecting dopamine levels 

at all known ranges in the brain, thus leading to an improved sensor that can be used for in vivo 

behavioral studies in the future. Preliminary in vivo data suggests that these sensors can be 

effectively used to detect dopamine release within the brain. While the detection limit improved 

with new electrodeposition methods, it is still necessary to look into ways that the sensitivity can 

be improved. Thus, this improved dopamine sensor can be combined with a glutamate-sensing 

electrode site on a multielectrode array probe in hopes that, through in vivo behavioral studies, 

the relationship between dopamine and glutamate release in neurological disorders can be 

elucidated. 
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Chapter 4:  Sequence-specific nucleic acid detection based on blockade of a 

nanopore in a thin glass membrane 

Abstract 

A new platform for sequence-specific nucleic acid (NA) detection with binary response 

has been demonstrated. The detection of nucleic acid sequences is useful for diagnosing the 

presence of bacteria, especially those proven to be harmful to public health. A platform for low 

cost, reliable detection of the presence of pathogenic bacteria has a wide variety of applications, 

ranging from the diagnosis of bacterial infections to identification of contaminated food or water. 

Most existing methods are complex and require special reagents, as they rely on polymerase 

chain reaction (PCR) for target sequence amplification and fluorescence or enzyme labels. In our 

previous work, we described our first-generation, PCR-free, label-free system based on 

polystyrene beads conjugated with uncharged peptide nucleic acid (PNA) as sequence-specific 

probes, and demonstrated a detection limit of 10 fM[1], [2]. A drawn glass pipette tip served as 

the micropore and was placed between two buffer-filled chambers, one of which contained the 

bead-PNA conjugates. Since the bead-PNA conjugates carry little to no charge, they do not 

respond to an electric field applied across the pore. However, in the presence of target NA 

sequence, the bead-PNA conjugates acquire enough negative charge to become mobile by 

hybridizing the NA sequence of interest. Upon pore blockade by the beads, a change in the pore 

conductance occurs, which is reflected in a step-decrease in current that signals the presence of 

the target nucleic acid. 

At lower concentrations of NA where fewer target NA molecules hybridize per bead, 

smaller beads are expected to have a higher mobility. Accordingly, by decreasing both the size of 

the pore and the beads, detection limits below 10 fM may be achieved. Motivated by this 
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analysis, we have fabricated thin (1 µm or thinner) glass membranes in which a nanopore is 

milled with a focused ion beam (FIB). This device has two benefits: 1) By milling a pore via 

FIB, the pore size can be reduced significantly compared to drawn glass pipette tips, which lie in 

the micrometer range; 2) Since the nanopore is milled in a planar substrate, it can be mass-

manufactured and can be assembled into devices more easily. To date, these nanomachined 

devices have proven capable of distinguishing between complementary and non-complementary 

sequences of ssDNA at various bead sizes. In addition, promising results with extracted 16S 

rRNA from E. coli has given us a detection limit as low as 1 aM. This was also confirmed when 

1 aM of target E. coli RNA was mixed with a background of interfering RNA from other species 

of bacteria. These results infer that detecting extremely low counts of pathogenic bacteria is 

possible, even when the target bacteria are mixed with other organisms. 

4.1 Introduction 

The detection of specific sequences of nucleic acids has broad applications, including 

detection of biowarfare agents, testing for food and water contamination, diagnosis of pathogenic 

infections in body fluids, and detection of cancerous cells. One specific application to nucleic 

acid sensing technology involves creating diagnostic devices for the detection of pathogenic 

bacteria. For example, antibiotic-resistant bacterial infections are of huge concern, especially in a 

hospital setting. It is believed that around 2 million people in the United States are infected with 

antibiotic-resistant bacteria yearly, leading to approximately 23,000 deaths[3]. Bacterial strains 

that are known to exhibit antibiotic resistance include Clostridium difficile, Neisseria 

gonorrhoeae, methicillin-resistant Staphylococcus aureus (MRSA), and Mycobacterium 

tuberculosis. Typically, clinical diagnosis of such infections involves culturing samples taken 

from a patient, which could take days before proper diagnosis to determine whether or not the 
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infection is treatable with antibiotics. Thus, it is vital to design a device that can quickly detect 

the presence of nucleic acid sequences specific to different types of bacteria. Ideally, such a 

device would be portable, cheap, and be sensitive to low concentrations of bacterial nucleic acid 

for proper diagnosis. 

Two common approaches to detecting nucleic acid sequences on a molecular level are 

polymerase chain reaction (PCR) and immunoassays (such as ELISA)[4]. Recently, there has 

been a shift towards using PCR over immunoassays, concentrating instead on the advantage of 

an amplified nucleic acid sequence[5]. Typical detection methods using PCR involve attaching a 

fluorescent molecular probe to the PCR product, which can be detected once the nucleic acid 

sequence of interest is amplified[6]–[8]. However, the main drawback to PCR is the need to 

incorporate more complicated electronics to sense the fluorescence or cycle through 

temperatures, thus making a more affordable and portable device harder to achieve. Ideally, such 

a device would not rely on fluorescence detection, but could use electric signals for a quicker, 

less expensive mode of sensing. 

There has been work done in the area of amplification-free nucleic acid sensing in hopes of 

removing the reliance on PCR, while still being able to detect the nucleic acids of pathogens 

present a very low, but still clinically relevant, concentration. One such area of research utilizes 

electrochemical detection methods. For example, one work focused on using horseradish 

peroxidase to generate an electrochemical current in the presence of rRNA sequences associated 

with the pathogens that cause urinary tract infections[9]. Another approach focused on using 

horseradish peroxidase and gold nanoparticles to create a visible bands that would signal the 

presence of target nucleic acid sequences, obtaining a detection limit of 1.25 fM when searching 

for human genomic DNA[10]. Yet another method uses exonuclease III, in conjunction with a 
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duplex DNA probe conjugated to the surface of a gold electrode, to electrochemically detect 

DNA down to a 10 fM detection limit[11]. However, all of these methods focus on adding 

additional reagents to the solution in order to generate an electrochemical response. This could 

make a device more complicated and expensive. Ideally, an amplification-free nucleic acid 

sensor would involve just using a probe sequence and eliminate the need for more reagents or 

complicated sensing technologies. 

Studies using sensors that do not utilize fluorescence, complex electronics, or additional 

reagents typically involve observing a change in conductance or frequency upon binding of the 

target nucleic acid on the surface of a sensor. One example uses a silicon nanowire, onto which 

peptide nucleic acid (PNA) probes are immobilized. When DNA strands that are complementary 

to the PNA probes hybridize to the strands, the measured conductance of the wire increases, thus 

confirming presence of the target nucleic acid[12]. Another similar technology used nanowires 

created out of polypyrrole, which had immobilized ssDNA probe sequences attached to the 

surface[13]. This technology achieved a 0.1 fM detection limit. QCM methods are also a means 

of detection without amplification or complex reagents, in which a change in resonance 

frequency is altered upon binding of complementary DNA onto a probe sequence[14]. These 

new, label-free techniques work towards the goal of creating a simple sensor that can sensitively 

detect specific nucleic acid sequences. 

Nanopore technology has commonly been used to create solid-state-based sensors with 

applications to nucleic acid sensing and sequencing. These nanopores are commonly etched into 

thin membranes deposited on glass or silicon substrates. Using etching tools such as focused ion 

beam (FIB), transmission electron microscopes (TEM), or ion track etching can create pores of 

varying diameters[15], [16]. Typically, solid-state nanopores are made to monitor the electrical 
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signal through the pore as a nucleic acid is threaded through it, with the goal of creating a device 

that can electrically sequence base pairs[17]. Threading nucleic acids through pores has also 

been used as a method of detection, in which probe oligonucleotides selectively bind to areas of 

a complementary target nucleic acid sequence. Upon threading this sequence through a 

nanopore, the areas with the probe sequence can be distinguished by a change in the current 

through the pore, thus confirming the presence of these sequences[18], [19]. The drawback to 

using nucleic acid translocation lies in the fact that the timescale is on the order of 200 µs. Thus, 

this would again require more complex electronics to temporally resolve such signals. 

First generation versions of our technology rely on using a drawn glass pipette tip as a 

pore, drawn to a diameter of 2 µm[2]. This tip is filled with buffer, and platinum electrodes are 

placed on either side of the pore to simultaneously apply an electric current and measure current 

through the pore. On one side of the pipette, 3 µm-diameter polystyrene beads bound with 

peptide nucleic acid (PNA) probes are injected. Due to the lack of a phosphate backbone in these 

synthetic nucleic acid probe sequences, these beads are electrically neutral. Thus, in the presence 

of an electric field, the beads will not exhibit electrophoresis. However, once these beads are 

hybridized with nucleic acid that is complementary to the PNA probe, the bead gains an overall 

negative charge due to the phosphate backbone. As a result, the bead will travel towards the pore 

and cause a blockage, leading to a step decrease in the measured current through the pore. Using 

a glass pipette tip as a pore, a 10 fM detection limit when detecting E. coli 16S rRNA was 

achieved. Our aim was to use a similar setup, but to replace the glass pipette tip with a nanopore 

milled into a glass membrane to decrease the pore and bead size used in this sensor setup. It is 

believed that decreasing the dimensions of the beads will ultimately allow us to sense at lower 

detection limits.  
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To test the ability of our device to detect nucleic acids from actual organisms, we sought to 

detect specific sequences in 16S ribosomal RNA. It has previously been shown that using 16S 

rRNA is suitable for sensitive detection purposes[20]. Sensing 16S rRNA is suitable because it is 

present in nearly all bacteria, and can be accurate in identifying different species without relying 

on biochemical data[21]. The target organism used in our sensing experiments is a non-

pathogenic version of Escherichia coli, ATCC 25922. This strain was selected due to numerous 

studies that have utilized probes complementary to the 16S rRNA of this strain of E. coli[22]–

[24]. Total RNA was extracted from these cells and diluted, with dilution concentrations 

calculated using the 16S rRNA concentration to determine our sensor’s detection limit. As a 

control, the organism Pseudomonas putida ATCC 12633 was used to ensure that false positives 

did not occur when this organism’s RNA was mixed with beads containing the PNA probe 

specific for the E. coli sequence. We also sought to determine if our system could selectively 

hybridize and sense E. coli 16S rRNA against a background of P. putida RNA. Furthermore, we 

used a positive control PNA strand that universally senses 16S rRNA sequences in both species 

of bacteria. This sequence was previously determined to be universal across multiple bacterial 

species[25]. 

4.2 Experimental Materials and Methods 

4.2.1 Materials  

820 nm-diameter, carboxylic acid-functionalized, polystyrene microbeads were 

purchased from Bangs Laboratories, Inc. (Fishers, IN). Methoxypolyethylene glycol amine (MW 

750) and ethanolamine were purchased from Sigma-Aldrich (St. Louis, MO). Peptide nucleic 

acid (PNA) probe sequences were purchased from PNA Bio (Thousand Oaks, CA), and arrived 

as >95% HPLC-purified, lyophilized powders. Initial tests used poly-T sequences as the PNA 
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probe sequence. In this case, the poly-T sequence consisted of NH2-

(CH2CH2OCH2CH2OCH2CO)6- TTT TTT TTT TTT. Initial tests used ssDNA as the target or 

control sequences, which were purchased from Bio-Synthesis, Inc. (Lewisville, TX). The target 

sequence was a 20-mer poly-A ssDNA. The control, non-complementary strand was a 20-mer, 

poly-T ssDNA. The target PNA probe sequence for detecting E. coli 16S rRNA was NH2-

(CH2CH2OCH2CH2OCH2CO)6- CTC CTT CCC TCA TTT CA [20]. The positive control PNA 

probe sequence to detect the 16S rRNA of both E. coli and P. putida was NH2-

(CH2CH2OCH2CH2OCH2CO)6- CTG CCT CCC GTA GGA [25]. E. coli (ATCC 25922), P. 

putida (ATCC 12633), soy broth and nutrient broth were purchased from ATCC, Inc. (Manassas 

VA).  The RNeasy Protect Bacteria Mini Kit was purchased from Qiagen Sciences Inc. 

(Germantown, MD). Four-inch borosilicate glass wafers were purchased from Plan Optik 

(Elsoff, Germany). 2 mm-diameter, 4 mm-long Ag/AgCl pellet electrodes were purchased from 

A-M Systems, Inc. (Carlsborg, WA). GE Healthcare Life Sciences Anotop 25 syringe filters (25 

mm-diameter, 0.02 µm pore) were purchased from Genesee Scientific (San Diego, CA). 

Vivaspin® 2 mL ultrafiltration devices were purchased from Bangs Laboratories, Inc. (Fishers, 

IN). Teflon chambers measuring 6 mm by 6 mm by 8 mm cm were custom-made by the UCLA 

HSSEAS R & D Shops a 4 mm-diameter hole was bored into the side of the chamber to create an 

opening to the glass chip. 

4.2.2 Fabrication of nanopores in glass membranes 

Four-inch diameter glass borosilicate wafers were first patterned with a mask consisting of 

titanium, gold, and photoresist (AZ 5214-EIR from AZ Electronic Materials in Luxembourg, 

Germany). Titanium (20 nm thick) and gold (200 nm thick) were deposited by evaporation, and 

the photoresist was spin-coated on top and patterned. The titanium and gold were etched by gold 
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etchant and buffered oxide etchant (BOE), respectively. This pattern exposed areas of the glass 

wafer that outline the area of each glass chip via perforations in the glass, as well as the areas 

that are etched to create the glass membrane. The wafer was then immersed in a 10:1 ratio of 

hydrofluoric acid (HF) to hydrochloric acid (HCl), which was then diluted with deionized water 

at a volume ratio of 1:1. The backside of the wafer was protected using tape, to prevent any 

etching of the glass on the back of the wafer. The etch depth was monitored using a profilometer 

to track membrane thickness. Once the desired membrane thickness was achieved, the mask was 

removed by ALEG photoresist stripper, gold etchant, and chromium etchant. 20 nm of chromium 

was then deposited via evaporation to use in the focused ion beam (FIB) pore milling process. A 

nanopore was milled at the center of the etched membrane using the FIB. Finally, the chromium 

layer was removed with chromium etchant, and the wafer was diced into 64 separate devices, 

each 1 mm x 1 mm in dimension. A cross-sectional view of this process can be seen in Figure 

4.1. 

 

 

 

 

 

 

 

 

 

Figure 4.1. A cross-sectional view of the fabrication process for creating thin glass 
membranes and milling nanopores in these membranes. 
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4.2.3 Coupling PNA probes to microspheres 

One µL of 820 nm-diameter, carboxylic group-functionalized polystyrene microspheres at a 

concentration of 3.252 × 1011/mL were washed three times with MES buffer (100mM 2-(N-

morpholino)ethanesulfonic acid, pH 4.5). Upon resuspension of the beads in each wash, the 

microspheres were centrifuged at 14,000 rpm for 15 minutes. After the third wash, the beads 

were resuspended in 0.6 mL MES buffer, to which 1-[3-(dimethylamine) propyl]-3-

ethylcarbodiimide (EDC) was added at a final concentration of 200 mM. This was incubated at 

50 °C for 15 minutes. Next, 1.14 nmoles of the PNA target probe or universal probe was added 

to the buffer. This amount of PNA was optimized and estimated to be about a 1014 PNA/cm2 

surface coverage of the beads. Because of the amine group attached at the end of each PNA 

strand, EDC coupling reactions occur with the carboxylic groups on the beads to covalently bond 

the PNA to the bead. This was allowed to incubate for two hours at 50 °C. Next, the 

methoxypolyethylene glycol amine (mPEG-amine) was added to a final concentration of 100 

mM in the coupling solution and incubated for one hour at 50 °C. Addition of the mPEG-amine 

was to prevent bead aggregation and reduce bead to surface interactions[26]. Finally, 138 mM 

ethanolamine was added to the solution to fully cap any remaining carboxylic groups on the 

beads, thus ensuring the bead was essentially neutrally charged. This was incubated for an 

additional hour at 50 °C. The beads were then washed three times in 0.4x SSC buffer, consisting 

of 60 mM NaCl, 6 mM trisodium citrate, and 0.1% Triton X-100, pH 8. Beads were then stored 

in the testing buffer, consisting of 10 mM KCl, 5.5 mM HEPES, and 0.01% Tween-80, pH 7. A 

portion of the beads was then removed to test the zeta potential of the beads to ensure its near-

neutral charge, thus confirming successful capping of all carboxylic groups on the beads. The 

zeta potential was measured with the beads suspended in the testing buffer, using a Malvern 
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Zetasizer Nano ZS and accompanying cuvettes (Worchestershire, England). Zeta potentials 

below -10 mV were found to be neutral enough to not cause false positive blockages of the pores 

without any complmentary nucleic acids hybridized to them. 

4.2.4 Cell culturing and RNA extraction 

Tryptic soy broth (15 g in 500 mL water) was made for culturing E. coli, ATCC 25922. 

Nutrient broth (4 g in 500 mL water) was made for culturing Pseudomonas putida, ATCC 

12633. Both broths were sterilized in an autoclave at 121 °C for 20 minutes. Since both bacteria 

strains arrived as freeze-dried powder, cultures were started by taking a portion of the E. coli or 

P. putida powder and mixing it into 3 mL of tryptic soy broth or nutrient broth, respectively. The 

E. coli was incubated at 37 °C at 250 rpm overnight. The P. putida was incubated at 26 °C at 250 

rpm overnight. These cultures were mixed with 13% glycerin and frozen at -80 °C as a starter for 

future incubations. 

To prepare cultures for RNA extraction, 3 mL of tryptic soy broth was mixed with a 

small amount of the frozen E. coli culture prepared as mentioned above. This was incubated at 

37 °C at 250 rpm overnight. Similarly, 3 mL of nutrient broth was mixed with frozen P. putida 

culture and incubated at 26 °C at 250 rpm overnight. Total RNA extraction and purification was 

done using a Qiagen RNeasy Protect Bacteria Mini Prep Kit. Each extraction volume starts with 

1.7 mL of bacteria culture, which was then lysed. Total RNA extracted was eluted in 100 µL 

RNase-free purified water. The concentration of total RNA per µL of eluted water was measured 

using a Thermo Scientific Nanodrop 2000. 

4.2.5 Hybridization of nucleic acids to beads 

Since capped beads were typically hybridized the day they were made, beads were 

washed three times with 0.4x SSC buffer after the conjugation steps and once with hybridization 
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buffer (10 mM NaCl, 25 mM Tris-HCl, pH 7). Extracted RNA samples were serially diluted and 

mixed with approximately 1.26 × 106 beads to a final desired concentration in 600 µL 

hybridization buffer. This was allowed to hybridize overnight at room temperature on a rotator.  

4.2.6 Detection system setup  

After overnight hybridization, bead solutions were cleaned using Vivaspin® 2 mL 

ultrafiltration devices, which filter samples using a centrifuge filter. This was done because the 

low concentration of beads in the hybridization solution prevented cleaning the beads using 

pelleting techniques. The hybridization solution was separated from the beads using the 

centrifuge filter via spinning at 700 rpm for 5 minutes. Next, the beads were cleaned once in 0.4x 

SSC buffer and once more in the testing buffer (10 mM KCl, 5.5 mM HEPES, 0.01% Tween-80, 

pH 7). Finally, the beads were suspended in 200 µL testing buffer and were ready for injection.  

A glass chip containing a single nanopore was sandwiched between two 

polydimethylsiloxane (PDMS) o-rings, which was then sandwiched between two Teflon 

chambers. 200 µL of testing buffer was pipetted into each chamber, ensuring that the pore 

connecting the two chambers was filled with buffer. Two Ag/AgCl pellet electrodes were placed 

in each of the chambers on either side of the pore. These electrodes were connected to a VMP3 

multichannel potentiostat, which was connected to a computer running EC-Lab software for data 

collection. Beads were injected on the “smooth” side of the membrane (where the pore is the 

smallest, due to the natural taper that occurs from milling) and current was measured to see if a 

current drop would occur with beads hybridized with nucleic acids complementary to the PNA 

probe. The voltage was held at 1.5 V to attract beads towards the pore. Approximately 5 × 105 

beads were injected into the chamber. A diagram of this setup can be seen in Figure 4.2. 
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Figure 4.2. A portrayal of on which side of the membrane beads are injected, with the arrow 
indicating the direction in which a negatively charged bead will travel towards the pore and 
cause eventual pore blockage. A bead will be charged when a nucleic acid sequence (purple) is 
hybridized to the PNA probes (blue) conjugated on the bead surface. 

 

4.3 Results and discussion 

4.3.1 Confirming bead capping with PNA, mPEG-amine, and ethanolamine 

Initial tests were done using the 12-mer poly-T PNA probe conjugated to the beads and 

ssDNA as either target, complementary strands (20-mer poly-A ssDNA) or control, non-

complementary strands (20-mer poly-T ssDNA). One of the first tests done was to measure the 

zeta potential of the beads as they went through the various stages of the capping process and 

subsequent hybridization process with ssDNA. The results of tracking the zeta potential through 

these various stages can be seen in Table 4.1. 
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Bead Conjugate Zeta Potential (mV) 
Carboxylic Beads (bare) -69.6 mV 

PNA only -18 mV 
PNA/PEG/Ethanolamine -8.55 mV 

Target complementary DNA -35.8 mV 
Control non-complementary DNA -21.8 mV 

 

Table 4.1. A table tracking the zeta potential as carboxylic acid-functionalized beads are 
conjugated with PNA, mPEG-amine, and ethanolamine. These beads were then hybridized with 
either target ssDNA or control ssDNA, with the resulting zeta potentials measured for 
comparison. All measurements were taken in 5.5 mM KCl, 5.5 mM HEPES, 0.01% Triton X-
100, pH 7. 

 

The zeta potential starts off at -69.9 mV with the beads as-is prior to any surface 

modification. After the addition of just the amine-functionalized PNA, the zeta potential drops to 

-18 mV, indicating that some of the carboxylic acid groups on the bead surface are covalently 

bound to the PNA probe. Since these carboxylic acid groups are now bound, the overall negative 

charge of the bead drops, as shown accordingly by a more neutral (closer to zero mV) zeta 

potential. With the addition of the mPEG-amine and ethanolamine, the zeta potential drops even 

further to -8.55 mV. Based on experimental data, we have determined that zeta potentials less 

than -10 mV mean that the bead is neutral enough to only respond to an electric field if it is 

actually hybridized by target nucleic acid. Next, these capped beads were incubated with either 

target, complementary ssDNA or control, non-complementary ssDNA. Enough ssDNA was 

added to assume saturation of the PNA probes on the beads. Both of these cases showed an 

increase in the zeta potential to -35.8 mV after incubation with target ssDNA and to -21.8 mV 

after incubation with control ssDNA. The increase in zeta potential after incubation with the 

control ssDNA indicates that there is some degree of non-specific binding of the ssDNA to the 

beads. This was also seen in previous work with the glass pipette tips, with non-specifically 

bound DNA causing transient blocks of the pore[2]. Monitoring the zeta potential with each step 
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clearly indicates that the beads are near-neutrally charged upon conjugation with the PNA, PEG, 

and ethanolamine, and regain some of that negative charge once incubated with ssDNA.  

4.3.2 Testing the glass nanopores with carboxylic acid-functionalized polystyrene beads 

To test the ability of the nanopores to detect current drops as a result of bead blockage, 

we first tested the glass pores with carboxylic acid-functionalized beads. These are the 

polystyrene microspheres prior to any surface functionalization with PNA, PEG or ethanolamine. 

In this state, the beads have a high negative charge, and thus were expected to respond to the 

applied electric field. The applied voltage was 1.5V, and both 820 nm-diameter beads and 510 

nm-diameter beads were used for these tests, as seen in Figure 4.3. 

  

                                      (a)              (b) 

Figure 4.3. Polystyrene carboxylic acid-functionalized microsphere tests with glass 
nanopores. (a) shows repeatable, consistent current drops using 820 nm-diameter beads, and (b) 
shows the same using 510 nm-diameter beads. The applied potential was 1.5 V. The gaps in 
between each drop are periods of time where the potential was reversed to -1.5 V, so that the 
bead could leave the pore and the reversibility of the current drop could be tested. 
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It is clear that these pores are small enough to cause bead blockage and clear, distinct 

current drops upon blockage. Thus, these glass pores could be used for subsequent tests with 

nucleic acid hybridized to the microspheres. 

4.3.3 Demonstration of the device’s ability to distinguish between target and non-

complementary ssDNA 

The next step focused on testing the ability of the glass nanopore system to distinguish 

between the target ssDNA and the control ssDNA. Because the pores can be milled with varying 

diameters, we tested both 820 nm-diameter beads and 510 nm-diameter beads. With each 

incubation, 1.15 µM of either target ssDNA or control ssDNA was incubated with the probe 

beads overnight at room temperature. After washing these beads and resuspending them in the 

testing buffer, they were injected into the chamber to determine if a current drop would occur. 

For both bead sizes, repeatable drops were clearly seen when the probe beads were hybridized 

with the target, poly-A ssDNA strands. When incubated with the control, poly-T ssDNA, no 

current drop was detected for more than 40 minutes. Thus, it is clear that this system is capable 

of discerning the difference between complementary and non-complementary strands of ssDNA. 
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Figure 4.4. (a) Current trace of 820 nm-diameter beads incubated with 1.15 µM target, 
complementary ssDNA (20-mer poly-A ssDNA). (b) Current trace of 820 nm-diameter beads 
incubated with 1.15 µM control, non-complementary ssDNA (20-mer poly-T ssDNA). (c) 
Current trace of 510 nm-diameter beads incubated with 1.15 µM target, complementary ssDNA 
(20-mer poly-A ssDNA). (d) Current trace of 510 nm-diameter beads incubated with 1.15 µM 
control, non-complementary ssDNA (20-mer poly-T ssDNA). 

 

4.3.4 Testing the system with extracted RNA from E. coli and P. putida  

Following successful RNA extraction from both E. coli and P. putida, the RNA was 

measured in a Thermo Scientific Nanodrop 2000 to determine the total amount of RNA in units 

of ng / µL. Previous work using a Bioanalyzer to measure the RNA concentration determined 

(a) (b) 

(c) (d) 
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that 18.2% of the total RNA consisted of 16S rRNA for E. coli. For P. putida, 25.7% of the total 

RNA consisted of 16S rRNA. These numbers were used to estimate the amount of 16S rRNA 

contained in our extracted preparations of total RNA for each species. An approximate molecular 

weight of 480,909 g/mol for 1500-base ssRNA was used to calculate the molarity of 16S rRNA 

for each of these extractions. The concentration of 16S rRNA in the sample of extracted RNA 

from E. coli was estimated to be 75.7 nM. The concentration of 16S rRNA in the sample of 

extracted RNA from P. putida was estimated to be 100.7 nM. Using these molarities, the RNA 

extractions were serially diluted using RNase-free DI water to varying concentrations, using 

dilution factors of 100. These were added to 1.26 ×106 beads in 600 µL total hybridization buffer. 

E. coli RNA was added by itself in decreasing concentrations to determine the detection limit of 

the system. As a negative control, 1 pM Pseudomonas putida was incubated with the beads, 

separately, to ensure that no current signal was detected. An additional test was done in which E. 

coli and a higher concentration of P. putida RNA were mixed together and incubated with the 

beads to determine if the E. coli 16S rRNA would still hybridize to the PNA probes in a 

background of control bacteria RNA. Initial results show that we are able to detect E. coli 16S 

rRNA down to a 1 aM concentration, with clear current drops as seen in Figure 4.5. When these 

beads are incubated in 1 pM P. putida, no current response was seen over the course of more 

than 50 minutes, as seen in Figure 4.6. 
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Figure 4.5. The current trace as a function of time after beads conjugated with the E. coli 
PNA probe were incubated with 1 aM of E. coli 16S rRNA. The applied potential was held at 1.5 
V. Two clear drops can be seen, after which the pore was irreversibly blocked. After each pore 
block, the potential was held for more than a minute to ensure the block was not transient. The 
gap in between the two current traces is a period of time when the polarity of the potential was 
reversed to -1.5 V. Approximately 5 × 105 beads were injected into the chamber on the “smooth” 
side of the glass chip, where the pore is smaller due to the natural taper that occurs when milling 
the pore with FIB. 

 

 

 

 

 

 

 

 

Figure 4.6. The current trace over more than 50 minutes showing beads incubated with 1 pM 
P. putida 16S rRNA do not cause a current drop. The applied potential was held at 1.5 V. 
Approximately 5 × 105 beads were injected into the chamber on the “smooth” side of the glass 
chip, where the pore is smaller due to the natural taper that occurs when milling the pore with 
FIB. 
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 Similarly, when 1 aM E. coli was mixed with 1 pM P. putida, a clear drop in current 

could be seen. This indicates the ability of our sensor to pick out target 16S rRNA in the 

presence of a million-fold greater concentration of other RNA, showing the promise that this 

sensor could be used in an application in which other species may be present, such as a patient’s 

sample of body fluids or food and water.  

 

 

 

 

 

 

 

Figure 4.7. A current measurement showing the drop in current when the beads were 
incubated in 1 aM E. coli and 1 pM P. putida. The potential was held at 1.5 V, and 
approximately 5 × 105 incubated beads were injected into one chamber for detection tests. 

 

Preliminary tests were also done using the universal PNA probe, to which it was expected 

that both strains of bacteria would hybridize and cause a current drop in our sensor. The 

compiled results showing whether or not a drop was seen for both PNA sequences can be seen in 

Table 4.2. 

 Target E. coli Control P. putida 

Concentration of 
16S rRNA 

Detection with E. 
coli target PNA 

probe 

Detection with 
universal PNA 

probe 

Detection with E. 
coli target PNA 

probe 

Detection with 
universal PNA 

probe 
1 aM Yes Yes N/A Yes 
10 aM Yes Yes N/A Yes 
1 pM Yes N/A No N/A 

Table 4.2. A table showing the results of testing the pore-based sensor with E. coli and P. 
putida. N/A indicates that test was not done. N/A indicates that test was not conducted. This is 
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because with regards to testing the P. putida with the E. coli target PNA probe, it was assumed 
that if no detection was seen at 1 pM, then detection would not be seen at the lower 
concentrations of 1 aM and 10 aM. Similarly, it was assumed that if the universal PNA probe 
detected the presence of P. putida at 10 aM, it would be able to detect its presence at a 1 pM 
concentration. 

 

Many other concentrations were tested, especially with regard to determining the detection 

limit of our E. coli sensing, but only the tests at the two lowest detection limits that were tested 

are shown in Table 4.2. It is clear that decreasing the scale of the pore system down to the 

nanometer range leads to a lower detection limit. 

4.4 Conclusion 

Using our thin, glass-based nanopore sensor, we have demonstrated the ability of the 

sensor to detect as low as 1 aM of 16S rRNA. This indicates that bringing the scale of the pores 

down also leads to a decrease in detection limit. Furthermore, reducing the number of beads in 

the hybridization solution allows for a higher percentage of beads with enough nucleic acid 

attached to respond to the electric field and cause a pore blockage. For proof of concept, our 

sensor sought to detect a target sequence that only lies within Escherichia coli 16S rRNA, which 

it was able to do so without false positive detection. Mixing the beads with Pseudomonas putida 

RNA did not cause a false positive response. Using a novel fabrication method involving a wet-

etch of a glass wafer to create thin glass membranes, we were able to fabricate glass chips that 

contained a single nanopore. Because this detection method uses simple electronics and has a 

minimal need for additional reagents, there is great potential to create a device that can quickly 

and sensitively detect the presence of bacteria in a host of samples. 
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Chapter 5: Rapid glutamate signaling at AMPA receptors in the basolateral 

amygdala mediates the biasing effect of reward-predictive cues on 

decision-making 

 

Chapter 5 is a manuscript published under the following citation: 

Malvaez, M.; Greenfield, V. Y.; Wang, A. S.; Yorita, A. M.; Feng, L.; Linker, K. E.; 

Monbouquette, H. G.; Wassum, K. M. Sci. Rep. 2015, 5, 12511. 

Allison M. Yorita’s contribution to this work focused on microsensor fabrication. This involved 

using microfabrication techniques to pattern and create the microelectrode probes, as well as 

depositing the polymer and enzyme layers used to make a selective glutamate sensor. Manuscript 

preparation assistance was also provided. 

 

Abstract 

There is considerable evidence implicating the basolateral amygdala in reward-related 

decision-making and recent data suggests that glutamatergic signals in this region track reward 

seeking. The precise information conveyed by these glutamate release events, however, remains 

unknown. We monitored in near-real time basolateral amygdala glutamate concentration changes 

during instrumental conditioning, Pavlovian conditioning and a test of the ability of reward-

paired cues to cognitively bias action selection (Pavlovian-instrumental transfer). The data show 

that reward-predictive cues elicit an increase in the occurrence of transient glutamate release 

events and that these events precede and correlate with the ability of that cue to bias action 

selection. This effect was found to be mediated through the AMPA, but not NMDA glutamate 

receptor. These data suggest that transient glutamate release events acting at AMPA receptors in 
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the basolateral amygdala mediate the ability to extract predictive reward-specific information 

from the environment to guide decision-making. 

 

5.1 Introduction 

Adaptive reward seeking is critical to survival and is disrupted in a variety of 

neuropsychiatric disorders, including substance abuse, overeating and depression. The 

basolateral amygdala (BLA) has been implicated in these disorders1,2,3,4 and is involved in 

reward processing5,6, but much is unknown about its precise contribution. The BLA receives 

dense cortical and thalamic glutamatergic input7,8,9. Based on the results of BLA lesions10,11,12,13, 

these excitatory chemical messages may be thought to convey a sustained emotional valence 

signal in response to reward-predictive stimuli. However, it is also possible that BLA signaling 

represents the motivational value of specific reward expectations generated by such cues. Here 

we investigate the latter. 

Assessment of this hypothesis requires a method to selectively measure BLA glutamate 

signaling with fast temporal resolution in order to distinguish chemical messages related to 

individual reward-seeking behaviors. Microdialysis allows for selective measurement of 

extracellular neurochemical concentration changes, but the typical 10–20 min (or even rapid 14–

20 s14,15,16) sampling window does not provide the appropriate temporal resolution and the spatial 

resolution is inadequate to record from BLA microenvironments. Single-unit 

electrophysiological recordings provide the required temporal and spatial resolution, but are non-

selective and biased to record mostly from output neurons, precluding evaluation of 

glutamatergic input or local processing of such chemical messages within the BLA. Biosensor 

technologies17,18,19,20 provide a solution. Using an electroenzymatic approach, this technique 
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allows online, near-real time, sensitive and selective measurement of extracellular glutamate 

concentration changes that result from neuronal release21,22,23,24,25. Recent biosensor data support 

the possibility that BLA glutamate release may convey information important for reward 

seeking; transient fluctuations in extracellular BLA glutamate concentration were detected 

immediately preceding reward-seeking actions21, but the precise information encoded by these 

glutamate transients is unknown. 

One major source of reward-seeking motivation is the cognitive expectation of specific 

available rewards, information that is often provided by environmental stimuli. Indeed, an 

environmental reward-predictive stimulus will selectively invigorate the performance of those 

actions that earn the same specific reward associated with the stimulus26,27,28,29. This capacity 

requires the BLA11,13,30 and is thought to rely upon retrieval of a cognitive representation of the 

specific shared reward (i.e., outcome) encoded in both the Pavlovian stimulus-outcome and 

instrumental action-outcome association31,32. BLA neurons can fire in response to reward-

predictive cues33,34,35,36,37 and in anticipation of reward38, but the chemical message driving this 

neuronal activity and whether it encodes the motivational value of specific reward 

representations has yet to be clarified. 

Therefore, we evaluated the role of BLA glutamate signaling in outcome-specific 

Pavlovian-instrumental transfer (PIT). In this task, rats are trained to associate two auditory 

Pavlovian stimuli (CS) with two distinct food rewards and then to respond on two independent 

levers to earn the same rewards. In the critical PIT test both levers are available and the CS will 

selectively enhance the response with which it shares a rewarding outcome26,27,28,32. Because the 

CSs are never directly associated with the instrumental actions, this test assesses the rats’ ability 

to mentally represent each specific reward and to use this outcome-specific information to guide 
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and motivate reward seeking. We reasoned that if BLA glutamate release is related to the 

motivational influence of cue-induced, outcome-specific representations, then blocking 

ionotropic glutamate receptors (iGluRs) should disrupt the selective excitatory influence of the 

cue on reward seeking and, under normal conditions, glutamate release should precede and 

correlate with only those actions that are selectively invigorated by the CS. 

 

5.2 Results 

5.2.1 Experiment 1 

In Experiment 1 (see Fig. 1A) we pharmacologically blocked either BLA AMPA (0, 1 or 

3 µg/side of NBQX) or NMDA (0, 1 or 3 µg/side of AP5) glutamate receptors prior to the 

outcome-specific PIT test in order to assess their respective contributions to the selective 

invigorating influence of reward-predictive cues. During the PIT test both levers were 

simultaneously present, but pressing was never rewarded. Each CS was presented 4 times in 

alternating order, with intervening control CS-free periods (pre-CS). In this test the CS 

presentation provides the cognitive information (e.g., specific reward representation) that guides 

action selection and performance in the novel choice scenario. 
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Figure 5.1. Effect of basolateral amygdala AMPA or NMDA receptor inactivation on 
Pavlovian-instrumental transfer. (A) Experimental procedure (see methods). CS, conditioned 
stimulus; O, outcome/reward; R, instrumental lever-press response; Ø, no reward delivery. 
During the PIT test both levers were available, but pressing was not reinforced and each CS was 
presented 4 times with intervening no-cue (Pre-CS) periods serving as a control. During CS 
presentation actions on the lever that, during training, earned the same outcome as the cue 
predicted were considered ‘same’ presses, while actions on the other available lever were 
considered ‘different’ (Diff) presses. (B) Schematic representation of microinfusion injector tips. 
Numbers to the lower right of each section represent the anterior-posterior distance (mm) from 
bregma of the section. Line drawings of coronal sections are taken from73. (C,D) The Pavlovian-
instrumental transfer effect; Lever-press rate (presses/min) averaged across levers during the 
control Pre-CS periods compared to pressing on lever that, in training, earned the same outcome 
as predicted by the CS (CS-Same) relative to pressing on the opposite lever (CS-Different) for 
the AMPA antagonist (C) or NMDA antagonist (D) group. Error bars +1 SEM. *p < 0.05, 
**p < 0.01, ***p < 0.001. 
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5.2.2 BLA AMPA and NMDA glutamate receptor involvement in the selective invigorating 

influence of reward-predictive stimuli over reward-seeking actions 

As is clear from Fig. 1C,D, we detected a differential effect of AMPA and NMDA iGluR 

receptor blockade on the selective-invigorating influence of reward-predictive stimuli over 

reward seeking during the outcome-specific PIT test. For the AMPA group there was a 

significant main effect of both CS (F2,14 = 12.06, p < 0.001) and NBQX dose 

(F2,14 = 4.92,p = 0.02) on lever pressing, as well as a significant interaction between these factors 

(F4,28 = 5.26, p = 0.003). Following a control vehicle infusion CS presentation selectively 

elevated press rate on the lever that, in training, earned the same reward as predicted by the CS 

(CS-Same) relative to both pre-CS press rate (p < 0.001) and pressing during the CS on the 

alternate available lever (CS-Different; p < 0.001). This selective elevation on the CS-Same 

action was blocked by BLA AMPA receptor inactivation (p > 0.05, for both doses) and, indeed, 

CS-Same responding was lower following intra-BLA NBQX infusion than vehicle control 

(p < 0.001, for both doses). Intra-BLA NBQX did not significantly alter pre-CS baseline or CS-

Different response rates (p > 0.05), suggesting a specific effect of AMPA receptor blockade on 

the selective invigorating influence of cues over action performance. The low response rate 

during the pre-CS period may have, however, been close to the floor for detecting a significant 

decrease in responding. To ensure AMPA receptor blockade did not alter baseline responding we 

isolated the first PIT trial for which the pre-CS response rate was higher (~5 presses/min) and in 

this case found identical results to the trial-averaged data; AMPA receptor blockade selectively 

attenuated CS-Same responding and did not significantly impact pre-CS response rate. 

Blockade of BLA NMDA receptors was without effect on outcome-specific PIT (Fig. 

1D). For the NMDA group there was a main effect of CS (F2,16 = 18.68, p < 0.001), with neither 
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an effect of AP5 dose (F2,16 = 0.46,p = 0.64), nor AP5 dose x CS interaction 

(F4,32 = 0.04, p = 0.99). Under each drug dose treatment the CS elevated responding on the CS-

Same action relative to both the pre-CS period and to the CS-Different action (p < 0.05, in all 

cases). After both intra-BLA AMPA and NMDA receptor blockade rats were able to show a CS-

induced elevation in Pavlovian conditioned food-port approach responding. 

5.2.3 Experiment 2 

The results of Experiment 1 suggest that BLA AMPA iGluR activation is necessary for 

reward-paired cues to selectively invigorate the performance of a specific reward-seeking action. 

We next used electroenzymatic biosensors to make sub-second measurements of extracellular 

glutamate concentration changes to interrogate the profile of BLA glutamate release during 

instrumental conditioning and PIT (see Fig. 2B). We reasoned that if BLA glutamate signaling is 

related to the motivational value of reward-specific representations, then such signaling might 

correlate with the performance of reward-seeking actions during instrumental conditioning. More 

importantly, during the critical PIT test BLA glutamate signaling should correlate with the 

performance of only those actions that are selectively motivated by the CS-generated reward 

representation (i.e., CS-Same pressing). 

 

 

 

 

 

 

Figure 5.2. Experiment 2 Design. (A) Schematic representation of the placement of the 
microelectrode array biosensor tips. Numbers to the lower right of each section represent the 
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anterior-posterior distance (mm) from bregma of the section. (B) Testing procedures (see 
methods). CS, conditioned stimulus; O, outcome/reward; R, instrumental lever-press response; 
Ø, no reward delivery. During the PIT test both levers were available, but pressing was not 
reinforced and each CS was presented 4 times with intervening no-cue (Pre-CS) periods. During 
the CS presentation actions on the lever that, during training, earned the same outcome as the cue 
predicted were considered ‘same’ presses, while actions on the other lever were considered 
‘different’ (Diff) presses. BLA glutamate concentration changes were continuously monitored 
with constant potential amperometry at glutamate biosensors during each test. 

5.2.4 BLA glutamate release during instrumental conditioning 

As can be seen in the representative example presented in Fig. 3A, during the 

instrumental reward-seeking test there were rapid, short-duration increases in glutamate 

concentration (i.e., glutamate transients) that were increased in both frequency (Fig. 3B; 

t7 = 2.34,p = 0.05) and amplitude (Fig. 3C; t7 = 2.85, p = 0.02) during instrumental performance, 

relative to the pre-test baseline period. Interestingly, the frequency of these glutamate release 

events positively correlated (r16 = 0.58, p = 0.02; Fig. 3E) with lever-press rate (see Fig. 3D), 

such that higher press rates were associated with more frequent BLA glutamate transients. 

 

 

 

 

 

 

 

 

Figure 5.3. Basolateral amygdala glutamate release during instrumental conditioning. (A) 
Representative glutamate concentration v. time trace during instrumental conditioning. 
Instrumental session started with lever insertion at time 0 s. Red asterisks represent significant 
transient glutamate concentration fluctuations above baseline (transients). Behavioral events are 
marked above the trace. (B) BLA glutamate transients that reached threshold were counted and 
averaged for each rat across the 2-min pre-test baseline period and the instrumental (inst) test 
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sessions. (C) Glutamate transient amplitude (µM) was calculated as the peak amplitude of the 
transient minus the baseline concentration (first minima 0.5–5 s before the peak). (D) Lever press 
and food-port entry rate collapsed across the instrumental conditioning tests. (E) Between-
subject correlation between glutamate transient frequency (Transients/min) and lever-press rate 
(Presses/min). Each rat is represented twice, once for each instrumental test. (F) Glutamate 
concentration v. time trace around initiating lever presses (occurring at time 0 s) averaged across 
all initiating presses in the session for a representative subject. Shading reflects +1 SEM across 
trials. (G) The likelihood of a glutamate transient in 10, 1-s bins, evenly distributed around 
presses divided by initiating presses (first press after the collection of an earned reward or after a 
>6 s pause in pressing, excluding presses that occurred within a pressing bout) or all lever 
presses combined (including both initiating and intra-bout presses), averaged across the two 
instrumental tests. The press occurs at time 0 s. Likelihood of a glutamate transient is defined as 
the percentage of presses (or initiating presses) that had a glutamate transient in the represented 
1-s time bin. Asterisks represent significance relative to the control 1-s time bin, 5 s prior to the 
press. The raster plot shows the corresponding raw data with each subject represented on an 
individual line on the y-axis, tick marks represent the peak time of each significant glutamate 
transient surrounding initiating presses. Error bars +1 SEM. *p < 0.05, ***p < 0.001. 

 

As can also be seen in Fig. 3A, the frequency of glutamate transients fluctuated 

throughout the instrumental conditioning test and appeared to share a tight temporal relationship 

to lever-press actions, especially those actions initiating bouts of reward seeking (see 

representative trial-averaged glutamate concentration v. time trace in Fig. 3F). To specifically 

evaluate the relationship between glutamate release events and instrumental reward seeking we 

calculated the likelihood of a glutamate transient in the time immediately surrounding lever 

presses. Because rats tended to organize their lever pressing into clusters we divided our analysis 

for those presses that initiated reward seeking (i.e., ‘initiating presses’) excluding presses that 

occurred within a pressing bout and compared this to all lever presses (including both initiating 

and intra-bout presses). Initiating presses were defined as the first press after collection of an 

earned reward or the first press after a >6 s pause in pressing. During the instrumental test rats 

showed on average 34.25 (sem = 5.53) total reward-seeking bouts per session, with 23.68% 

(1.77) of total presses being considered ‘initiating presses’. Reward-seeking bouts had an 

average duration of 8.20 s (1.33), and contained on average 5.84 (1.03) presses. The average 
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reward receipt to next initiating press latency was 23.10 s (7.47). To isolate the initiation of 

instrumental reward seeking and avoid the presence of contaminating events (e.g., reward 

receipt, termination of previous bout, etc.) in the reward-seeking initiation analysis window we 

calculated the change in likelihood of a glutamate transient by counting the glutamate transients 

in 10, 1-s bins evenly distributed around presses.  

The raw glutamate transient counts around initiating presses for each subject are 

displayed in the raster plot shown in Fig. 3G. Statistical analysis of the data collapsed over 1-s 

intervals (to match biosensor response time) and averaged across subjects (Fig. 3G- bottom) 

found a marginally insignificant effect of Time surrounding the press (F9,63 = 1.79, p = 0.08), a 

significant effect of Type of press (Initiating press v. All presses, F1,7 = 61.42, p = 0.0001) and a 

Time x Type of press interaction (F9,63 = 2.67, p = 0.01; Fig. 3G). Glutamate transients were more 

likely (when controlling for number of presses) to occur time-locked to those initiating presses 

that followed either reward delivery or a pause in pressing than all presses combined. The 

likelihood of a glutamate transient was elevated (relative to the control 1-s time bin, 5 s prior to 

the press, which itself did not differ from the baseline likelihood of a glutamate transient in 

similar epochs without lever pressing during the pre-test period: t7 = 2.12, p = 0.07) between 3 

and 1 s prior to initiating lever presses (p < 0.05). The likelihood of a glutamate transient became 

elevated again in the 3-s window after the initiating press, which corresponded to the average 

time at which the next press within a bout occurred (average 2.02 s, sem = 0.12). Given that the 

average latency between an initiating press and reward delivery was 44.4 s (sem = 10.0; 

max = 160.6, min = 7.76m), it is unlikely that the glutamate release events that occurred during 

the 5 s following initiation of reward seeking activity were related to reward receipt. These 

results corroborate our previous report21 and suggest that BLA glutamate release events are 
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increased in frequency and amplitude during instrumental reward seeking, are tightly time-

locked to the initiation of instrumental action and positively correlate with instrumental 

performance. 

5.2.5 BLA glutamate release during Pavlovian-instrumental transfer 

We next measured BLA glutamate concentration changes during PIT to evaluate how 

BLA glutamate release relates to the cognitive, reward-specific representations generated by 

reward-predictive cues that allow them to selectively invigorate reward-seeking actions. As can 

be seen in the group-averaged glutamate concentration v. time trace presented in Fig. 4A, 

presentation of a Pavlovian CS did not induce any apparent robust or sustained increase in 

glutamate concentration, although there was a slight overall drift in the baseline current. The 

reward-predictive cues did, however, elevate the frequency of discrete glutamate release events 

(Fig. 4B; main effect of Period: F2,14 = 4.25,p = 0.04), but the amplitude of these transients was, 

on average, not significantly altered by CS presentation (Fig. 4C; main effect of Period: 

F2,14 = 1.72, p = 0.22). Glutamate transients were more frequent than the pre-test (no behavior or 

cues) baseline period during the CS (p < 0.05), but not pre-CS period (p > 0.05) in a manner 

similar to that seen during Pavlovian conditioning (no effect of Extinction: Pavlovian 

conditioning v. PIT test F1,5 = 0.74, p = 0.43 or Extinction x CS interaction: F2,10 = 0.11,p = 0.89). 

That there was not a significant difference in glutamate transient frequency during the CS 

relative to the pre-CS period is likely due to the reward-predictive nature of the operant box 

context because of its pairing with reward during instrumental conditioning. Indeed, rats were 

exploring the chamber, entering the food-delivery port and lever pressing during this period. 
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Figure 5.4. Basolateral amygdala glutamate release during Pavlovian-instrumental 
transfer. (A) Average glutamate concentration change (µM) during the 2-min conditioned 
stimulus (CS) presentation (beginning at time 0 s) and immediately preceding 2-min pre-CS 
period averaged across trials during the PIT test for each rat and then averaged across rats. 
Dashed lines represent the between-subjects +1 SEM. (B) Glutamate transients that reached 
threshold were counted and averaged for each rat across the 2-min pre-test baseline period, the 2-
min pre-CS periods and the 2-min CS periods. (C) Glutamate transient the amplitude (µM) was 
calculated as the peak amplitude of the transient minus the baseline glutamate concentration. (D) 
Lever-press rate (Presses/min) averaged across levers during the control Pre-CS periods 
compared to pressing during CS presentation distinguished by whether it was on lever that, in 
training, earned the same outcome as predicted by the presented CS (CS-Same Actions) relative 
to pressing on the opposite lever (CS-Diff Actions). Main effect of CS: F2,14 = 8.85, p = 0.003. 
(E) Glutamate transient frequency (Transients/min) v. lever-press rate (Presses/min) between-
subjects correlation. (F) Glutamate concentration v. time traces for the 5 s prior to and after 
initiating presses (occurring at time 0 s) during the CS averaged across all initiating presses for a 
representative subject. Shading reflects +1 SEM across trials. (G) The likelihood of a glutamate 
transient distributed in 1-s bins, 5 s prior to and after initiating presses (occurring at time 0 s; first 
press after a >6 s pause in pressing). Glutamate transient likelihood is defined as the percentage 
of initiating presses with a glutamate transient in the represented 1-s time bin. Asterisks represent 
significance relative to the first 1-s time bin. Raster plot displays corresponding raw data; each 
subject is represented on an individual line on the y-axis with tick color reflecting trial type. Tick 
marks represent the peak time of each glutamate transient that reached threshold surrounding 
initiating presses. Error bars +1 SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 

As during instrumental conditioning, BLA glutamate transient frequency correlated with 

lever pressing, but only during the CS and with only those actions for which performance was 
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selectively invigorated by the CS, i.e., CS-Same actions (see behavioral results in Fig. 4D). 

During the pre-CS period the positive correlation between glutamate transient frequency and 

lever pressing was weakened, relative to instrumental conditioning as a result of extinction; there 

was a positive, but non-significant between-subjects relationship between pre-CS lever-press rate 

and pre-CS glutamate transient frequency (r8 = 0.61, p = 0.11; Fig. 4E). The significant positive 

correlation reemerged when the CS was present, but only for the CS-Same action 

(r8 = 0.75, p = 0.03), such that those rats for which the CSs caused a stronger selective 

invigoration of responding it also induced a higher frequency of BLA glutamate transients. 

Glutamate transient frequency did not significantly correlate with the performance of actions 

during the CS that, during training, earned an outcome different from that predicted by the CS 

(CS-Different actions; r8 = 0.04, p = 0.92). 

More importantly, examination of the representative example in Fig. 4Fand raster plot 

displaying raw glutamate transient peak times for all subjects in Fig. 4G suggests that BLA 

glutamate transients were time-locked to the initiation of reward-seeking activity (see Table 1) 

specifically on the CS-Same action. There was an overall effect of CS (Pre-CS v. CS-Same v. 

CS-Different initiating presses; F2,14 = 6.00,p = 0.01) on the likelihood of glutamate transients 

(normalized to number of initiating pressing) distributed around initiating lever presses, with no 

significant effect of Time (F9,63 = 1.21, p = 0.31) and a marginally insignificant Time x CS 

interaction (F18,126 = 1.50, p = 0.10; Fig. 4G- bottom). The likelihood of a glutamate transient was 

only significantly elevated during the CS prior to initiating presses on the CS-Same action (1-s 

bin, 2 s prior to CS-Same initiating presses, p < 0.001 relative to the control, 1-s bin 5 s prior to 

the initiating press). Initiation of CS-Same pressing was significantly more likely than initiation 

of CS-Different pressing to be preceded (within 5 s) by a glutamate transient (average percentage 
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of CS-Same initiating presses preceded by glutamate transient: 28.87%, sem = 6.09; CS-

Different initiating presses: 12.96%, sem = 5.39; t7 = 2.78, p = 0.04). These data suggest that 

extinction of the press-reward and context-reward associations during the PIT test disrupted the 

normal temporal relationship between glutamate release and reward seeking, but this was 

restored when action performance was motivated by outcome-specific information provided by 

reward-paired cues.  

 Pre-CS CS: Same CS: Diff 

Total Bouts 11.63 17.125* 10.38 
3.50 3.60 2.95 

Average Presses/Bout 2.69 3.77 2.12 
0.38 1.31 0.18 

Average Bout 
Duration (s) 

3.61 5.03 2.58 
0.54 1.73 0.51 

% Presses = Bout 
Initiating 

57.00 40.03 46.06 
9.93 6.82 6.45 

Table 5.1. Pavlovian-instrumental transfer test lever pressing bouts. As in the instrumental 
conditioning test, rats organized their reward seeking in bouts of lever pressing during the PIT 
test. Because no rewards were delivered during this test an initiating press was defined as the 
first press after a pause in pressing of >6 s. Pressing bout information is presented in this table. 
Numbers represent average values, with values in italics below representing the between-subject 
SEM. During the PIT test rats showed significantly more lever-pressing bouts on the CS- Same 
action relative to both the CS-Different action and to the pre-CS period (*p < 0.05, in both cases; 
main effect of CS period F2,4 = 5.81, p = 0.01). Main effects for all other measures were non-
significant. 

Interestingly, on the macro scale glutamate transient frequency positively correlated with 

the ratio of responding between actions during the CS (r8 = 0.71, p = 0.049; Fig. 5A), but did not 

significantly correlate with all non-discriminate CS responding (r8 = 0.22, p = 0.60). This 

correlation with the CS response ratio was significant even when controlling for overall response 

rate during instrumental conditioning (partial correlation: r8 = 0.81, p = 0.03) or during the pre-

CS period (partial correlation: r8 = 0.83, p = 0.02) and when controlling for the CSs’ ability to 

non-discriminately elevate reward seeking (partial correlation: r8 = 0.75, p = 0.05). These data 
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suggest that BLA glutamate transients may be related to the motivational influence of outcome-

specific representations. 

 

Figure 5.5. Outcome specificity of basolateral amygdala glutamate release during 
Pavlovian-instrumental transfer. (A) Between-subjects correlation between glutamate transient 
frequency (Transients/min) and elevation [CS pressing/(CS + Pre-CS pressing)] v. response [CS-
Same/(CS-Same + CS-Different)] ratio. (B) Glutamate concentration v. time traces for the 5 s 
prior to and after initiating presses (occurring at time 0 s) was averaged across all CS-Same 
initiating presses during the PIT test for the same representative subject as in 4F. Traces are 
divided by the type of outcome the action earned. Shading reflects the +1 SEM across trials. (C) 
The likelihood of a glutamate transient distributed in 1-s bins, 5 s prior to and after CS-Same 
initiating presses (occurring at time 0 s). Data are divided by the two CS-Same trial types. O1: 
Outcome 1 is defined as the outcome earned by the action that was exclusively (for 6/8 subjects) 
or preferentially (for 1/8 subjects) preceded by transient glutamate release. For the single subject 
in which he glutamate signal did not distinguish between outcome types outcome 1 was 
randomly assigned to the grain pellet outcome. Likelihood of a glutamate transient is defined as 
the percentage of initiating presses that had a glutamate transient in the represented 1-s time bin. 
Asterisks represent significance relative to the control 1-s time bin 5 s prior to the press. 
*p < 0.05, ***p < 0.001. 

To further support this interpretation we exploited the utility of the two different specific 

PIT trial types (one for each predicted outcome). If BLA glutamate transients reflect outcome-

specific motivational information then, because glutamate biosensors record from BLA 

microenvironments, recorded glutamate transients for a given subject/recording location should 

be specific to CS-Same responding for only one outcome type. If however, glutamate transients 

are simply related to all motivated lever pressing then they should occur prior to CS-Same 

actions regardless of expected outcome. The data provide evidence in support of the former. For 

6/8 subjects glutamate transients were time-locked to initiating presses on the CS-Same action 
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exclusively for only one outcome type (defined as outcome 1). Which outcome served as 

outcome 1 was not a function of outcome type (pellets v. sucrose), lever, action-outcome 

arrangement, CS type, outcome preference, or PIT effect magnitude. In the other 2 subjects 

glutamate transients showed an outcome-selectivity ratio of 0.57 and 0.50, respectively. Fig. 

5B displays a representative trial-averaged glutamate concentration v. time trace around 

initiating presses on the CS-Same action divided by each outcome type. As is clear from this 

figure, glutamate concentration increased prior to initiating presses on the CS-Same action, but 

only for one outcome type. The data averaged across subjects support this observation. There 

was a main effect of Outcome type (F1,7 = 6.54, p = 0.04), and of Time (F9,63 = 2.48, p = 0.02), as 

well as a Time x Outcome type interaction (F9,63 = 2.27, p = 0.03) on the likelihood of a 

glutamate transient in the 10-s period around initiating presses on the CS-Same action. Together 

these results suggest that BLA glutamate transients encode outcome-specific motivational 

information provided by reward-predictive cues. 

5.3 Discussion 

The data collected here indicate that transient fluctuations in BLA glutamate release are 

time-locked to and correlate with instrumental reward seeking and that during PIT these 

glutamate transients are time-locked to and correlate with only those actions invigorated by 

outcome-specific motivational information provided by a reward-predictive stimulus. This 

correlational relationship was bolstered by evidence that blockade of AMPA, but not NMDA 

iGluRs attenuates the selective invigorating influence of reward-predictive stimuli over reward 

seeking. 

That transient BLA glutamate release events were related to instrumental reward seeking 

replicates previous results demonstrating a similar relationship21 and extends this to show that 
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BLA glutamate transients were associated with the actions that initiated reward seeking 

following reward delivery or a pause in activity, rather than actions occurring within a bout of 

reward seeking. This release may drive the previously-reported increases in BLA cell body 

activity that occur prior to instrumental action38,39 and have been hypothesized to encode 

outcome expectations38. The results here suggest that BLA glutamate input may encode 

information vital for motivating goal-directed action, because after a task is well-learned such 

information is only necessary for initial actions within a chunk40,41,42. Indeed, these results 

corroborate evidence that amygdala neurons in primates show prospective activity that reflects 

internally-generated plans towards future goals43. Of course BLA glutamate release is not 

exclusively related to instrumental action; glutamate transients were more likely to occur around 

instrumental actions, but release events were detected throughout the instrumental test, including 

especially large events during reward receipt. 

The temporal relationship between BLA glutamate transients and reward-seeking was 

tight, but it was not one-to-one and glutamate release events that reached the detection threshold 

occurred at a rate lower than might be expected for the major excitatory neurotransmitter and 

primary input signal to the amygdala. The recording technique employed here measures changes 

in extrasynaptic glutamate concentration, which, because these signals are abolished by 

tetrodotoxin21, are a proxy measure for the tightly-regulated44 synaptic overspill44,45. Glutamate 

release within the synapse might, therefore, be expected to relate to a much larger percentage of, 

if not all, initiating lever presses. 

This study provided a novel evaluation of the profile of BLA glutamate release during 

appetitive Pavlovian conditioning. Although the baseline drift in electrochemical measurements 

do not allow for a definitive answer, the data showed no indication that Pavlovian reward-
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predictive cues elicited an overall elevation in glutamatergic tone, contrary to what might be 

expected if BLA glutamate signaling conveys a sustained, cue-induced, emotional valence or 

motivational signal. This finding is interesting in light of the wealth of data from single-unit 

electrophysiological recordings showing that reward-predictive stimuli increase BLA cell body 

firing35,36,38,46,47. Single-unit recordings are biased towards monitoring mostly from output 

neurons and the glutamate release recorded here reflects input and local activity, but it is this 

glutamate input from thalamic46,48,49 or cortical afferents6 that is thought to drive the cell body 

excitation. There are three potential explanations for this discrepancy. First, for the reasons 

mentioned above it is possible that glutamate biosensors do not provide the adequate sensitivity 

to measure glutamate that is being released to drive BLA activity upon CS presentation. 

Secondly, the aforementioned CS-induced BLA neural activity may not be driven by glutamate. 

We find this unlikely given data demonstrating strengthened glutamatergic thalamic-BLA 

synapses during Pavlovian conditioning46, but dopamine release has been shown to directly 

excite BLA projection neurons50. Thirdly, key task differences may explain the discrepancy 

between the current glutamate input recordings and the previously reported cue-evoked cell body 

firing. In the previous reports BLA cell body firing was robustly elicited by short-duration (2–

5 s) CSs that predicted immediate reward with strong certainty. The long-duration (2-min) CS 

probabilistically paired with reward in our task provides more a context for reward and may not 

induce a robust increase in BLA cell body firing. In support of this, preliminary evidence 

suggests that a longer duration (30-s) CS that predicts reward at a variable latency is more likely 

to induce an inhibition in BLA cell body firing51, which corroborates our current glutamate 

release results. Clearly, further interrogation of both glutamate release and cell body activity in 

similar Pavlovian tasks is necessary. Such investigation may lead to important information 
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regarding potential differences between excitatory BLA input and output activity and of the role 

of such signaling in Pavlovian reward prediction. 

Importantly, although there was no detected sustained CS-induced increase, glutamate 

release did show transient elevations during the PIT test. Following extinction of the response-

reward (and context-reward) association the relationship between BLA glutamate transients and 

instrumental reward seeking was degraded. During the CS, however, this relationship was 

restored; glutamate transients were significantly more likely to occur time-locked to reward-

seeking activity selectively on the action that shared the same rewarding outcome as the CS. That 

this relationship was restored despite the fact that the CS induced only a modest (relative to the 

pre-CS period) increase in the frequency of glutamate transients suggests it was not merely a 

coincidence of both elevated responding (which the analysis controlled for) and elevated 

glutamate transients. These data lend support to the hypothesis that BLA glutamate transients 

encode the outcome-specific motivational information provided by reward-predictive stimuli. In 

further support of this, cue-induced transient glutamate release only correlated with the ratio of 

responding during the CS, which is thought to reflect the CS’s cognitive, outcome-specific 

motivational influence. This is accords with the relationship between BLA activity and biasing 

influence of cues over instrumental action in humans52. Moreover, for each subject/recording 

location glutamate transients encoded only one specific outcome type. Because biosensors record 

glutamate in BLA microenvironments, the presumption is that for each subject glutamate input 

signals related to the other outcome were released in a microenvironment outside the sampling 

space. In the one subject for which glutamate release did not show outcome specificity the 

biosensor was likely receiving intermixed glutamate input for both outcome types. This 
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specificity in the glutamate input signal suggests that rather than relating simply to motivated 

lever pressing, the BLA glutamate release detected here encoded outcome-specific information. 

BLA glutamate release events were shown to relate to the outcome-specific motivational 

influence of Pavlovian stimuli, but it is unlikely that these signals participate in the decision-

making process itself. If the BLA, and glutamate release therein, was required for the decision 

process then blockade of BLA AMPA receptors should have not only attenuated actions on the 

lever that earned the same outcome as the CS, but also increased responding on the alternate 

lever, indicating an inability to select between actions on the basis of the CS-provided outcome 

expectation. Instead, BLA AMPA receptor inactivation (Experiment 1) and BLA lesions11,13 only 

attenuate the selective invigorating influence of CSs. Lesions to either the orbitofrontal cortex or 

mediodorsal thalamus do, however, cause such non-discriminate CS-induced response 

invigoration11,53. Both of these regions send excitatory projections to the BLA7,8,9 and unilateral, 

ipsilateral orbitofrontal cortex inactivation abolishes reward seeking-related BLA glutamate 

transients21. Therefore, the glutamate signals detected here likely arise directly from the 

orbitofrontal cortex, or, given that our sensor placements are located primarily in the basal 

amygdala, indirectly from this region via projections from the lateral amygdala54. BLA glutamate 

release may, therefore, be vital for invigorating the performance of actions planned in the 

orbitofrontal cortex by incorporating outcome-specific motivational value. Indeed, the BLA is 

vital for outcome-specific representations of motivationally significant, but not valueless 

events55. Correlates of the latter have, however, been identified in the orbitofrontal cortex56. This 

interpretation is also supported by the myriad data suggesting the BLA is required for other 

behaviors that rely on outcome-specific value information10,57,58,59,60and evidence that BLA 
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neural activity can be outcome specific33,36,38,47and may encode such value in the rodent33,38,61, 

primate36,62,63,64, and even human BLA65. 

In summary, the findings here support a role for rapid BLA glutamate signaling in the 

motivating influence of outcome-specific representations, in this case provided by a Pavlovian 

reward-predictive stimulus. These results lay the groundwork for further exploration of the role 

of BLA excitatory glutamatergic signaling and modulation of such signaling in the variety of 

reward-seeking behaviors that require retrieval of reward-specific information and are relevant to 

understanding the neuropsychological disorders marked by a disruption in such cognitive 

processing. 

5.4 Methods 

5.4.1 Subjects 

Male Long Evans rats (Experiment 1: n = 17, Experiment 2: n = 8; Charles River 

Laboratories, Wilmington, MA) weighing between 280–340 g were group housed and were 

handled for 3–5 days prior to training. Training and testing took place during the dark phase of 

the 12:12 h reverse dark:light cycle. Rats were maintained on a food-deprived schedule whereby 

they received 10–12 g of their maintenance diet daily in order to maintain 85% free-feeding body 

weight. All procedures were conducted in accordance with the NIH Guide for the Care and use 

of Laboratory Animals and approved by the UCLA Institutional Animal Care and Use 

Committee. 

5.4.2 Apparatus 

Training took place in 16 Med Associates operant boxes (East Fairfield, VT). The 

chambers contained 2 retractable levers that could be inserted to the left and right of a recessed 
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food delivery port in the front wall. A photobeam entry detector was positioned at the entry to 

the food port. The chambers were also equipped with syringe pump to deliver 20% sucrose 

solution in 0.1 ml increments through a stainless steel tube into a custom-designed well in the 

food port and a pellet dispenser to deliver a single 45-mg grain pellet (Bio-Serv, Frenchtown, 

NJ). Both a tone and white noise generator were attached to individual speakers on the wall 

opposite the lever and magazine. A 3-watt, 24-volt house light mounted on the top of the back 

wall opposite the food cup provided illumination. For experiment 2 all testing was conducted in a 

single Med Associates operant box housed within a continuously-connected, copper mesh-lined 

sound attenuating chamber and outfitted with an electrical swivel (Crist Instrument Co, 

Hagerstown, MD) connecting a headstage tether that extended within the operant chamber to the 

potentiostat recording unit (Fast-16 mkIII, Quanteon, LLC, Lexington, KY) positioned outside 

the operant chamber. 

5.4.3 Behavioral training and surgery 

Rats were first given Pavlovian training (see below and Fig. 1A), to associate two distinct 

2-min duration auditory stimuli (CSs) each with a different palatable food reward, delivered into 

a single food port on a random-time 30 s schedule. Rats were then separately trained to 

instrumentally earn these same food rewards by responding on independent levers on a random 

ratio (RR) 20 schedule (see below). During training the CSs and levers were never presented 

together. Following training rats underwent surgery using standard aseptic stereotaxic procedures 

described previously66. In Experiment 1 rats were implanted with guide cannula (22-gauge 

stainless steel, Plastics One, Roanoke, VA) targeted bilaterally 1 mm above the BLA. In 

Experiment 2 rats were implanted with a unilateral pre-calibrated glutamate biosensor (see 

below) into the BLA (AP −3.0 mm, ML +5.1, DV −8.0) and a Ag/AgCl reference electrode 
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(200 µm diameter) into the contralateral cortex (histological verification of placements shown in 

Figs 1B and 2A). Following surgery rats were individually housed and allowed to recover. 

5.4.4 Pavlovian training 

Rats received 1 Pavlovian training session/day for 8 days. Each session consisted of 8 

tone and 8 white noise (75 db, 2-min duration) presentations, during which either 20% sucrose 

solution or grain pellets, as appropriate, were delivered on a 30-s random-time schedule into a 

single food-delivery port, resulting in an average of 4 stimulus-outcome pairings per trial (CS-

reward relationship counterbalanced). CSs were delivered in pseudo-random order with no more 

than 2 successive presentations of the same CS and a variable inter-trial interval between 2–

4 min (3-min mean). The rate at which rats entered the food port was recorded for the 2-min pre-

CS period, for the CS-probe period (interval between CS onset and first US delivery) and for the 

CS-reward period (interval after first US delivery to CS offset). No levers were present during 

these Pavlovian conditioning sessions. 

5.4.5 Instrumental training 

Rats were then given 11 days of instrumental training, receiving 2 separate training 

sessions per day, one with the lever to the left of the food-delivery port and one with the right 

lever. Each action was reinforced with a different outcome- either grain pellets or sucrose 

solution (counterbalanced with respect to the Pavlovian training contingencies). Each session 

was terminated after 30 outcomes had been earned or after 30 min had elapsed. Actions were 

continuously reinforced (CRF) for the first day of instrumental conditioning, on days 2-3 rewards 

were delivered on a random ratio (RR)-2 schedule, increasing to RR-5 for days 4-5, RR-10 for 

days 6–7 and ending with RR-20 for days 8-11. Importantly, neither CS was present during this 

instrumental training. The rate of responding on each lever was measured throughout training. 
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5.4.6 Experiment 1: Outcome-specific Pavlovian-instrumental transfer tests 

After 5 days of recovery, rats were given 2 retraining sessions for each instrumental 

association (2 sessions/day for 2 days) and then one Pavlovian retraining session. On the day 

prior to each PIT test rats were given a single 30-min extinction session where both levers were 

available, but pressing was not reinforced to establish a low level of responding. 

Rats were split into two drug groups, one (n = 8) group receiving bilateral infusions of 0, 

1 or 3 µg/side of the selective α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA)/kainate receptor antagonist NBQX into the BLA and another (n = 9) receiving 0, 1 or 

3 µg/side of the selective N-methyl-D-aspartate (NMDA) receptor antagonist AP5 10 min prior 

to the onset of the PIT test. Each rats was given 3 total PIT tests to allow within-subject drug 

dose comparisons (test order counterbalanced). During this test both levers were continuously 

present, but pressing was not reinforced. After 10 min of extinction to re-establish a low level of 

responding each 2-min CS was presented separately 4 times each in pseudorandom order, 

separated by a fixed 4-min inter-trial interval. No rewards were delivered during CS 

presentation. The 2-min prior to each CS presentation served as the ‘pre-CS’ control period. Rats 

were retrained as above between each PIT test. 

5.4.7 Drug administration 

AP5 (D-(-)-2-Amino-5-phosphonopentanoic acid) and NBQX (2,3-Dioxo-6-nitro-1,2,3,4-

tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt) were obtained from Tocris 

Bioscience (Bristol, UK) and were dissolved in sterile saline vehicle. Drugs were infused 

bilaterally into the BLA in a volume of 0.5 µl over 1 min via an injector inserted into the guide 

cannula fabricated to protrude 1 mm ventral to the tip using a microinfusion pump. Injectors 

were left in place for at least 1 additional min to ensure full infusion. Rats were placed in the 
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operant chamber for the PIT test 10 min after infusion to allow sufficient time for the drug to 

become effective. The dose range for each drug (1 or 3 µg/side for both AP5 and NBQX) was 

selected based on previous research showing intra-BLA infusion of these doses to be effective in 

a variety of Pavlovian and reward-related tasks67,68,69. Drug test order was counterbalanced 

across rats. On 2 of the retraining days prior to the first PIT test rats were given mock infusions 

to habituate them to the infusion procedures; injectors were inserted into the cannula and the 

pump was turned out, but no fluid was infused. 

5.4.8 Experiment 2: Electroenzymatic glutamate sensing 

Microelectrode array (MEA) probes were fabricated in the Nanoelectronics Research 

Facility at UCLA and modified for glutamate detection as described previously17,21. Briefly, 

these biosensors use glutamate oxidase as the biological recognition element and rely on electro-

oxidation, via constant-potential amperometry (0.7 V versus a Ag/AgCl reference electrode), of 

enzymatically-generated hydrogen peroxide (reporter molecule) to provide a current signal. This 

current output is recorded and converted to glutamate concentration using a calibration factor 

determined in vitro. Interference from both electroactive anions and cations is effectively 

excluded from the amperometric recordings, while still maintaining a <1-s response time, by 

application of Nafion and polypyrrole (PPY) films to the electrode sites prior to enzyme 

immobilization17. Additionally, incorporation of a non-enzyme-coated sentinel electrode on the 

MEA enabled removal of correlated noise from the glutamate sensing electrode output by signal 

subtraction (see Data Analysis), as described previously21. The average in vivo limit of glutamate 

detection of the sensors used in this study was 0.38 µM (sem = 0.04, range 0.2–0.7 µM), which is 

an improvement over our previous reports17,21 and allowed detection of lower amplitude 

glutamate release events. 
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5.4.9 Reagents 

Nafion (5 wt.% solution in lower aliphatic alcohols/H2O mix), bovine serum albumin 

(BSA, min 96%), glutaraldehyde (25% in water), pyrrole (98%), L-glutamic acid, L-ascorbic 

acid, 3-hydroxytyramine (dopamine) were purchased from Aldrich Chemical Co. (Milwaukee, 

WI, USA). L-Glutamate oxidase (GluOx) from Streptomyces Sp. X119-6, with a rated activity of 

24.9 units per mg protein (U mg−1, Lowry’s method), produced by Yamasa Corporation (Chiba, 

Japan), was purchased from US Biological (Massachusetts MA). Phosphate buffered saline 

(PBS) was composed of 50 mM Na2HPO4 with 100 mM NaCl (pH 7.4). Ultrapure water 

generated using a Millipore Milli-Q Water System (resistivity = 18 MΩ cm) was used for 

preparation of all solutions used in this work. 

5.4.10 Instrumentation 

Electrochemical preparation of the sensors was performed using a Versatile Multichannel 

Potentiostat (model VMP3) equipped with the ‘p’ low current option and low current N’ stat box 

(Bio-Logic USA, LLC, Knoxville, TN). In vitro and in vivo measurements were conducted using 

a low-noise multichannel Fast-16 mkIII potentiostat (Quanteon), with reference electrodes 

consisting of a glass-enclosed Ag/AgCl wire in 3 M NaCl solution (Bioanalytical Systems, Inc., 

West Lafayette, IN) or a 200 µm diameter Ag/AgCl wire, respectively. All potentials are 

reported versus the Ag/AgCl reference electrode. 

5.4.11 In vitro biosensor characterization  

All biosensors were calibrated in vitro to test for sensitivity and selectivity of glutamate 

measurement. A constant potential of 0.7 V was applied to the working electrodes against a 

Ag/AgCl reference electrode in 40 mL of stirred PBS at pH 7.4 and 37 °C within a Faraday cage. 

Data were collected at 80 kHz and averaged over 1-s intervals. After the current detected at the 
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electrodes equilibrated to baseline (approx. 30–45 min), aliquots of glutamate were added to the 

beaker to reach final glutamate concentrations in the range 5–60 µM. A calibration factor based 

on analysis of these data was calculated for each electrode. Additionally, aliquots of ascorbic 

acid (250 µM final concentration) and dopamine (5–10 µM final concentration) were added to 

the beaker as representative examples of readily oxidizable potential anionic and cationic 

interferent neurochemicals, respectively, to confirm selectivity for glutamate. For the sensors 

used in these studies no current changes above the level of the noise were detected to the 

addition of cationic (dopamine) or anionic (ascorbic acid) interferents, as reported 

previously17,21. In order to assess the sensitivity and response time to peroxide at sites uncoated 

with enzyme, aliquots of H2O2 (10 µM) were also added to the beaker. Importantly, electrodes 

coated with PPy, Nafion and BSA/glutaraldehyde, but not GluOx, showed no detectable 

response to glutamate, despite being sensitive to H2O2. Indeed, there was less than a 10% 

statistically insignificant (t8 = 1.28, p = 0.24) difference in the H2O2 sensitivity on control 

electrode sites relative to enzyme-coated sites, indicating that any changes detected in vivo on the 

enzyme coated sites could not be attributed to endogenous H2O2. 

5.4.12 Online, near-real time glutamate detection during reward seeking 

Prior to the start of each test session (see Fig. 2B) rats were placed in the recording 

operant chamber and the biosensor was tethered to the potentiostat via the electrical swivel for 

application of the 0.7 V potential. Oxidative current was recorded at 80 kHz and averaged over 

0.25-s intervals. The recorded amperometric signal was allowed to stabilize prior to session onset 

(approx. 45 min). The 2-min period immediately prior to the onset of the behavioral session was 

used as the baseline period for comparison of glutamate concentration changes in the absence of 

any reward-related behavior to those induced by responding during test. On the first test day rats 
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received a single Pavlovian conditioning test that was identical to Pavlovian training described 

above. On the second day of testing rats were given instrumental conditioning sessions as 

described above, but with the ratio requirement progressively increasing from fixed ratio-1 to 

RR-20 after each 5th outcome earned. On the last test day rats received a single PIT test, identical 

to that described for Experiment 1. 

5.4.13 Data analysis 

Unless otherwise mentioned, all data were processed using Microsoft Excel (Redmond, 

WA), then compiled and statistically analyzed with GraphPad Prism (La Jolla, CA) and SPSS 

(IBM Corp, Chicago, IL). For all hypothesis tests, the α level for significance was set to p < 0.05. 

The data were analyzed with paired t-tests, repeated-measures ANOVAs (with post hoc analysis 

correcting for multiple comparisons), correlation and regression, where appropriate. 

5.4.14 Behavioral analysis 

Lever-press rate was the primary behavioral output measure. During the PIT test lever 

pressing for the 2-min pre-CS period was compared to that during the CS period, which was 

divided for presses on the lever that, during training, earned the same outcome as the cue 

predicted (i.e., CS-Same presses) versus those on the other available lever (i.e., CS-Different 

presses). 

Because rats tended to organize their instrumental lever-pressing activity into clusters of many 

lever presses in quick succession, we focused on those presses that initiated reward seeking (i.e., 

‘initiating presses’) excluding presses that occurred within a pressing bout when analyzing the 

temporal relationship between glutamate release and instrumental activity. For the instrumental 

conditioning test an ‘initiating press’ (23.68% of total presses, sem = 1.77) was defined as the 

first press after collection of an earned reward or, because rats often disengaged from the lever 
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and then reinitiated reward seeking, the first press after >6 s pause in pressing. Similar 

definitions of initiation of reward seeking and instrumental bouts defined by pauses in activity 

have been described previously70,71,72. The average reward receipt to next initiating press latency 

was 23.10 s (sem = 7.47) for the instrumental tests, indicating that those glutamate release events 

that occurred within 5 s prior to initiating presses were related to the performance of this action 

and not to consumption of the previously earned reward. For the instrumental test we compared 

the temporal relationship between glutamate and these initiating presses to that with all presses 

(including both initiating and intra-bout presses) in order to determine if BLA glutamate release 

was related to individual actions or initiation of reward-seeking activity. For the 2 instrumental 

conditioning tests data were collapsed across sessions, because there was neither a significant 

main effect of Earned outcome type (F1,7 = 0.14, p = 0.72), nor Outcome type x Time interaction 

(F9,63 = 0.86, p = 0.56) on the temporal relationship between glutamate and instrumental activity. 

Because no rewards were delivered during the PIT test an initiating press was defined as the first 

press after a pause in pressing of >6 s. On average 57.00% (sem = 9.30) of all presses during the 

pre-CS period were initiating presses, with 40.03% (sem = 6.82) of CS-Same presses and 46.06% 

(sem = 6.45) of CS-Different presses considered initiating presses. 

5.4.15 Neurochemical recording analysis 

Analysis details and characterization of glutamate release events have been described 

previously21. Each electrode’s baseline current was subtracted from its current output after 

equilibration (average current over 10-s period, 2 min prior to test onset). The current changes 

from baseline on the PPY/Nafion-coated sentinel electrode were subtracted from current changes 

on the PPY/Nafion/GluOx glutamate biosensor electrode to remove noise correlated among the 

electrodes on the MEA. The glutamate biosensor response then was converted to glutamate 
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concentration using an electrode-specific calibration factor obtained in vitro, which averaged 

152.86 µM/nA. 

Because the baseline current detected at the glutamate sensing electrodes drifted over 

minutes during the course of the test session (see examples in Fig. 3A), as is typical for 

electrochemical recordings, we focused our analysis on transient glutamate concentration 

changes. Mini Analysis (Synaptosoft, Decatur, GA) was used to determine the frequency, and 

amplitude of these rapid changes. A fluctuation in the glutamate trace was deemed a glutamate 

transient if it was at >2.5x the RMS noise sampled from the pre-test baseline period. To 

determine the transient amplitude a baseline was taken by averaging 3 sample bins around the 

first minima located 0.5–5 s before the peak and this baseline was subtracted from the peak 

amplitude. If one peak followed another within 5 s the baseline was taken after the first peak to 

distinguish these events. Peaks with a total duration below 0.5 s or with an immediately 

preceding or following negative deflection greater than half the peak amplitude were considered 

noise spikes and were omitted from the analysis. The frequency and amplitude of glutamate 

transients were averaged across the 2-min pre-test baseline period and compared to that averaged 

across the instrumental conditioning test, or that averaged across the 2-min pre-CS or 2-min CS 

periods for the PIT test. These variables were correlated against instrumental press rate during 

each test. 

We also evaluated the precise temporal relationship between transient glutamate release 

events and behavioral output by assessing the likelihood of a glutamate transient in the time 

immediately surrounding a lever press. The likelihood of a glutamate transient was defined as the 

percentage of lever presses that had a glutamate transient in each of 10, 1-s time bins distributed 

evenly around the event. This time window was selected to ensure release events in the 5 s prior 
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to an initiating presses were specifically related to that particular initiating press and not to 

contaminating events (e.g., reward delivery during the instrumental test, termination of a 

previous bout, head entries into the food-delivery port etc.). During the instrumental test the 

average reward collection to next initiating press latency was 23.10 s (SEM = 7.47), and by 

definition an initiation press must have been preceded by a >6 s pause in pressing. Values were 

normalized as a percentage of presses, as opposed to number or percentage of transients, to 

control for the variation in pressing that resulted from experimental manipulation (e.g., CS 

presentation), which could confounded interpretation. In all cases the 1-s time bin 5 s prior to the 

event served as the control bin for statistical comparison because in this time bin glutamate 

transient likelihood did not differ from the baseline likelihood of a glutamate transient in similar 

epochs without lever pressing during the pre-test period (t7 = 2.12, p = 0.07). Raw glutamate 

transient peak times for each subject in the 5 s prior to and after initiating press are displayed in 

the raster plots shown in Figs 3G and4G. 

5.4.16 Histology 

At the conclusion of each experiment rats were anesthetized with Nembutal and trans-

cardially perfused with 0.9% saline followed by 10% formalin saline. The brains were removed 

and post-fixed in formalin, then cryosectioned into 60 µm slices, mounted onto slides and stained 

with cresyl violet. Light microscopy was used to examine sensor or cannula placement in the 

BLA. Histological data are presented in Fig. 1B(Experiment 1) and 2A (Experiment 2). Four rats 

were removed from Experiment 1 due to cannula misplacement or bilateral BLA tissue damage. 

 



 103 

5.5 References 

1. See, R. E., Fuchs, R. A., Ledford, C. C. & McLaughlin, J. Drug addiction, relapse, and the 

amygdala. Ann N Y Acad Sci 985, 294–307 (2003).  

2. Koob, G. F. & Volkow, N. D. Neurocircuitry of addiction. Neuropsychopharmacology 35, 

217–238, doi: 10.1038/npp.2009.110 (2010).  

3. Belzung, C., Willner, P. & Philippot, P. Depression: from psychopathology to 

pathophysiology. Curr Opin Neurobiol 30C, 24–30, doi: 10.1016/j.conb.2014.08.013 (2014).  

4. Boyle, L. M. A neuroplasticity hypothesis of chronic stress in the basolateral amygdala. Yale J 

Biol Med 86, 117–125 (2013).  

5. Balleine, B. W. & Killcross, S. Parallel incentive processing: an integrated view of amygdala 

function. Trends Neurosci 29, 272–279 (2006).  

6. Janak, P. H. & Tye, K. M. From circuits to behaviour in the amygdala. Nature 517, 284–292, 

doi: 10.1038/nature14188 (2015).  

7. Ray, J. P. & Price, J. L. The organization of the thalamocortical connections of the 

mediodorsal thalamic nucleus in the rat, related to the ventral forebrain-prefrontal cortex 

topography. J Comp Neurol 323, 167–197, doi: 10.1002/cne.903230204 (1992).  

8. Carmichael, S. T. & Price, J. L. Limbic connections of the orbital and medial prefrontal cortex 

in macaque monkeys. J Comp Neurol 363, 615–641, doi: 10.1002/cne.903630408 (1995).  

9. Ghashghaei, H. T. & Barbas, H. Pathways for emotion: interactions of prefrontal and anterior 

temporal pathways in the amygdala of the rhesus monkey. Neuroscience 115, 1261–1279, doi: 

S0306452202004463 (2002).  

10. Balleine, B. W., Killcross, A. S. & Dickinson, A. The effect of lesions of the basolateral 

amygdala on instrumental conditioning. J Neurosci 23, 666–675 (2003).  



 104 

11. Ostlund, S. B. & Balleine, B. W. Differential involvement of the basolateral amygdala and 

mediodorsal thalamus in instrumental action selection. J Neurosci 28, 4398–4405 (2008).  

12. Ostrander, S. et al. Orbitofrontal cortex and basolateral amygdala lesions result in suboptimal 

and dissociable reward choices on cue-guided effort in rats. Behav Neurosci 125, 350–359, doi: 

10.1037/a0023574 (2011).  

13. Corbit, L. H. & Balleine, B. W. Double dissociation of basolateral and central amygdala 

lesions on the general and outcomespecific forms of pavlovian-instrumental transfer. J Neurosci 

25, 962–970 (2005).  

14. Venton, B. J., Robinson, T. E. & Kennedy, R. T. Transient changes in nucleus accumbens 

amino acid concentrations correlate with individual responsivity to the predator fox odor 2,5-

dihydro-2,4,5-trimethylthiazoline. J Neurochem 96, 236–246 (2006).  

15. Venton, B. J., Robinson, T. E., Kennedy, R. T. & Maren, S. Dynamic amino acid increases in 

the basolateral amygdala during acquisition and expression of conditioned fear. Eur J Neurosci 

23, 3391–3398 (2006).  

16. Bowser, M. T. & Kennedy, R. T. In vivo monitoring of amine neurotransmitters using 

microdialysis with on-line capillary electrophoresis. Electrophoresis 22, 3668–3676, doi: 

10.1002/1522-2683(200109)22:173.0.CO;2-M (2001).  

17. Wassum, K. M. et al. Silicon Wafer-Based Platinum Microelectrode Array Biosensor for 

Near Real-Time Measurement of Glutamate In Vivo. Sensors 8, 5023–5036 (2008).  

18. Burmeister, J. J. et al. Improved ceramic-based multisite microelectrode for rapid 

measurements of L-glutamate in the CNS. J Neurosci Methods 119, 163–171 (2002).  



 105 

19. Rutherford, E. C., Pomerleau, F., Huettl, P., Stromberg, I. & Gerhardt, G. A. Chronic second-

by-second measures of L-glutamate in the central nervous system of freely moving rats. J 

Neurochem 102, 712–722 (2007).  

20. Walker, E., Wang, J., Hamdi, N., Monbouquette, H. G. & Maidment, N. T. Selective 

detection of extracellular glutamate in brain tissue using microelectrode arrays coated with over-

oxidized polypyrrole. Analyst 132, 1107–1111 (2007).  

21. Wassum, K. M. et al. Transient Extracellular Glutamate Events in the Basolateral Amygdala 

Track Reward-Seeking Actions. J Neurosci 32, 2734–2746, doi: 32/8/2734 (2012).  

22. Hascup, K. N., Hascup, E. R., Pomerleau, F., Huettl, P. & Gerhardt, G. A. Second-by-second 

measures of L-glutamate in the prefrontal cortex and striatum of freely moving mice. J 

Pharmacol Exp Ther 324, 725–731 (2008).  

23. Belay, A. et al. Redox hydrogel based bienzyme electrode for L-glutamate monitoring. J 

Pharm Biomed Anal 19, 93–105 (1999).  

24. van der Zeyden, M., Oldenziel, W. H., Rea, K., Cremers, T. I. & Westerink, B. H. 

Microdialysis of GABA and glutamate: analysis, interpretation and comparison with 

microsensors. Pharmacol Biochem Behav 90, 135–147 (2008).  

25. Hascup, E. R. et al. Rapid microelectrode measurements and the origin and regulation of 

extracellular glutamate in rat prefrontal cortex. J Neurochem 115, 1608–1620 (2010).  

26. Colwill, R. M. & Motzkin, D. K. Encoding of the unconditioned stimulus in Pavlovian 

conditioning. Animal Learning & Behavior 22, 384–394 (1994).  

27. Kruse, H., Overmier, J., Konz, W. & Rokke, E. Pavlovian conditioned stimulus effects upon 

instrumental choice behavior are reinforcer specific. Learn Motiv 14, 165–181 (1983).  



 106 

28. Holmes, N. M., Marchand, A. R. & Coutureau, E. Pavlovian to instrumental transfer: a 

neurobehavioural perspective. Neurosci Biobehav Rev 34, 1277–1295, doi: S0149-

7634(10)00081-3 (2010).  

29. Colwill, R. M. & Rescorla, R. A. Associations between the discriminative stimulus and the 

reinforcer in instrumental learning. Journal of Experimental Psychology: Animal Behavior 

Processes 14, 155–164 (1988).  

30. Blundell, P., Hall, G. & Killcross, S. Lesions of the basolateral amygdala disrupt selective 

aspects of reinforcer representation in rats. J Neurosci 21, 9018–9026 (2001).  

31. Corbit, L. H. & Janak, P. H. Posterior dorsomedial striatum is critical for both selective 

instrumental and Pavlovian reward learning. Eur J Neurosci 31, 1312–1321, doi: 10.1111/j.1460-

9568.2010.07153.x (2010).  

32. Dickinson, A. & Balleine, B. W. in Learning, Motivation and Emotion, Volume 3 of 

Steven’s Handbook of Experimental Psychology Vol. 3 (ed C. R. Gallistel) 497–533 (John Wiley 

& Sons, 2002).  

33. Schoenbaum, G., Chiba, A. A. & Gallagher, M. Neural encoding in orbitofrontal cortex and 

basolateral amygdala during olfactory discrimination learning. J Neurosci 19, 1876–1884 (1999).  

34. Uwano, T., Nishijo, H., Ono, T. & Tamura, R. Neuronal responsiveness to various sensory 

stimuli, and associative learning in the rat amygdala. Neuroscience 68, 339–361 (1995).  

35. Tye, K. M. & Janak, P. H. Amygdala neurons differentially encode motivation and 

reinforcement. J Neurosci 27, 3937–3945, doi: 10.1523/JNEUROSCI.5281-06.2007 (2007).  

36. Paton, J. J., Belova, M. A., Morrison, S. E. & Salzman, C. D. The primate amygdala 

represents the positive and negative value of visual stimuli during learning. Nature 439, 865–870 

(2006).  



 107 

37. Ambroggi, F., Ishikawa, A., Fields, H. L. & Nicola, S. M. Basolateral amygdala neurons 

facilitate reward-seeking behavior by exciting nucleus accumbens neurons. Neuron 59, 648–661, 

doi: 10.1016/j.neuron.2008.07.004 (2008).  

38. Schoenbaum, G., Chiba, A. A. & Gallagher, M. Orbitofrontal cortex and basolateral 

amygdala encode expected outcomes during learning. Nat Neurosci 1, 155–159, doi: 

10.1038/407 (1998).  

39. Carelli, R. M., Williams, J. G. & Hollander, J. A. Basolateral amygdala neurons encode 

cocaine self-administration and cocaineassociated cues. J Neurosci 23, 8204–8211 (2003).  

40. Dezfouli, A. & Balleine, B. W. Actions, action sequences and habits: evidence that goal-

directed and habitual action control are hierarchically organized. PLoS Comput Biol 9, 

e1003364, doi: 10.1371/journal.pcbi.1003364 (2013). 

41. Ostlund, S. B., Winterbauer, N. E. & Balleine, B. W. Evidence of action sequence chunking 

in goal-directed instrumental conditioning and its dependence on the dorsomedial prefrontal 

cortex. J Neurosci 29, 8280–8287 (2009).  

42. Graybiel, A. M. The basal ganglia and chunking of action repertoires. Neurobiol Learn Mem 

70, 119–136 (1998).  

43. Hernádi, I., Grabenhorst, F. & Schultz, W. Planning activity for internally generated reward 

goals in monkey amygdala neurons. Nat Neurosci 18, 461–469, doi: 10.1038/nn.3925 (2015).  

44. Bergles, D. E., Diamond, J. S. & Jahr, C. E. Clearance of glutamate inside the synapse and 

beyond. Curr Opin Neurobiol 9, 293–298, doi: nb9304 (1999).  

45. Diamond, J. S. A broad view of glutamate spillover. Nat Neurosci 5, 291–292, doi: nn0402-

291(2002).  



 108 

46. Tye, K. M., Stuber, G. D., de Ridder, B., Bonci, A. & Janak, P. H. Rapid strengthening of 

thalamo-amygdala synapses mediates cue-reward learning. Nature 453, 1253–1257, doi: 

10.1038/nature06963 (2008).  

47. Shabel, S. J. & Janak, P. H. Substantial similarity in amygdala neuronal activity during 

conditioned appetitive and aversive emotional arousal. Proc Natl Acad Sci USA 106, 15031–

15036, doi: 10.1073/pnas.0905580106 (2009).  

48. LeDoux, J. E. & Farb, C. R. Neurons of the acoustic thalamus that project to the amygdala 

contain glutamate. Neurosci Lett 134, 145–149 (1991).  

49. Quirk, G. J., Armony, J. L. & LeDoux, J. E. Fear conditioning enhances different temporal 

components of tone-evoked spike trains in auditory cortex and lateral amygdala. Neuron 19, 

613–624 (1997).  

50. Kröner, S., Rosenkranz, J. A., Grace, A. A. & Barrionuevo, G. Dopamine modulates 

excitability of basolateral amygdala neurons in vitro. J Neurophysiol 93, 1598–1610, doi: 

10.1152/jn.00843.2004 (2005).  

51. Vitale, K. R. & Janak, P. H. in Society for Neuroscience Annual Meeting 462.412 

(Washington D.C., USA, 2014).  

52. Prévost, C., Liljeholm, M., Tyszka, J. M. & O’Doherty, J. P. Neural correlates of specific and 

general Pavlovian-to-Instrumental Transfer within human amygdalar subregions: a high-

resolution fMRI study. J Neurosci 32, 8383–8390, doi: 10.1523/ JNEUROSCI.6237-11.2012 

(2012).  

53. Ostlund, S. B. & Balleine, B. W. Orbitofrontal cortex mediates outcome encoding in 

Pavlovian but not instrumental conditioning. J Neurosci 27, 4819–4825 (2007).  



 109 

54. Sah, P., Faber, E. S., Lopez De Armentia, M. & Power, J. The amygdaloid complex: anatomy 

and physiology. Physiol Rev 83, 803–834, doi: 10.1152/physrev.00002.2003 (2003).  

55. Dwyer, D. M. & Killcross, S. Lesions of the basolateral amygdala disrupt conditioning based 

on the retrieved representations of motivationally significant events. J Neurosci 26, 8305–8309 

(2006).  

56. McDannald, M. A. et al. Orbitofrontal neurons acquire responses to ‘valueless’ Pavlovian 

cues during unblocking. Elife 3, e02653, doi: 10.7554/eLife.02653 (2014).  

57. Hatfield, T., Han, J. S., Conley, M., Gallagher, M. & Holland, P. Neurotoxic lesions of 

basolateral, but not central, amygdala interfere with Pavlovian second-order conditioning and 

reinforcer devaluation effects. J Neurosci 16, 5256–5265 (1996).  

58. Pickens, C. L. et al. Different roles for orbitofrontal cortex and basolateral amygdala in a 

reinforcer devaluation task. J Neurosci 23, 11078–11084 (2003).  

59. Wellman, L. L., Gale, K. & Malkova, L. GABAA-mediated inhibition of basolateral 

amygdala blocks reward devaluation in macaques. J Neurosci 25, 4577–4586 (2005).  

60. Johnson, A. W., Gallagher, M. & Holland, P. C. The basolateral amygdala is critical to the 

expression of pavlovian and instrumental outcome-specific reinforcer devaluation effects. J 

Neurosci 29, 696–704 (2009).  

61. Fontanini, A., Grossman, S. E., Figueroa, J. A. & Katz, D. B. Distinct subtypes of basolateral 

amygdala taste neurons reflect palatability and reward. J Neurosci 29, 2486–2495 (2009).  

62. Belova, M. A., Paton, J. J., Morrison, S. E. & Salzman, C. D. Expectation modulates neural 

responses to pleasant and aversive stimuli in primate amygdala. Neuron 55, 970–984 (2007).  

63. Salzman, C. D., Paton, J. J., Belova, M. A. & Morrison, S. E. Flexible neural representations 

of value in the primate brain. Ann N Y Acad Sci 1121, 336–354 (2007).  



 110 

64. Belova, M. A., Paton, J. J. & Salzman, C. D. Moment-to-moment tracking of state value in 

the amygdala. J Neurosci 28, 10023–10030 (2008).  

65. Jenison, R. L., Rangel, A., Oya, H., Kawasaki, H. & Howard, M. A. Value encoding in single 

neurons in the human amygdala during decision making. J Neurosci 31, 331–338, doi: 

10.1523/jneurosci.4461-10.2011 (2011).  

66. Wassum, K. M., Cely, I. C., Balleine, B. W. & Maidment, N. T. Mu opioid receptor 

activation in the basolateral amygdala mediates the learning of increases but not decreases in the 

incentive value of a food reward. Journal of Neuroscience 31, 1583–1599 (2011).  

67. Zimmerman, J. M. & Maren, S. NMDA receptor antagonism in the basolateral but not central 

amygdala blocks the extinction of Pavlovian fear conditioning in rats. Eur J Neurosci 31, 1664–

1670, doi: 10.1111/j.1460-9568.2010.07223.x (2010).  

68. Walker, D. L., Paschall, G. Y. & Davis, M. Glutamate receptor antagonist infusions into the 

basolateral and medial amygdala reveal differential contributions to olfactory vs. context fear 

conditioning and expression. Learn Mem 12, 120–129, doi: 10.1101/ lm.87105 (2005).  

69. Feltenstein, M. W. & See, R. E. NMDA receptor blockade in the basolateral amygdala 

disrupts consolidation of stimulus-reward memory and extinction learning during reinstatement 

of cocaine-seeking in an animal model of relapse. Neurobiol Learn Mem 88, 435–444, doi: 

10.1016/j.nlm.2007.05.006 (2007).  

70. Wassum, K. M., Ostlund, S. B., Loewinger, G. C. & Maidment, N. T. Phasic Mesolimbic 

Dopamine Release Tracks Reward Seeking During Expression of Pavlovian-to-Instrumental 

Transfer. Biol Psychiatry 73, 747–755, doi: 10.1016/j.biopsych.2012.12.005 (2013).  

71. Shull, R. L., Gaynor, S. T. & Grimes, J. A. Response rate viewed as engagement bouts: 

resistance to extinction. J Exp Anal Behav 77, 211–231, doi: 10.1901/jeab.2002.77-211 (2002).  



 111 

72. Mellgren, R. L. & Elsmore, T. F. Extinction of operant behavior: An analysis based on 

foraging considerations. Animal Learning & Behavior 19, 317–325 (1991).  

73. Paxinos, G. & Watson, C. The rat brain in stereotaxic coordinates. 4th edn (Academic Press, 

1998). 

 

 

 

 

 

 

 

 

 

 

 



 112 

Chapter 6: Recommendations for future work 

6.1 Glutamate-sensing platinum wires 

Future work with this project could focus on increasing the consistency in manufacturing 

the wire sensor so that the sensitivity and limit of detection have a lesser degree of variance. As 

mentioned in Chapter 2, both the sensitivity and limit of detection had issues with a wide range 

of both sensitivity and limit of detection. One way this could be addressed could be to ensure that 

the exposed platinum wire length is consistent from one sensor to another. Because this platinum 

wire is available commercially covered in Teflon as insulation, this Teflon layer must be 

removed to expose part of the wire for surface modification. This is done by hand, where the 

Teflon layer is gently cut away from the wire and stripped. However, there is the possibility of a 

slight variance in exposed length as a result, which could affect the sensitivity. Removal of the 

Teflon layer in a more controlled manner under a microscope, with uniform scale to compare cut 

length, would be the first step in controlling variability. Another parameter to observe would 

involve the cleaning step of the platinum wire after the Teflon is stripped away. This was done in 

a 1 M solution of sulfuric acid via cyclic voltammetry, but parameters such as the number of 

cycles and the molarity of the solution were not altered when switching from cleaning the 

microelectrode microarrays to the wire. It is possible that this change in geometry could change 

how the platinum surface is cleaned. Thus, examining and optimizing the parameters in this 

cleaning step could be another area of improvement. 

Other methods by which the glutamate sensor could be modified to increase sensitivity 

include electrochemically coating the sensor surface with Prussian Blue. This has previously 

been used to help enhance the detection of hydrogen peroxide release from glutamate oxidase on 

electrochemical sensors[1]–[3]. With addition of a Prussian Blue layer, it is possible to detect 
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hydrogen peroxide on the surface of an electrode at a lower applied potential, without loss in 

sensitivity. The benefit to operating at a lower potential would be that oxidation from interferent 

chemicals, such as dopamine or ascorbic acid, would be much less of a concern, especially if the 

potential was below the potential that causes oxidation of these interferent chemicals at the 

surface. Recent work has shown that depositing Prussian Blue and glutamate oxidase on a carbon 

fiber electrode can create an effective sensor with a detection limit lower than 2 µM[4]. Since 

this was done on a carbon fiber electrode, the geometry of which is clearly similar to a platinum 

wire, the benefits to the small dimensions of the wire are still maintained with a higher 

sensitivity of 135 nA µM-1 cm-2 in this work.  

Other methods by which glutamate wire sensitivity could be improved involve examining 

the layers of glutamate oxidase deposited on the sensor. The deposition conditions originated 

from previously published work in creating a glutamate sensor on a platinum wire[5]. However, 

a closer examination into the different parameters that affect the glutamate oxidase 

immobilization step is a step that could further increase sensitivity to glutamate. For example, 

altering the ratio of bovine serum albumin (BSA) to glutamate is one approach. Another 

approach is to use glutaraldehyde vapor as a means for crosslinking the enzyme, versus mixing it 

into the enzyme solution. Glutamate oxidase and BSA could be mixed together in solution, with 

which the platinum wire could be dip-coated. In between each individual layer, the sensor could 

be exposed to glutaraldehyde vapor so that the glutamate oxidase can crosslink to the BSA and 

the sensor. This has been done for other enzyme-based biosensors, and could prevent the enzyme 

layer from getting too thick[6]. It is believed that with a thick, manually deposited enzyme layer, 

less of the produced hydrogen peroxide can actually diffuse all the way to the surface of the 

electrode.  
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After further modifying the surface of the electrode to optimize sensitivity and limit of 

detection to glutamate, the wire sensor would be ready for in vivo testing in brain slices. 

Ultimately, these sensors could be used in studies where brain slices are exposed to different 

pharmaceuticals, so that glutamate release could be tracked in near-real time in response to 

exposure to drugs. 

6.2 Improved dopamine sensors for use in a multielectrode dual sensor 

With the improved permselective polymer layer that lowered the detection limit to 

dopamine, dopamine sensors were created for preliminary in vivo studies. Initial in vivo results 

were obtained by Dr. Zhan Shu and Lauren MacIntyre in Dr. Nigel Maidment’s laboratory, in the 

Department of Psychiatry and Biobehavioral Studies at UCLA. Dopamine sensors were 

implanted into the rat dorsal striatum. Electrical stimulation was applied to the medial forebrain 

bundle to evoke dopamine release. Figure 6.1 shows a clear increase in dopamine levels upon 

this electrical stimulation. 

 

 

 

 

 

 

 

Figure 6.1.  Preliminary amperometric data demonstrating the ability of the dopamine sensor 
to sense release of dopamine in the rat dorsal striatum. Average (n=3, line) and standard error 
(shade) of evoked dopamine response was converted from current to concentration (µM) and 
measured over time. Nomifensine was administrated (20 mg/kg, i.p.). Electrical stimulation (red 
shade) was 5 seconds, 400 µA 60 Hz biphasic in the medial forebrain bundle. 
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While these initial results are promising, dopamine release was detected after nomifensine 

administration, which blocks dopamine reuptake. Further work will be done in both increasing 

sensor sensitivity and the stimulation setup so that evoked dopamine can be detected without 

nomifensine administration.  

 Upon satisfactory demonstration of the ability to detect solely dopamine in vivo, the next 

step will be to focus on in vivo dual sensing of both glutamate and dopamine. This would be 

accomplished using the multielectrode microfabricated probes. Ideally, the glutamate and 

dopamine-sensing electrodes would be side-by-side, to ensure that they are sampling from 

similar neurons. Initial tests will dedicate two electrodes to dopamine sensing, one electrode to 

glutamate sensing, and one electrode as a control site. After permselective polymer deposition 

and glutamate oxidase immobilization on the glutamate-sensing electrode, this sensor will be 

implanted into rat brains for behavioral studies. Current work in our group has focused on 

selective stamping of the glutamate oxidase enzyme onto the glutamate-sensing electrode. The 

benefit to using this micro-contact printing is that a thinner, more uniform layer of enzyme can 

be selectively deposited on the electrode. Currently, glutamate oxidase is immobilized on 

electrode sites manually underneath a microscope. This has led to a wide variance in deposited 

enzyme thickness, and even occasional error in accidentally depositing enzyme on other 

electrodes. With more controlled stamping, it is possible that the glutamate sensor could have a 

higher sensitivity and faster response time. Thus, a combination of improved methods currently 

being researched will ultimately lead to a more effective dual sensor. 

 Further study into utilizing the four electrodes on the microsensor has involved not only 

creating sensor sites for detecting different neurotransmitters, but also using these 

microelectrodes as a reference electrode. Previously published work showed that creating an on-
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probe reference electrode made of electrodeposited iridium oxide decreased current noise both in 

vitro and in vivo[7]. Thus, another means of creating an even lower detection limit for glutamate 

and dopamine could involve utilizing this iridium oxide reference electrode to further decrease 

the noise. There also are benefits to an creating an on-site iridium oxide electrode for in vivo 

studies, as typically a Ag/AgCl reference electrode is implanted elsewhere on the brain. By 

bringing this reference electrode onto the same probe as the working electrodes, additional tissue 

damage to the brain is reduced.  

6.3 Selective detection of nucleic acids with a microfabricated glass nanopore 

Current work is being done to test the ability of our glass nanopore to detected extracted 

RNA from diluted colonies of bacteria. This is a more applicable, practical test compared to 

measuring diluted RNA that was extracted from a concentrated solution of bacteria. It is 

important to know that RNA extraction kits are not perfect, and will leave behind some amount 

of RNA during the extraction process. Thus, this test will be conducted to determine if the PNA 

probe-bound microspheres can still detect the presence of target, E. coli 16S rRNA after 

extraction of RNA from an already diluted solution of bacteria. It is believed that because of 

potential loss of target RNA to the surfaces of the extraction kit, it would be beneficial to add a 

higher concentration of control bacteria, such as Pseudomonas putida, to the diluted E. coli cells 

in hopes that the RNA from the control bacteria would interact with the RNA extraction kit. We 

have already demonstrated the ability of our nanopore system to detect target E. coli 16S rRNA 

at 1 aM against a larger background of P. putida. Thus, it should be feasible to prove it can do 

likewise when this diluted bacterial mixture undergoes RNA extraction. 

Creating a more complex sensor with a faster response time is also another area of focus 

for future work. Due to the cubic dimensions of the current Teflon chambers, it is possible that 
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the bead(s) with enough nucleic acid to travel to the pore may also end up further away from the 

pore. We typically see a current response within 20 minutes of bead injections into the chamber; 

however, there have been occasions when the applied potential has to be held for longer than 40 

minutes to see a current response. To mitigate this issue, incorporating microfluidic channels 

onto our sensor would be an important step in creating a portable sensor that requires very little 

volume of buffer. A smaller volume of bead-containing buffer could be flown across the pore 

with an applied electric field, where beads hybridized with target nucleic acid could travel a 

smaller distance in order to block the pore. 
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Appendix A: Microprobe Fabrication 

A.1 Fabrication Process Flow Side View 

 

Figure A.1. A side profile of the microfabrication process. The individual steps, side profile, 
and microfabrication techniques are outlined in creating a multielectrode microprobe. A 1 µm-
thick layer of silicon dioxide is gronw on a 150 µm-thick silicon wafer using an oxide furnace. 
The metal deposition step is then done to define the electrodes, leads, and soldering pads. E-
beam metal evaporation deposits a thin layer of chromium as a seed layer, followed by 1000 Å of 
platinum. The photoresist is them removed, leaving behind the patterned metal. The insulation 
layers are deposited via plasma enhanced chemical vapor deposition, with 750 nm of silicon 
dioxide and 750 nm of silicon nitride deposited. Another photolithography step opens up the 
contact areas over the electrodes and soldering pads. Finally, the sensor outlines are defined in a 
wafer etch through, which is done via lithography and reactive ion etch. 
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A.2 Materials 

 Silicon wafers were ordered from Silicon Valley Microelectronics (Santa Clara, CA) with 

the following parameters: 100 mm diameter, p-type boron doped, orientation <1 0 0>, 150 µm 

thickness. All microfabrication was conducted in the Nanoelectronics Research Facility (NRF) at 

UCLA. 

A.3 Microfabrication Process Traveler 

Process Step Name Description Remarks 
I. Field oxide formation process 

 1 Label 
Label wafer backside on 
top/bottom/left/right 
edges 

Use diamond pen 
Inscribe on the back 
unpolished side 

Cleaning 
Steps 

2 Piranha bath 

Remove organic 
contaminants: 
H2SO4:H2O2 = 17:1 
T=70°C; time=10min 

Use wafer carrier 
Refresh solution with 
250mL H2O2 if hasn’t been 
used that day 

3 Rinse Time = 2 min Use rinse cycle in PFC 
hood 

4 HF bath 
Remove native oxide: 
5 sec. HF dip (DIW:HF = 
10:1) 

Caution. Very corrosive. 

5 Rinse 
Time = 2 min., N2 blow 
dry after 

Gentle water stream 
Don’t use spin dryer 
(wafers will break) 

Furnace 6 Oxide 
furnace 

Thermally grow 1 µm 
SiO2 
Wet recipe 
(WET1100.001) 
T=1100 °C, time=2.5 hr 

Keep everything clean 
(gloves/mask on) 
High temperature (use 
caution) 
Use quartz boat. Load 
wafers ASAP 

 7 Nanospec 
Measure SiO2 thickness 
(Silicon dioxide on 
silicon) 

Measure 
center/top/bottom/left/ 
right, average it 

Cleaning 
Steps 

8 Piranha bath 

Remove organic 
contaminants: 
H2SO4:H2O2 = 17:1 
T=70 °C; time=10 min 

Use wafer carrier 
Refresh solution with 250 
mL H2O2 if hasn’t been 
used that day 

9 Rinse Time = 2 min Use rinse cycle in PFC 
hood 

II. Electrode sites, channels, and bonding pads formation 
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Lithography I 

10 Dehydration 
bake 

T=150 °C 
Time ≥ 5 min 

Drive off moisture  

11 HDMS coat 

Improve PR adhesion 
Time ≥ 5 min 

HMDS: 
hexamethyldisilazane 
Toxic (operate underneath 
hood) 
Do not place wafer in the 
middle of metal container. 
Handle dips down and will 
break wafer when putting 
cover on. 

12 Photoresist 
spin coat 

PR: AZ5214-EIR 
Thickness: ~1.6 µm 
2500 RPM, Ramp = 
1000, time = 30 sec 

Clean wafer chuck with 
acetone 
Make sure PR covers at 
least 2/3 of the wafer 
surface prior to spin 

13 Soft bake 

T=100 °C, time = 1 min. 
(critical) 
Place at the center of 
hotplate 

Make sure wafer is flat on 
hotplate 

14 Exposure 

Karl Suss alignment: 
Soft contact, expose for 
18 sec (when power = 8 
mW/cm2) 

If power varies, use this 
formula to correct 
exposure time: 
t (sec) = 18*(8/actual 
power in mW/cm2) 

15 Development 

Remove exposed PR 
5:1 :: DIW:AZ400K 
developer 
19 sec. swishing back and 
forth 

1500 mL DIW : 300 mL 
AZ400K 
Use single wafer holder 
Rinse with DIW for 2 min. 
Dry with N2 

16 Microscope 

Inspection Make sure wafer is fully 
developed. Do NOT 
hardbake after this step 
(for better lift-off results) 

Metal 
Deposition 

17 Metal 
deposition 

Old CHA (evaporated 
metal deposition) 
Cr/Pt 200 Å/1000 Å 
(respectively) 
Deposition rate: 1Å/sec 

Deposit metal within 2 
weeks after Litho I 
Total deposition time: ~3 
hrs 

18 Lift-off 

Metal etch: sonicate in 
acetone (in 2 L beaker) 

Use 3 beakers of acetone in 
series to clean each wafer 
Keep wafers wet by rinsing 
with acetone 
Rinse with DIW and dry 
with N2 

19 Microscope Inspection Check for broken leads, 
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chipped sites 
III. Insulation layer deposition 

Oxide/Nitride 
Deposition 

20 PECVD 
oxide 

STS PECVD: 7500 Å 
Recipe: HFSIOST 
Time: ~30 min 

Blowdry wafer with N2 
prior to placing in machine 

21 Nanospec 

Measure SiO2 thickness 
(Silicon dioxide on 
silicon) 
Goal: 7500 Å 

Measure 
center/top/bottom/left/ 
right 
Subtract field oxide 
thickness to calculate 
deposited thickness 

22 PECVD 
nitride 

STS PECVD: 7500 Å 
Recipe: HFSINST 
Time: ~50 min 

 

23 Nanospec 

Measure Si3N4 thickness 
(silicon nitride on silicon 
dioxide) 
Goal: 7500 Å 

Measure 
center/top/bottom/left/ 
right 
For previous oxide 
thickness, type in average 
from step #21 

IV. Open electrodes/soldering pads 

Lithography 
II 

24 Dehydration 
bake 

T=150°C 
Time ≥ 5 min 

Drive off moisture  

25 HDMS coat 

Improve PR adhesion 
Time ≥ 5 min 

HMDS: 
hexamethyldisilazane 
Toxic (operate underneath 
hood) 
Do not place wafer in the 
middle of metal container. 
Handle dips down and will 
break wafer when putting 
cover on. 

26 Photoresist 
spin coat 

PR: AZ5214-EIR 
Thickness: ~1.6 µm 
2500 RPM, Ramp = 
1000, time = 30 sec 

Clean wafer chuck with 
acetone 
Make sure PR covers at 
least 2/3 of the wafer 
surface prior to spin 

27 Soft bake 

T=100 °C, time = 1 min. 
(critical) 
Place at the center of 
hotplate 

Make sure wafer is flat on 
hotplate 

28 Exposure 

Karl Suss alignment: 
Soft contact, expose for 
18 sec (when power = 8 
mW/cm2) 

If power varies, use this 
formula to correct 
exposure time: 
t (sec) = 18*(8/actual 
power in mW/cm2) 
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29 Development 

Remove exposed PR 
5:1 :: DIW:AZ400K 
developer 
19 sec. swishing back and 
forth 

1500 mL DIW : 300 mL 
AZ400K 
Use single wafer holder 
Rinse with DIW for 2 min. 
Dry with N2 

30 Microscope Inspection Make sure wafer is fully 
developed. 

31 Hard bake 
T = 150 °C, 5 min. 
Place at center of hotplate 

Do not post bake before 
inspection 
Let cool before storing 

Nitride/Oxide 
Etch 

32 Si wafer 
carrier 

Apply moist cooling 
grease on 500µm Si 
wafer carrier 
Bake 3 min @ 75 °C on 
hotplate 

Use q-tips to apply grease 
in circles over entire 
surface of carrier wafer 
Make sure wafer backside 
is clean of grease 
Stick wafer onto carrier 
wafer tightly by placing 
onto wafer and rotating 
until flats are aligned 

33 Nitride and 
oxide etch 

AOE (recipe: 
LJYDBOX) 
Etch time: ~7-8 min. (this 
etch time may be longer 
or shorter depending on 
the status of the AOE) 

Remove 1.5 µm of nitride 
and oxide insulation layer 

34 Inspection 

Voltmeter or Nanospec Voltmeter: check if 
resistance between test 
metal is zero 
Nanospec: check if 
thickness of oxide ≤field 
oxide thickness 

Cleaning 
Steps 

35 PR strip 
Matrix stripper 
3 min. recipe 

Make sure to keep wafer 
stuck to carrier wafer until 
after this step 

36 Release 
carrier 

Slide wafer off carefully Clean wafer backside and 
carrier wafer with acetone 

V. Define probe outline 

Lithography 
III 

37 Dehydration 
bake 

T=150 °C 
Time ≥ 5 min 

Drive off moisture  

38 Photoresist 
spin coat 

PR: NR9-8000 (negative 
PR) 
Thickness: ~12 µm 
2000 RPM, Ramp: 5000, 
Time: 30 sec 

Clean chuck with acetone 
Make sure PR covers at 
least 2/3 of wafer surface 

39 Soft bake 
(prebake) 

T=130 °C, 3 min. 
(critical) 

Make sure wafer is flat on 
hotplate 
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Place at center of hotplate 

40 Exposure 

Karl Suss alignment: 
Soft contact, exposure 
time: 90 sec (power: 
8mW/cm2) 

If power varies, use this 
formula to correct 
exposure time: 
t (sec) = 90*(8/actual 
power in mW/cm2) 

41 Relax Ambient 5 min  

42 
Post-

exposure 
bake 

T=100 °C, 2 min. 
(critical) 
Place at center of hotplate 

After bake, let rest for 5 
min. 

43 Development 

Developer: RD6 
3 min. shaking back and 
forth 

Do not dilute RD6 with DI 
water 
Rinse with DI water for 2 
min. post development 
Blow dry with N2 

44 Microscope Inspection Make sure wafer is fully 
developed 

Si Wafer 
Etch-Through 

45 SiO2 wafer 
carrier 

Apply moist cooling 
grease on 500µm thick 
SiO2 carrier wafer 
Bake 3 min. @ 75 °C 

Use q-tips to apply grease 
in circles over entire 
surface of carrier wafer 
Make sure wafer backside 
is clean of grease 
Stick wafer onto carrier 
wafer tightly by placing 
onto wafer and rotating 
until flats are aligned 

46 Nitride/oxide 
etch 

AOE (recipe: 
LJYDBOX) 
Etch time: ~7-8 min. (this 
etch time may be longer 
or shorter depending on 
the status of the AOE) 

Remove all nitride and 
oxide from exposed areas 

47 Inspection 
Voltmeter: Si test square 
at bottom 

Resistance is ~16 MΩ if all 
oxide and nitride is 
removed 

48 Si etch 
through 

DRIE (deep reactive ion 
etch): 
Recipe 59BOSCH 
~72 min. total etch time 
(this etch time may be 
longer or shorter 
depending on the status 
of the DRIE) 

Do not run DRIE for more 
than 30 minutes at a time 
(could overheat the wafer) 
If getting pressure error, 
run an O2 plasma clean for 
30 min 

49 Inspection 
Microscope Do not release wafer from 

carrier until etch through 
of silicon is confirmed. 
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Should be able to see 
cooling grease through the 
outlines for silicon etch 
through 

Stripping PR 

50 Release 
carrier 

Slide wafer off carefully Clean carrier with acetone 

51 PR strip 
PR stripper sink (ALEG 
355) 
T=75 °C, at least 30 min. 

Rinse with DI water for 2 
min. after 
Blow dry with N2 
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Appendix B: Preparing Glutamate Wire Sensors 

B.1 Materials 

§ Pyrrole, reagent grade 98% (Sigma 131709) 

§ Nafion® perfluorinated resin solution, 5 wt. % in lower aliphatic alcohols and water 

(Sigma 274704) 

§ L-glutamate oxidase (recombinant), 25 units (Associates of Cape Cod 100646-1) 

§ Glutaraldehyde solution, 25% in water (Sigma G5882) 

§ Albumin from bovine serum, lyophilized powder, ≥96% (Sigma A4503) 

§ SGE guided plunger syringes, 5 µL (Fisher SG-001400) 

§ 50.8 µm diameter platinum wire, PFA coated (A-M Systems 771000) 

 

B.2 Pre-Procedure 

§ 200 mM pyrrole: 140 µL of pyrrole was mixed into 10 mL of PBS. This mixture was 

shaken well. 

§ Glutamate oxidase aliquot: Dissolve GluOx at a concentration of 25 units / 100 µL DI 

water. Centrifuge the bottle so all liquid is at the bottom. Aliquot the solution into 2 µL 

aliquots. Freeze and store at -20 °C. 

§ BSA solution: Dissolve 10 mg BSA in 1 mL DI water. 

§ Pre-heat oven to 180 °C. 
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B.3 Procedure 

1. Secure the platinum wire in a pipette tip for better handling with epoxy. Leave 

approximately 5 mm of the wire sticking out of the pipette tip. 

2. Under a microscope, cut through the PFA insulating layer at the very tip using a utility 

knife, exposing approximately 400 µm of the platinum wire. Be careful not to cut the 

wire itself. 

3. Sonicate the wire in isopropyl alcohol for approximately 2 minutes. Rinse with DI water 

and blow dry with argon gas. A clean scan in 1 M H2SO4 (cyclic voltammetry; -0.25 V to 

1.65 V, 50 mV/s, 3 cycles) was done to remove any surface impurities.  

4. Thick PPy deposition #1: Cyclic voltammetry; 0.6 V to 0.9 V, 10 mV/s for 15 cycles 

5. Wire is then cut to 100 µm under a microscope using a utility knife. 

6. Thick PPy deposition #2: Cyclic voltammetry; 0.6 V to 0.9 V, 10 mV/s for 10 cycles. 

7. Nafion dipcoat: Dip-coated in 5% Nafion. After each dip-coat, the sensor was baked at 

180 °C for 3 minutes for a total of four coats. 

8. GluOx deposition: one 2 µL aliquot of GluOx was mixed with 3 µL BSA solution (10 

mg/mL) and 5 µL glutaraldehyde solution (final concentration 0.125% v/v). This was 

then placed into a microsyringe and manually coated on the surface of the sensor. 45 

coats were applied to the sensor.  

9. Sensor stored at 4 °C in dessicant overnight. 

  



 128 

Appendix C: Preparation of Dopamine Sensors 

C.1 Materials 

§ Pyrrole, reagent grade 98% (Sigma 131709) 

§ Nafion® perfluorinated resin solution, 5 wt. % in lower aliphatic alcohols and water 

(Sigma 274704) 

§ Sodium hydroxide pellets (Sigma 221465) 

 

C.2 Pre-Procedure 

§ 2 mM pyrrole solution: 1.4 µL pyrrole was mixed into 10 mL PBS. This solution was 

shaken for thorough mixing and sonicated for 1 minute. 

§ 0.1 M NaOH solution: Sodium hydroxide pellets were dissolved in DI water at a final 

concentration of 0.1 M. 

§ 2 % Nafion: 200 µL of 5% Nafion was mixed with 300 µL of DI water to create a 2% 

solution. 

 

C.3 Procedure 

1. The multielectrode sensors were sonicated in isopropyl alcohol for 2 minutes. Sensors 

were then cleaned in 0.1 M H2SO4 (cyclic voltammetry; -0.2 V to 1.5 V, 50 mV/s, 5 

cycles). 

2. Thin PPy deposition: Cyclic voltammetry (0.2 V to 1.2 V, 20 mV/s, 1 cycle) in 2 mM 

PPy. 
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3. Overoxidation of PPy: Cyclic voltammetry (-0.263 V to 0.737 V, 100 mV/s, 50 cycles) in 

0.1 M NaOH. 

4. Nafion coat: Sensor was dipcoated in 2% Nafion, with each layer baked at 180 °C for 3 

minutes. Two coats were deposited. 
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Appendix D: Glass Nanopore Fabrication 

 

Figure D.1. Side profile view of the fabrication steps towards creating a glass membrane and 
nanopore. Three layers of masking material (titanium, gold, and photoresist) are employeed to 
protect glass and pattern it using a solution of hydrofluoric acid and hydrochloric acid. 
Deposition of the chromium is used for visualization when using the focused ion beam (FIB), 
which uses SEM imaging to view the sample. 

 

D.1 Materials 

A borosilicate wafer was purchased from Plan Optik AG (Germany) and Photoresist 

(AZ®-5214 E) was purchased from AZ Electronic Materials (Luxembourg). Gold etchant was 

purchased from Sigma-Aldrich (St. Louis, MO). Buffered oxide etchant (BOE), hydrofluoric 

acid (HF), hydrochloric acid (HCl), and chromium etchant (CR – 7S) were purchased from KMG 

Electronic Chemicals (Houston, TX). Potassium hydroxide (KOH) was purchased from Avantor 
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Performance Materials (Center Valley, PA). Blue tape was purchased from Semiconductor 

Equipment Corporation (Moonpark, CA). 

 

D.2 Procedure 

1. Glass nanopore fabrication process begins with the deposition of titanium (Ti, 20 nm) and 

gold (Au, 200 nm) onto a borosilicate glass wafer by evaporation.  

2. Photoresist, AZ® 5214-E, was spin-coated on the top of gold layer and then 

photolithographically patterned. Then, the metal layers, Au and Ti, were respectively 

etched by gold etchant and BOE. The combination of the photoresist, Au, and Ti are 

necessary to serve as a mask for following wet etching, since gold is resistant to 

hydrofluoric acid and photoresist on the top of gold reduces pinholes.  

3. The wafer was immersed in diluted mixture of HF and HCl to etch glass to thin down the 

membrane. HF and HCl were mixed in 10:1 volume ratio to minimize roughness without 

reducing etch rate. Then diluted with deionized water (DI water) in 1:1 volume ratio to be 

compatible with the photoresist on the top of metal layers. Non-diluted HF and HCl 

mixture is much more aggressive to the photoresist compared to diluted mixture even 

though dilution decreases etch rate. The lower etch rate is beneficial for obtaining the 

desired thickness of the membrane. While the wafer was being etched, the backside of the 

wafer was protected with a blue tape. The thickness of the membrane was monitored by 

measuring the depth of the etched membrane opening and the calculated etch rate was ~6 

μm/min.  

4. After achieving desired membrane thickness, the mask was sequentially removed by 

ALEG, gold etchant, and chromium etchant.  
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5. 20 nm of chromium was deposited by evaporation for following focused ion beam (FIB) 

process.  

6. A nanopore was milled at the center of the membrane for each membrane by using FIB.  

7. After chromium was etched by chromium etchant, the wafer was diced into 64 devices of 

1 mm square.  
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Appendix E: Comparing the Current in Silicon Nitride vs. Glass Nanopores 

An initial study compared the currents between silicon nitride and glass nanopores to 

determine which material was more desirable. The root mean square (RMS) noise of the current 

trace was compared when measuring the current through both types of nanopores. 

 

Figure E.1. A comparison of the RMS noise between a silicon nitride (black trace) and glass 
(red trace) nanopore. Both pores had similar dimensions, with the silicon nitride pore being 150 
nm in diameter and 970 nm long. The glass nanopore was 160 nm in diameter and 1000 nm long. 

It is clear that the glass nanopore has a much lower amount of RMS noise. Another benefit from 

using glass nanopores is that a more stable current was measured through these nanopores versus 

silicon nitride nanopores. Upon initial application of the 1.5 V potential, silicon nitride pores 

would undergo what was believed to be a charging effect, where a peak upon potential 

application was seen. This peak would then decay into a stable, open pore current. This charging 

peak was not seen when using the glass pores. It is believed that because the silicon nitride 

membrane was deposited on a silicon substrate, the semiconductor properties of the silicon was 

causing this interference. 
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Figure E.2. a) Current trace through a silicon nitride nanopore. b) Current trace through a 
glass nanopore. In both cases, these pores were tested with 820 nm diameter carboxylic acid-
functionalized polystyrene beads. Repeatable, clear blocks can be seen with both pores. 
However, peaks can be seen upon application of 1.5 V across the silicon nitride membrane, 
whereas these peaks are not seen at all with the glass pores. 

Based on the lower noise and the greater current stability of the glass nanopores, these were 

selected for all subsequent nanopore tests. 
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Appendix F: PNA Conjugation to Beads  

F.1 Solutions Used 

§ 2-(N-morpholino)ethanesulfonic acid (MES) buffer: 100 mM MES in DI water; pH 

adjusted to 4.5 

§ 0.4x SSC buffer: 60 mM sodium chloride, 6 mM trisodium citrate, 0.1% Triton X-100, 

pH adjusted to 8 

§ Hybridization buffer: 10 mM sodium chloride, 25 mM Tris-HCl, pH adjusted to 7 

§ Potassium chloride buffer: 10 mM potassium chloride, 5.5 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 0.01% Tween-80, pH adjusted to 7 

§ PNA solution: Dissolve PNA in DI water to a concentration of 100 µM. Aliquot into 22.8 

µL portions and freeze at -20 °C for storage. 

F.2 Procedure 

1. Wash 1 µL of stock bead solution three times in MES buffer. With each wash, spin down 

the beads in a microcentrifuge at 14,000 RPM for 15 minutes and remove the 

supernatant. 

2. Resuspend the beads in 600 µL MES buffer. Add 23 mg 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) to make 200 mM EDC in MES. Incubate the 

beads for 15 minutes at 50 °C. 

3. Add 11.4 µL aliquoted PNA (100 µM) and incubate for 2 hours at 50 °C. 

4. Add 22 mg methoxypolyethylene glycol amine (mPEG-amine). Incubate for one hour at 

50 °C. 

5. Add 5 µL ethanolamine. Incubate for one hour at 50 °C. 

6. Wash beads three times in 0.4x SSC buffer. Resuspend in 400 µL 0.4x SSC. 



 136 

7. Remove 100 µL and wash once in potassium chloride buffer for use in Zetasizer 

8. Clean the remaining 300 µL bead solution once in hybridization buffer. Resuspend in 600 

µL hybridization buffer for storage. 
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Appendix G: RNA Extraction from Bacteria 

G.1 Starting a bacterial culture 

1. Measure out 3 mL nutrient broth (for P. putida) or soy broth (for E. coli). Take a small 

portion of lyophilized powder of either organism and add to their respective culturing 

broth. Incubate overnight (at 37 °C for E. coli or 26 °C for P. putida).  

2. If starter culture is frozen: stab frozen culture with a pipette and pipette up and down in 

the broth 

 

G.2 Diluting cells 

1. Put 2 mL concentrated cells into tube 1 

2. Add 180 µL sterile DI water to tube 2-8 

3. Take 200 µL concentrated cells, add to tube 2, then take 200 µL of that and add to tube 3 

etc. 

4. Remove 200 µL from concentrated cells and tube 8 (so total volume for each tube is 

180µL) 

 

G.3 Culturing onto plates 

1. Remove 100 µL from each tube, spread onto plate - use glass beads 

2. Whatever cfu measured at the end, multiply that by 17 to get the total number of bacteria 

in the tube (since we took 100 µL out, there is only 170 µL each tube of diluted bacteria) 
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G.4 RNA extraction 

1. Pipette 1.7 mL of E. coli or P. putida culture into individual, sterile 2 mL microcentrifuge 

tubes. Spin down (max speed for 1 min) and remove supernatant. First pour out 

supernatant, then use a pipette to remove any remaining liquid. Make sure not to disturb 

cell pellet. 

2. Lyse the cells. For each pellet, add 200 µL TE lysozyme + 20 µL proteinase K. 

Resuspend by pipetting up and down a few times. Vortex for 10 sec. Let incubate at 37 

°C for at least 45 minutes. Does not have to be on a shaker. Lysed cells will appear 

clear/transparent. 

3. Prepare RLT buffer. Remove 6 mL RLT buffer, mix with 60 µL b-mercaptoethanol (or, if 

doing fewer than 8 tubes, however much you need at a ratio of 10 µL b-mercaptoethanol 

to 1 mL RLT buffer). Add 700 µL of this to each tube. Vortex, then spin down at max 

speed for 2 min. 

4. Remove all supernatant and place into new tubes. 

5. Into each tube, add 500 µL 200 proof ethanol. Precipitation may form, but do not 

centrifuge. Pipette up and down gently. 

6. Spin down 700 µL at a time supernatant into column (30 sec at max speed). Discard flow 

through. 

7. Add 700 µL RW1 buffer, let it flow through column (30 sec at max speed). Discard flow 

through. 

8. For new RPE buffer, add 4 volumes ethanol to 1 volume RPE (44 mL to 11 mL to make 

55 mL total). Replace collection tube with a new one. Add 500 µL RPE to column, let 

spin through (30 sec at max speed). 
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9. Add another 500 µL, let spin through (2 min at max speed). 

10. Decant flow through, let spin for another 1 min at max speed. 

11. Transfer column to new 1.5 mL tube (with the cap), add 50 µL RNAse free water to elute 

RNA. Make sure to pipette right into the middle of the membrane. Spin for 1 min at max 

speed to elute. Add another 50 µL RNAse free water to elute again. 

12. Measure RNA concentration with the Nanodrop. 

 

G.5 Estimation of 16S rRNA concentration out of total RNA measurement 

• Used Nanodrop to measure concentration of total RNA (ng/µL) 

• Previous measurements (done in Professor Schmidt’s lab, UCLA Bioengineering) 

estimated that 18.2% of the total RNA is 16S rRNA for E. coli; For P. putida, it’s 25.7% 

•  Assumption: molecular weight for 16S rRNA is 480,909 g/mol 

                         

Total RNA (ng/µL) 16S rRNA (ng/µL) 16s rRNA (nM) 

200 (E. coli) 36.4 75.7 

188.5 (P. putida) 48.4 100.7 

 

Table G.1. Table showing example calculations converting measurements of total RNA 
concentration taken from the Nanodrop to estimations of 16S rRNA concentration in each 
extracted sample of RNA. 
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Appendix H: Positive Control Tests Using Universal PNA Probe 

As a positive control, a PNA sequence that could bind to both E. coli and P. putida 16S 

rRNA was bound to beads. 1 aM of each species’ 16S rRNA was hybridized with these beads 

and then tested with the glass nanopores to ensure that both species would cause a current block. 

PNA probe conjugation to the surface was done using the same steps as outlined in Appendix E. 

The universal PNA probe sequence was NH2-(CH2CH2OCH2CH2OCH2CO)6- CTG CCT CCC 

GTA GGA (PNA Bio, Thousand Oaks, CA). 

 

 

 

 

 

 

 

 

 

Figure H.1. The current trace after universal PNA probe incubation with 1 aM E. coli 16S 
rRNA. The potential was held at 1.5 V. A clear step-like drop is seen at around 750 seconds into 
the experiment. 
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Figure H.2. The current trace over time from beads with universal PNA probe hybridized with 
1 aM Pseudomonas putida 16S rRNA. The applied potential was 1.5 V. Two step drops can be 
seen. 

It is clear from both Figures H.1 and H.2 that hybridization of either organism with the 

universal PNA probe causes clear, distinct drops with the glass nanopore system, thus 

confirming the efficacy of the pores in detecting complementary 16S rRNA sequences. 
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Appendix I: Additional Calculations Characterizing Nucleic Acid 

Hybridization 

I.1 Estimation of nucleic acids hybridized per bead 

Based on numerous sources studying the association or dissociation constant between PNA and 

DNA, the dissociation constant (KD) was estimated to be around 1×10-9 M[1]–[3]. 

 

[NA] = concentration of free nucleic acid; [Probe] = concentration of unbound probe; 

[NA�Probe] = concentration of nucleic acid bound to probe; x = equilibrium shift  

 

 

 

Table I.1. Sample calculations showing, based on a constant number of beads in the 
hybridization solution, the calculated average amount of nucleic acid bound per bead upon 
equilibrium. The nucleic acid concentration was varied from 100 fM to 10 fM to 1 fM. 

Table I.1 shows that below 10 fM, the average number of nucleic acid strands per bead 

drops below one. This indicates that below this concentration, there will exist a larger amount of 

beads that do not have any bound nucleic acid. 
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I.2 Estimation of distribution of NA per bead using Poisson statistics calculations 

Poisson statistics estimate the probability of finding a certain number of nucleic acids per bead. 

The overall defining equation is: 

 

Where µ = average number of NA/bead, Pµ(v) = probability of finding v molecules on a bead. 

Using the dissociation constant calculations in the previous section, at a 1 aM solution of nucleic 

acid, 2.52×10-4 NA is bound per bead on average = µ. 

Thus: 

Probability of finding 1 NA on a bead = 0.000252 

Probability of finding 2 NA on a bead = 3.17×10-8 

Approximately 1.26×106 beads are used in hybridization: 

 

 

We can conclude that 1 NA is sufficient to cause pore blockage with a bead. This is 

because it is clear that at 1 aM, essentially zero beads have more than 1 nucleic acid bound to the 

bead. Because we do see blockage of the pore at 1 aM, it can be assumed this is enough negative 

charge to cause the bead to block the pore in response to an applied potential of 1.5 V.  

 

I.3 Characteristic time to dissociation 

One area of concern that was addressed via calculations is the characteristic time to 

dissociation. This calculation was done to ensure that during the time period that our bead 



 144 

blockage experiments were conducted, the kinetics of dissociation of the RNA from the PNA did 

not occur within the period of time the experiments were conducted. 

 

 

This is the characteristic equation that describes the reversible binding between RNA and PNA 

probe. 

 

 

 

 

 

 

 

 

k- = first order dissociation rate constant 

k+ = second order association rate constant (diffusion limited) 

KD = dissociation equilibrium constant 

The dissociation equilibrium constant is set to be the same value used in previous calculations 

estimating the equilibrium values between PNA and nucleic acids. The characteristic dissociation 

time was found to be 167 hours, which is far less than the hour-long test that is typically done 

with hybridized beads. Thus, there is not a need for concern that dissociation will occur on this 

time scale. 
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Appendix J: Troubleshooting and Common Issues 

J.1 Glutamate-sensing platinum wires 

One of the most important concerns is to make sure that the platinum wire surface is not 

scratched in any way. It was found that if, during the PFA insulation removal step, the wire was 

scraped, the noise of the wire would increase. The best way to ensure this does not happen is to 

make a cut all the way around the PFA that needs to be removed, then to use tweezers to grab the 

PFA layer and gently pull it all of in one piece. This minimizes actual contact between tweezers 

and the platinum, and ensures a smooth surface. 

J.2 Dopamine sensing on microelectrodes 

One important point to note is that it matters whether the cyclic voltammagram is stopped 

when reduced versus oxidized when undergoing the clean scan in sulfuric acid. Experimentally, 

it was found that it is beneficial if the CV is stopped when the electrode surface is reduced versus 

oxidized. This could be due to the fact that the clean scan deposits and removes an oxide layer on 

the surface of the electrode when undergoing a CV clean scan. It is possible that completely 

removing this oxide layer, and thus stopping the process when the surface is reduced, makes it 

smoother and increases the sensitivity. 

Another area of concern is to make sure that the sodium hydroxide solution is made fresh 

the day of overoxidation. Sodium hydroxide can degrade over time when dissolved in water, so 

to ensure the best overoxidation of the polypyrrole layer, it is highly recommended that it is 

made right before the overoxidation step.  

Current noise is always a big concern, especially since it can cause the limit of detection 

calculation to skew higher than it should if the noise is externally affected. Ensuring that all 

electrochemical measurements are done within a grounded Faraday cage is of utmost 
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importance. We also found that turning off the lights can lower the amount of current noise, so if 

noise is an issue then measurements should be conducted in the dark. Ensuring that the platinum 

counter electrode wire is clean is also important. If some sort of debris is found to be on the 

surface, the wire can be gently buffed using electrode polishing cloths to remove surface 

impurities. The Ag/AgCl reference electrode should be checked to see if the membrane at the tip 

has turned dark from constant use in different polymer solutions. If the current is noisy or 

unstable, then replacing the tip of the reference electrode has also been known to help. It is 

important to note that if the tip is changed, then the reference electrode should be stored without 

use over a couple of days to ensure the tip can equilibrate.  

J.3 Nucleic Acid Sensing 

One of the parameters changed that caused the most improvement in terms of current 

stability was switching from lab-made Ag/AgCl wires to commercially available Ag/AgCl pellet 

electrodes. These significantly stabilized the measured current through the pore, and the AgCl 

does not have to be regenerated after each use. These pellet electrodes should be replaced around 

every three months, based on frequency of usage. 

Manual filtering of all solutions that come in contact with the microspheres is also 

extremely important in creating a clean solution. Previously, we found that without filtering, too 

much environmental debris would end up in the bead solution. Upon injection of this bead 

solution into the chamber for testing with the nanopores, the current would significantly change. 

We determined this was due to dust getting into the solutions while they were made, and thus 

syringe-filter all solutions with 0.02 µm diameter pores. Keeping the caps on all solutions unless 

pipetting is occurring also helps to keep the solutions clean once they are filtered. Keeping the 

solutions in 15 mL falcon tube aliquots is sufficient; we found that filtering solutions into 50 mL 
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falcon tubes lead to the solution getting too dirty over time due to repeated opening of the tube to 

remove buffer. 

The glass chips can easily be reused if they are thoroughly cleaned in a solution of piranha 

(4:1 ratio of H2SO4 to H2O2, heated to 80 °C). They must be cleaned in this solution for at least 

one day, followed by soaking in a water bath overnight. This ensures that any beads or debris 

that may have gotten stuck in the pore can be removed, so that a clean, stable current can be 

achieved in subsequent experiments. 

One interesting issue that arose was the difference in measured zeta potential during the 

bead capping process when using varying amounts of beads. When conjugating the target E. coli 

PNA sequence to the surface of the microspheres, there were occasions when using 0.5 µL of the 

stock solution of microspheres (and halving the amounts of all reagents and solutions used such 

that the concentrations remained the same) led to a higher than desired zeta potential (on average 

around -17 mV). These beads cannot be used in any tests, as the zeta potential is high enough to 

cause bead blockage without any nucleic acid hybridization. Oddly enough, using 1 µL of stock 

beads with the same concentrations of PNA, mPEG-amine, and ethanolamine typically resulted 

in zeta potentials that were low enough to not cause pore blockage (less than -10 mV). Further 

work should be done in determining why this occurs, since ideally, using fewer beads would be 

beneficial. Because we use a small amount of beads in each hybridization solution, making a 

smaller amount of capped beads would use less amounts of PNA and other reagents. The lifetime 

of capped beads lasts around three days, which should be taken into consideration when planning 

out how many experiments to run. 

 




