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ABSTRACT OF THE DISSERTATION 

 

Electrochemical Biosensing Techniques for Detection of NADH, Estradiol and Choline 

 

by 

 

Lili Feng 

Doctor of Philosophy in Chemical Engineering 

University of California, Los Angeles, 2016 

Professor Harold G. Monbouquette, Chair 

 

 This thesis primarily focuses on optimizing electrode behavior for sensing NADH, 

estradiol and a metabolite of a common neurotransmitter, choline. NADH is a crucial coenzyme 

involved in cellular energy metabolism and is one of the products of enzyme-catalyzed oxidation 

of estradiol that is used in its sensing. The sensing of estradiol is important for the prediction and 

prevention of ovarian hyperstimulation syndrome. Most current electrooxidation methods for 

detection of NADH rely on glassy carbon electrodes so as to avoid the electrode fouling 

observed with platinum and other noble metal electrodes. The modification of platinum 

electrodes with an acid-treated, carbon nanotube film was applied in this work to eliminate the 

electrode fouling effect and to increase the electrode sensitivity. A detection limit as low as 0.17 

µM and an average sensitivity of 370 mA M−1 cm−2 were achieved. Also, a reduced potential 
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could be used at the sensing electrode due to the electrocatalytic properties of the carbon 

nanotube coating, thus less interference from electroactive species in a sample was observed.  

These promising NADH sensing results suggested the feasibility of an electrochemical 

enzyme-multiplied immunoassay technique (EMIT) for estradiol detection. EMIT is a fast and 

convenient homogeneous immunoassay technology that can be practiced without much of the 

bulky and expensive instrumentation and tedious washing steps associated with the competing 

ELISA approach. EMIT relies on antibody-induced inhibition of an analyte-labeled reporter 

enzyme. Free analyte in solution competes for binding antibody thereby reducing reporter 

enzyme inhibition and resulting in increased signal with increased analyte concentration. The 

reporter enzyme, glucose-6-phosphate dehydrogenase, catalyzes the oxidation of 

glucose-6-phosphate and transfer of electrons to the β-nicotinamide adenine dinucleotide (NAD+) 

coenzyme to give NADH. The NADH produced has historically been detected 

spectrophotometrically, however our electrochemical NADH detection technology can also be 

used to follow reporter enzyme activity by constant potential amperometry. Electrochemical 

EMIT shows a linear logit-log range from 3 nM to 30 µM stradiol and exhibits a background 

signal that is about two times better than with spectrophotometric EMIT. 

 The second major project of this thesis research was focused on sensing an important 

neurochemical, choline, with a microbiosensor on a microelectrode array microprobe. Choline is 

produced in the brain when the neurotransmitter, acetylcholine, is rapidly hydrolyzed. In fact, 

choline may serve as an effective surrogate for acetylcholine since it is turned over so rapidly to 

choline and acetate. Thus, there is great interest among the neuroscience community in a 

sensitive and fast choline sensor for near real time in vivo recording. The choline biosensor 

fabrication process first entails the electropolymerization of a permselective 
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poly-m-phenylenediamine (PPD) film on the electrode surface to provide good selectivity 

against electroactive interferents, such as ascorbic acid (AA) and dopamine (DA). Subsequently, 

Nafion dip coating is performed to improve rejection of AA due to instability of the PPD film. 

However, the Nafion dip coating step can be omitted if the choline sensors are used in short term 

(i.e., acute) applications in vivo as opposed to chronic studies. Finally, choline oxidase is mixed 

with bovine serum albumin (BSA) and glutaraldehye (GAH) in aqueous solution to give the 

crosslinking mixture for enzyme immobilization on the coated microelectrodes. Twelve layers of 

this enzyme mixture are loaded manually on two of the four-microelectrode sites on a 

microprobe, and the other two sites are used as controls. A high sensitivity of 390 µA·mM-1·cm-2 

with a corresponding detection limit of 0.16 µM was achieved, which is good enough for 

applications in vivo. The choline sensors fabricated with the PPD coating exhibited among the 

highest sensitivities and lowest detection limits described in the literature to date.

 The incorporation of an on-probe iridum oxide (IrOx) reference electrode was also 

investigated to reduce the background noise and to eliminate the necessity of a separate reference 

electrode. However, reference electrode with only IrOx sometimes has an issue of sudden current 

drop and is not stable. Platinum black was employed to increase the effective electrode surface 

area, which improved the IrOx reference coating. A very high sensitivity of 440 µA mM-1 cm-2 

with a corresponding low detection limit of 0.04 µM was achieved with a linear range up to156 

µM. However, platinum black plating solution has cytotoxic component lead, which is not good 

for the in vivo use. A novel nanomaterial called “platinum grass” (Pt-grass) was then used to 

replace platinum black as the reference electrode pre-coating material. A sensitivity of 310 µA 

mM-1 cm-2 and detection limit 0.07 µM were gained, which are ideal for the in vivo purpose.  
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 Pt-grass was also used in modifying working electrode to reduce overpotential. Because 

of the background noise brought by the rough surface of Pt-grass on working electrode, the 

sensitivity and detection limit were affected, which were 196 µA mM-1 cm-2 and 2 µM, 

respectively. However, the electrocatalytic properties of Pt-grass could enable an operation of the 

choline biosensor at a lower working potential of 0.45 V, 0.25 V lower than that typically used, 

which resulted in improved selectivity. The Pt-grass all-in-one sensor, with Pt-grass on both 

working and reference electrode, has a sensitivity of 123 µA mM-1 cm-2 and detection limit of 3 

µM under an applied potential 0.35 V. The all-in-one choline sensors are also quite promising for 

the in vivo usage since it can both minimize the electrode size and reduce the overpotential.
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Chapter 1: Introduction 

1.1 Biosensor Overview 

A biosensor is a sensing device that utilizes a biological recognition element to bind an 

analyte and includes some transduction mechanism to convert this recognition event into a 

measurable signal [1]. Biosensing technologies driven by the requirements of disease diagnosis 

[2], food safety assessment[3], and environmental contamination[4] are used for identifying, 

monitoring, and controlling biological phenomena currently. Medical diagnostics incorporating 

biosensing technologies is one of the most intensely studied research topics in recent decades.  

Among many current types of biosensor, four of them are commonly used for measuring the 

concentration of chemicals. In calorimetric biosensors[5], the concentration of a chemical (such 

as enzyme) is measured by the temperature change of an exothermic reaction. While it is the 

most generally applicable biosensor, the sensitivity of such biosensors is relatively low due to the 

difficulty of maintaining the temperature in the solution stream. In optical biosensors[6], a 

change in fluorescence or absorbance is used to measure the concentration of chemical reactants. 

The optical sensor can be used in catalytic or affinity reactions in living cells[7]. The third type 

of biosensor is called a potentiometric biosensor[8], which typically use ion-selective electrodes 

to detect the pH change in reactions that generate protons. Similar to potentiometric biosensors, 

amperometric biosensors[9] also transduce chemical signals to electrical signals. In this kind of 

biosensor, the amplitude of current is measured after a potential is applied at the sensing 

electrode. The biggest advantage of amperometric biosensors is that the electrochemical 

reactions at the electrode surface can be controlled by the applied potential. 
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In recent years, the rapid development of bio-MEMS technique enabled the detection of 

small amounts of chemicals on microchips[10]. Because the devices usually have small size (e.g., 

several hundreds of micrometers) and electrode materials can be made non-toxic, MEMS 

biosensors can be easily implanted into the living body to detect the chemical species in vivo[11]. 

Therefore, there are broad prospects to use MEMS-fabricated amperometric biosensors to 

perform real-time monitoring of important chemicals related to metabolic processes, even 

diseases. 

 The working mechanism of amperometric biosensors is based on electrochemical 

principles. In three-electrode experiments[12], the working electrode (WE) is the electrode 

where the chemical reaction happens. For example, the oxidation reaction of NADH happens on 

the platinum WE with according to the following reaction  

NADH → NAD! + H! + 2𝑒! 

The reference electrode (RE) is the electrode with a well-known, stable, and fixed potential. RE 

is used for precise control of WE potential based on the potential difference between RE and WE. 

For example, the reaction of Ag/AgCl reference is as follows. 

Ag! + Cl!
 
AgCl(!) + e! 

The standard potential of Ag/AgCl electrode against SHE is 0.230V±10mV. The counter 

electrode (CE), usually made of platinum, is to balance the charge and form an electrical circuit. 

Compared to two-electrode system where CE and RE is the same electrode[13], the potential 

control in three-electrode system is more stable unless the current density at the RE is very small 

in a two-electrode system. Thus, two-electrode system are used most commonly with very small 

WEs where the currents are very low. 
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1.2 Electrochemical sensing of NADH, Estradiol, and choline 

1.2.1 Motivation 

NADH is an important coenzyme that widely exists in the human body, with the major role 

of accepting and donating electrons in cellular respiration[14]. For example, NADH serves as a 

donor of ADP-ribose moieties in ADP-ribosylation reactions and a precursor of 

cyclic-ADP-ribose in redox reactions[15]. The sensing of NADH concentration in living cells 

not only is crucial for understanding certain metabolic processes, but also has shown some 

potential in the treatment of several diseases such as Alzheimer’s and Parkinson disease[16]. 

Real-time monitoring of NADH can greatly help design drugs such as enzyme inhibitors and 

activators, and in particular, it would greatly benefit the sensing of estradiol as NADH is one of 

the products of the enzyme catalyzed oxidation in estradiol detection. Therefore, it is desirable to 

develop robust detection methods for NADH. 

Efficient detection of estradiol has been one of the major interests and a long-term goal in 

the field of biosensing. With the increasing demand of infertility services and rapid development 

of assisted reproductive techniques (ART) in the past decades, the risk of ovarian 

hyperstimulation syndrome (OHSS)[17] should also be taken seriously. OHSS, with symptoms 

of obvious multiple follicular enlargement, hemoconcentration, and intravascular volume 

depletion, is usually associated with assisted reproductive techniques (ARTs)[18]. It has been 

observed that nearly all the at-risk patients have elevated estradiol levels[19]. Most patients who 

develop OHSS have an estradiol level above 11 nM as compared with 6 nM for normal patients 

on the 11th day of ovarian stimulation[20]. Therefore, biosensing the concentration of estradiol 

of the patients will help in predicting and preventing of OHSS. 
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As a biosynthetic precursor of the neurotransmitter, acetylcholine (ACh), and a product of 

the rapid hydrolysis of ACh in the brain, choline is an important physiological component related 

to the learning and memory formation in the central nervous system[21]. A variety of 

neurological and psychological behaviors, such as addiction, as well as lots of neurological and 

psychiatric disorders, such as Parkinson disease and epilepsy, can be studied using biosensors to 

detect the concentration change of neurotransmitters under stimulation. It is also reported that 

choline acetyltransferase activity is essential to understanding the behavior of Alzheimer’s 

disease and Parkinson’s disease[22], as abnormal release of neurotransmitters plays a vital role in 

causing these diseases. Accordingly, real-time detection of choline, particularly as a surrogate for 

ACh, in living systems will definitely contribute to understanding the etiology of mental 

diseases. 

The thesis focuses on novel techniques for NADH, estradiol, and choline sensing with 

platinum disk electrodes and microsensors fabricated by MEMS techniques. In Chapter 2, 

NADH sensing with platinum disk electrodes with high sensitivity and low detection limit are 

developed. In Chapter 3, estradiol sensing with enzyme-multiplied immunoassay technique 

(EMIT) is used for fast and accurate detection. Chapters 4 and 5 are about choline sensing. In 

Chapter 4, an implantable microprobe with arrayed microsensors with ChOx WE and IrOx RE 

are introduced with optimized sensitivity, selectivity and detection limit. In Chapter 5, high 

performance microsensors with nanostructured platinum grass are developed for non-toxic, 

biocompatible choline sensing in vivo. 

1.2.2 NADH Biosensors 

As mentioned before, the electrochemical oxidation reaction on a working electrode for 

NADH sensing is: 
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NADH → NAD! + H! + 2e!. 

Currently, the biggest challenge for effectively sensing NADH is the high overpotential at bare, 

untreated or unmodified classical solid electrodes[23]. The common solution to this problem is to 

add nanostructured carbon materials such as pyrolytic graphite[24], carbon nanofibers[25] or 

carbon microparticles[26] for reducing the overpotential. Over the years, 

carbon-nanotube-modified glassy carbon electrode (GCE) is widely used as the working 

electrode of a NADH sensor[27]. As a nanomaterial with excellent electron transfer properties, 

carbon nanotube (CNT) can be coated onto the electrode and significantly decrease the 

overpotential of electrochemical reactions. M. Wooten and W. Gorski have reported an 

overpotential of 0.4 V and detection limit of 4.0 µM and 2.0 µM, respectively, for boiled CNTs 

in water and microwaved CNTs in concentrated nitric acid on glassy carbon electrode for NADH 

sensing[28].  

On the other hand, the progress of using noble metal electrodes as WE in NADH sensing is 

quite slow since the 1980s, due to high overpotential of the NADH•+/NADH couple. In addition, 

the fouling effect[29] on platinum electrode also reduces the lifetime of NADH sensor. The 

usage of CNT coating technique might provide the possibility of using metal electrodes, such as 

platinum, to sense NADH. Compared with glassy carbon, Pt-based sensors usually have much 

higher sensitivity, as demonstrated in other systems such as glutamate sensing[30]. Therefore, 

Pt-based sensors are expected to be the next generation NADH sensor if the fouling effect and 

high overpotential issues are overcome. 

1.2.3 Estradiol Biosensors 
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While optical sensing of estradiol has been developed for years, it is desirable to have more 

portable and less expensive sensors for the fast detection of estradiol.  Enzyme-multiplied 

immunoassay technique (EMIT)[31, 32] is an immunoassay approach where the key component 

is a reporter enzyme responsible for signal generation. EMIT relies on antibody-induced 

inhibition of the reporter enzyme conjugated to analyte. EMIT was first invented by Svya 

Company in 1973 for the detection of morphine[32]. Nowadays, it has become a widely used 

technique in research institutes, hospitals and clinic labs for the quantification of drugs and other 

small molecules in urine and serum. The advantages of EMIT include the fact that it is a 

homogeneous assay unlike ELISA, low detection limits, simple protocols and rapid assay time.  

1.2.4 Choline Biosensors 

The electrochemical method is the mainstream approach for choline sensing because of the 

small size and high sensitivity of electrodes. Although various methods such as liquid 

chromatography [33], enzymatic-spectrophotometric method [34], chemiluminescence [35], and 

electrochemiluminescence [36] have been developed for the choline determination, investigation 

of amperometric choline oxidase (ChOx)-based biosensors is of particular interest because of its 

high sensitivity, rapid response, low detection limit, and low cost [37]. In the ChOx-based 

biosensors, the enzymatic conversion of choline to betaine aldehyde by choline oxidase (ChOx) 

produces hydrogen peroxide (H2O2) that can be detected electrochemically. Chemical reactions 

on the working electrode are shown as follows: 

Choline+ 2O!
!"#$

Betaine+ 2H!O!                                       1  

2H!O! → 2O! + 4H! + 4e!                                                     2  
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 While the ChOx electrode is very efficient in sensing choline in vitro, there are several 

problems in using unmodified electrodes in vivo. First, amperometric signals arising from 

oxidation of the endogenous electroactive biogenic amines and interferents such as ascorbic acid 

(AA) in brain extracellular fluid (ECF) can affect H2O2 oxidation. Without the elimination of AA, 

the choline sensors would lose their selectivity. Second, while iridium oxide (IrOx) is a stable 

and biocompatible material for a reference electrode[38], the linear range for choline detection 

using an IrOx on polished platinum RE in two-electrode mode is limited due to the instability of 

this IrOx potential at even modest current levels. Therefore, a material called platinum black 

(Pt-black) with a rough surface is used to increase the IrOx deposition on electrode surface and 

the linear range of choline sensors[39]. Nevertheless, the preparation of Pt-black involves the use 

of the toxic heavy metal, lead, and is toxic to living body. This hinders the usage of 

Pt-black-based electrode in in vivo experiments. 

We will focus on addressing the above issues in this thesis. On one hand, several 

modifications are introduced to eliminate interfering signals caused by non-choline chemicals in 

brain extracellular fluid. Nafion is used to exclude AA and polypyrrole (PP) films are used to 

exclude dopamine (DA). On the other hand, a non-toxic nanomaterial, called Pt-grass[40], is 

used to replace Pt-black on IrOx reference electrode. It is demonstrated that our microsensors 

have higher sensitivity and lower detection limit than previous work. The details of choline 

sensing protocols will be discussed in Chapter 4 & 5. 
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Chapter 2: Effective NADH sensing by electrooxidation on 

carbon-nanotube-coated platinum electrodes 

 

Abstract 

Coatings of carbon nanotubes (CNTs) on conventional Pt electrodes enable sensing of 

NADH by fixed-potential amperometry without fouling and with high sensitivity and low 

detection limit. Effective electrochemical oxidation of NADH has been pursued aggressively for 

many years due to the utility of NAD+-dependent dehydrogenases in sensing, diagnostics, and 

chemical synthesis. Pt electrodes have not been explored for electrochemical NADH sensing in 

recent years due to reported problems with fouling. In this work, acid-treated, metallic, 

single-wall carbon nanotubes (SWCNTs) and untreated multiwall carbon nanotubes (MWCNTs) 

were explored as coatings for Pt disk electrodes to reduce fouling and to enhance electrochemical 

detection of NADH. The electrodes with CNT coatings were characterized by scanning electron 

microscopy (SEM), cyclic voltammetry (CV) and fixed-potential amperometry. A detection limit 

as low as 0.17µM was observed with the SWCNT coating at 0.7V (vs. Ag/AgCl) and 0.19µM 

with the MWCNTs at 0.5V. Average sensitivities of both preparations were ~ 370 mA M−1 cm−2. 

However, similar results were obtained with the MWCNT-coated electrodes at the much reduced 

potential of 0.3V, which suggests a significant advantage of the MWCNT preparation that is 

worthy of further investigation. This study demonstrates the utility of relatively inert, 

conventional Pt electrodes with a simple CNT coating for effective NADH sensing at reduced 

potential without fouling. 
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2.1 Introduction 

The efficient electrochemical oxidation of NADH has been pursued for decades due to 

the role of NAD+ as coenzyme and charge carrier or many dehydrogenase-catalyzed reactions 

important for organic chemical synthesis, diagnostics, and electroenzymatic sensing [1–12]. For 

example, NAD+ regeneration generally is required for the synthetically useful, 

dehydrogenase-catalyzed oxidations of alcohols, aldehydes, and acids [10,13–15]. Although 

schemes have been employed for enzymatic regeneration of NAD+ to support the synthetic 

reaction, such strategies obviously require additional reagents that add expense [13]. 

Dehydrogenases also are useful for electroenzymatic sensing of, for example, certain sugars, 

alcohols and amino acids [1,12,15–18]; yet for most such sensor designs, efficient 

electrooxidation of the NADH produced by the dehydrogenase-catalyzed oxidation of the analyte 

is necessary to give the desired current signal. Thus, a strong driving force has persisted for 

simple and efficient electrooxidation of NADH to NAD+.  

Unfortunately electrochemical oxidation of NADH commonly occurs only at high 

overpotentials on conventional electrodes due to the high potential of the NADH•+/NADH 

couple, which makes this step rate limiting for the overall electrooxidation reaction [10]. 

Although the dimerization of the intermediate radical species has been reported, it is readily 

oxidized yielding enzymatically active NAD+ [10]. However, NAD+ itself can adsorb to glassy 

carbon electrode surfaces thereby hindering electron transfer [3,15]. Also, the required high 

overpotentials frequently lead to undesired side reactions, which can be reflected in reduced 

sensor selectivity and can result in electrode fouling. Electrode fouling diminishes the efficiency 

of NADH electrooxidation and leads to lower sensitivity, reproducibility and stability of 

dehydrogenase based biosensors [15,19]. Thus, there is a need for electrode constructs for 



16	
	

NADH electrooxidation at low overpotentials that also show resistance to fouling. One approach 

to ameliorate this problem is to increase electrode surface area, and mesoporous carbon coatings, 

nanoporous metals and films of graphene sheets, for example, have been explored for this 

purpose [18,20,21].  

In more direct attempts to reduce overpotentials and fouling, a general preference for 

carbon electrodes has emerged; and electron transfer mediators, such as quinone [22,23], 

diamines [24], ferrocene [25], phenazine [26] and L-glutamate [27] derivatives, have been 

widely investigated. Such mediators may be present free in solution or may be immobilized on 

the electrode surface by various means. Among the many mediator chemistries explored, 

quinones and diaminobenzenes that facilitate NADH oxidation via hydride or hydrogen atom 

transferhave exhibited appealing kinetics at relatively low overpotentials [8,28]. Although some 

impressive NADH electrooxidation results have been obtained with these mediators, low 

stability remains a common problem and immobilization processes can be cumbersome. In this 

regard, modification of carbon electrodes with other materials such as conducting polymers and 

carbon nanotubes [29], which also can mediate electron transfer, has shown promise. 

Members of the sp2 carbon family, carbon nanotubes (CNTs) exhibit a special sidewall 

curvature and possess a π-conjugated structure with a hydrophobic surface [30]. Importantly, 

CNTs can exhibit high electrical conductivity and chemical stability [29,30]. Further, evidence 

has emerged that CNTs with oxygenated functional groups on the exterior sidewall and/or on the 

ends give improved performance as an electrode modifier for electron transfer to redox species in 

solution [31]. Introduction of defect sites and oxygenated species on the CNT surface, including 

quinone species, may be accomplished by a variety of means including boiling in water, strong 

acid treatment, and electrochemical oxidation [31–33]. Similar to observations with lower 
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molecular weight quinone mediators mentioned above, glassy carbon electrodes, coated with 

treated CNTs, exhibited sensitive, relatively low-potential amperometric detection of NADH 

[32,33]. 

Due to the fouling and high overpotential issues associated with noble metal electrodes 

[3], publications describing the use of such electrodes for NADH sensing have been relatively 

rare since the 1980s.Most investigators use a carbon electrode as the basis for their sensors as 

described above. However, we hypothesized that coatings of CNT preparations on Pt might 

provide a simple and efficient route to effective NADH-sensing electrodes. In particular, we 

surmised that CNT coatings on Pt would lower the potential for NADH oxidation and reduce 

fouling as compared to bare Pt. Recent success with CNT-coated gold electrodes for NADH 

sensing supported pursuit of our study [34–37]. 

2.2 Experimental Setup 

2.2.1 Materials 

Single-walled, metallic carbon nanotubes (SWCNTs) of 1.2–1.7 nm in diameter and 0.3–

5 µm in length (IsoNanotube-M) were purchased from NanoIntegris, Inc. These SWCNTs were 

obtained as solutions in purified water with a proprietary combination of ionic surfactants and 

some iodixanol, a non-ionic, water-soluble iodine derivative. Multiwalled carbon nanotube 

(MWCNT) powder of 95% purity, consisting of nanotubes 11 nm in diameter and 10 µm in 

length, were obtained from Cnano, Inc. (FloTube™ 9000). N,N-dimethylformamide (DMF) was 

purchased from Sigma Aldrich (USA). Β Nicotinamide adenine dinucleotide (NADH), reduced 

disodium salt hydrate, ≧97%, was purchased from Sigma Life Science (USA). Phosphate buffer 

solution (PBS; pH 7.4), prepared with 50 mM sodium phosphate dibasic (Sigma) and 100 mM 
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sodium chloride (Fisher), was used as the supporting electrolyte for electrochemical experiments. 

Ultra pure water (resistivity ~ 18 MΩ cm) from a Millipore-MilliQ system was used for the 

preparation of all aqueous solutions. Argon was used to dry electrode surfaces and beakers. 

Acetic acid, 99.7%; sulfuric acid, 73–98%; and nitric acid, 50%–70%, were purchased from 

Fisher (ACS certified reagent grade). 

2.2.2 Instrumentation 

Electrochemical experimentswere performed using a VersatileMultichannel Potentiostat 

(VMP3, Bio-Logic) equipped with a ‘p’ low current option and N'Stat box driven by EC-LAB 

software (Bio-Logic, LLC,	Knoxville, TN). A standard three-electrode system, consisting of a Pt 

disk working electrode (1.6 mm dia.) (BASi, W. Lafayette, IN), a Pt wire auxiliary electrode, and 

a Ag/AgCl glass-bodied reference electrode (BASi, W. Lafayette, IN), was used in a Faraday 

cage. SEM images were obtained with Nova 600 SEM/FIB System (FEI, Hillsboro, OR). 

2.2.3 Procedure 

2.2.3.1    Preparation of CNT-coated electrodes 

Bare platinum electrodes were cleaned chemically with isopropyl alcohol and then 

treated electrochemically in 1 M sulfuric acid by cycling from−0.25 V to 1.65 V at a scan rate of 

50 mV s−1 for 3 cycles. Following cleaning, the electrodes were dried with Ar. The metallic 

SWCNT coated electrodes were prepared by casting 2 µL aliquots of a 0.1 mg SWCNT in 10 mL 

aqueous suspension on the surfaces of 1.6-mm-diameter Pt disk electrodes and by drying for 30 

min in air at room temperature between applications. Each SWCNT layer consisted of ~0.02 µg 

of metallic SWCNTs. After application and drying of each layer, three droplets (50–100 µL) of a 

nitric and sulfuric acid mixture (1:3 ratio, of 70% and 98% acid, respectively) were applied to the 
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electrode surfaces. After 10 min, the electrodes were rinsed with ultrapure water and dried with 

Ar. 

The MWCNT powder (various amounts ranging from 0.01 mg to 10 mg) was dispersed 

in 1 mL DMF solvent and sonicated for 1 h. Two microliter volumes of these multiwall 

MWCNT-DMF solutions were cast on Pt disk electrodes and dried for 1 h at room temperature. 

Acid treatments were also applied to some of these electrodes as described above. 

2.2.3.2    Electrochemical measurements 

Cyclic voltammetry (CV) was performed in 10 mM NADH (in PBS, pH 7.4), over a 

potential range of−0.4–1.0 V (vs. Ag/AgCl) at a potential sweep rate of 5 mV s−1.Most prior 

work has been conducted at or near neutral pH, so this work was performed at near neutral pH 

for comparison purposes. Electrodes also were evaluated for NADH sensing by constant 

potential amperometry in stirred solutions. Current was recorded at 0.7 V upon successive 

additions of 10 µL of 25 mM NADH stock solution into 10 mL of PBS for metallic 

SWCNT-coated electrodes or at potentials corresponding to peak currents (from cyclic 

voltammograms) for MWCNT-coated electrodes. 

2.3 Results and discussion 

2.3.1 Electrooxidation of NADH on metallic, SWCNT-coated Pt disk electrodes 

2.3.1.1    Acid treatment after CNT deposition improved coating uniformity  

Acid treatment of CNTs is known to introduce oxygen-containing groups onto the surface 

and to improve dispersion in aqueous media [30,33,38]. The effects of acetic acid treatment of 

metallic SWCNTs after deposition on Pt disk electrodes was compared with treatment by a 
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H2SO4/HNO3 acid mixture, and the latter was found to improve the distribution of SWCNTs on 

the electrodes (Fig. 2.1). Treatment with the H2SO4/HNO3 acid mixture also gave coated 

electrodes that exhibited lower baseline noise when used in detecting NADH by fixed potential 

amperometry (see below). 

  

Figure 2.1 (a) Scanning electron microscope (SEM) image of H2SO4/HNO3 acid 

mixturetreated,6-layer metallic SWCNT film; (b) SEM image of acetic acid-treated, 6-layer 

metallic SWCNT film. 

 

2.3.1.2 Metallic SWCNT coating reduced fouling and overpotential for NADH electrooxidation 

It has been reported widely that NADH electrooxidation on Pt electrodes causes fouling 

[1,3,15,39], however we have found that a coating of either metallic SWCNTs or MWCNTs on 

Pt reduces fouling significantly. For example in Fig. 2.2, cyclic voltammograms in 10 mM 

NADH conducted with a bare Pt electrode and a Pt electrode coated with 6 layers of metallic 

SWCNTs are compared. Fouling occurs quite quickly on the bare electrode as evidenced by a 

readily observable 0.07 V shift in the voltammogram in the first two cycles, whereas no 

significant change in the CV results was observed for the CNT coated electrode for the next 

several cycles. Reduced fouling is one important feature of the CNT-coated Pt electrodes. This 
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result is consistent with that achieved with both CNT-coated glassy carbon and gold electrodes 

[32, 34,36]. Note that the small reduction peak evident on the CVs of Fig. 2.2 correspond to 

reduction of platinum oxide [40], whereas the corresponding Pt oxidation peak is masked by the 

current due to NADH oxidation. 

The SWCNT-coated electrodes also exhibited NADH electrooxidation at reduced 

overpotential as compared to bare Pt. Thus, these CNT treated electrodes may be used at lower 

potential for NADH sensing thereby reducing current signal interference from other 

electrooxidizable species that may be present in a real sample [41]. As shown in Fig. 2.3, the 

NADH oxidation peak potential decreases with increasing CNT surface concentration from 0.77 

V for bare Pt to 0.69 V for a 10-layer metallic CNT coating (0.1 µg CNT/mm2). A consensus is 

emerging in the literature that the lower NADH oxidation potential achieved with CNT coated 

electrodes is due to the electrocatalytic properties of the nanotube ends where the material 

properties are more like those of the edge-plane face of graphite [42–44] There also is evidence 

that defects in the CNT walls, particularly when derivatized with oxygen-containing functional 

groups, may play an important role in electrocatalysis [31–33]. The reduction in overpotential 

observed here is modest compared to reports of 0.4 V and 0–0.36 V peak potentials for NADH 

reduction on Au and glass carbon electrodes coated with CNTs (and no other modifiers) 

[32,33,35,42,45]. However, these published studies were conducted with MWCNTs [32,33,42] 

or SWCNT preparations that likely were mixtures of conducting (metallic) and semiconducting 

CNTs [35,45]. Nevertheless, we continued work with metallic SWCNTs and compared results 

with those we obtained with MWCNTs (see below). 
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Figure 2.2 Cyclic voltammograms conducted with (a) bare disk Pt electrode, and (b) 

6-layer(0.06 µg/mm2) SWCNT-coated Pt disk electrode in 10 mM NADH (0.1 M PBS, pH 

7.4) ata scan rate of 5 mV s−1. 
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Figure 2.3 Cyclic voltammograms conducted with a bare Pt disk electrode, and 6-layer 

(0.06 µg/mm2) and 10-layer (0.1 µg/mm2) metallic SWCNT-coated Pt disk electrodes in 10 

mM NADH (0.1 M PBS, pH 7.4) at a scan rate of 5 mV s−1. 

 

2.3.1.3    Metallic SWCNT coating improved NADH electrode sensitivity and detection limit 

The steady-state current signals at fixed potential from Pt disk electrodes with multiple 

SWCNT coatings and H2SO4/HNO3 treatments are shown in Fig. 2.4. For the electrodes coated 

with less than or equal to 10 layers of metallic SWCNTs, the response to NADH increased with 

the number of CNT layers. A 20-layer,metallic CNT-coated Pt disk electrode exhibited an 

unstable response and low sensitivity, perhaps due to physical instability of the CNT coating, 

poor conductance through the thick deposit, and/or hindered transport of NADH [8]. In all cases 

shown, Pt electrodes with metallic SWCNT coating showed a significant increase in the sensing 

current compared to the bare Pt electrode (Fig. 2.4). The standard deviation of baseline noise, 

sensitivity, and detection limit (at 3-fold the baseline noise) exhibited by the NADH electrodes 

were used for further quantitative evaluation and comparison purposes (Table 2.1) [46]. The 

Table 2.1 data reflect the observed increase in sensitivity with number of SWCNT layers, 

however the lowest noise levels were attained at 6 SWCNT layers, which contributed to the 

lowest NADH detection limit observed, 0.17 µM, among 10 electrodes tested. These results 

suggest that a coating of 6 metallic SWCNT layers, corresponding to an electrode surface 

concentration of ~0.06 µg/mm2, may be near optimal. A detection limit of 0.35 µM±0.04µM and 

a sensitivity of 366±44 mAM−1 cm−2was obtained from several repeated tests of metallic 

SWCNT coated Pt electrodes (n =10). 
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Figure 2.4 Steady-state current at fixed potential vs. NADH concentration (in 0.1 M PBS, 

pH 7.4) for 6-layer (0.06 µg/mm2), 8-layer (0.08 µg/mm2), and 10-layer (0.1 µg/mm2) 

metallic SWCNT-coated Pt disk electrodes and a bare Pt disk electrode at 0.7 V vs. Ag/ 

AgCl. Inset shows amperometric responses at 0.7 V vs. Ag/AgCl of a 6-layer metallic 

SWCNT-coated Pt disk electrode and a bare Pt electrode in PBS (0.1 M, pH 7.4) upon 

successive increases in NADH concentration of 0.025 µM. 

 

                                  Baseline                   Detection      
Sensitivity 

                                 Noise (nA)       Limit (µM)    (mA M-1 cm-2) 

Bare Pt 1.55±0.2 5.8±0.52 75±4.8 

6-Layers 0.56±0.08 0.35±0.043 366±44.5 

8-Layers 1.85±0.2 0.86±0.1 380±46 

10-Layers 2.80±0.32 1.2±0.18 594±52 

Table 2.1  NADH sensing performance of Pt disk electrodes with varied SWCNT coatings 

at 0.7 V vs. Ag/AgCl. 



25	
	

The combination of detection limit and sensitivity achieved with the SWCNT-coated Pt 

electrodes compares well with the literature. In particular, the high sensitivity (on an electrode 

area basis) appears to be matched uncommonly [45,47–49], except through the construction of 

unusual or complicated electrodes such as boron-doped diamond [47], 

poly(phenosafranin)-functionalized SWCNTs on edge-plane pyrolytic graphite [48], and 

poly(luminol) and poly(neutral red) with MWCNTs and graphene oxide on glassy carbon [49]. 

Yet, these more exotic preparations gave detection limits more than an order of magnitude lower 

than achieved here and at significantly lower potential in the cases of Saleh et al. [48] and Lin et 

al. [49]. The lower detection limits described in these reports at similar sensitivities suggests that 

our detection limit could be reduced if noise could be suppressed or filtered effectively. We 

moved on to a study with MWCNTs in an attempt to lower the optimal operating potential for 

NADH detection as well. 

2.3.2 Electrooxidation of NADH on MWCNT-coated Pt disk electrodes 

2.3.2.1    Dispersion of MWCNT powder in DMF enables uniform coating on Pt electrodes 

The MWCNTs were supplied as a powder, so it was necessary to disperse these CNTs in 

solution to enable coating on Pt electrodes. Pretreatment of MWCNTs with the H2SO4/HNO3 

acid mixture prior to dispersion in water was explored as was direct dispersion (no pretreatment) 

in aqueous solution and in DMF. It was anticipated that the acid treatment would introduce 

oxygen-containing groups onto the CNTs, which would result in improved dispersion in water 

and a better coating on Pt. However, this proved not to be the case. As shown in Fig. 2.5a, the 

acid treatment resulted in a deposit consisting of large bundles of entangled MWCNTs unevenly 

distributed on the surface. A similar result was observed with the MWCNTs dispersed in water 

without pretreatment (Fig. 2.5c). The best results were obtained using DMF as solvent with no 
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acid pretreatment (Fig. 2.5b). Subsequently, Pt electrodes with a MWCNT coating were prepared 

using a CNT solution in DMF [50]. 

 

 

 

Figure 2.5 SEM images of deposits on Pt of (a)H2SO4/HNO3-treatedMWCNTs dissolved in 

water at 0.5mg/mL and sonicated for 1 h, (b)MWCNTs dissolved in DMF at 0.5 mg/mL 

and sonicated for 1 h, (c) MWCNTs dissolved in water at 0.5 mg/mL and sonicated for 1 h, 

and (d)–(f) the same preparations at higher magnification. 
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2.3.2.2    MWCNT coating decreases the overpotential for NADH electrooxidation 

Based on the results with the metallic SWCNTs, the obvious question arose concerning 

the performance of Pt electrodes with a MWCNT deposit for NADH electrooxidation. Solutions 

of MWCNTs dissolved in DMF were prepared with concentrations ranging from 0.01 mg/mL to 

10mg/mL, which subsequently were used to create coatings on Pt electrodes with CNT surface 

concentration ranging from ~0.01 µg/mm2 to ~10 µg/mm2. As with the work with metallic 

SWCNTs, cyclic voltammetry was used to compare the NADH oxidation peak potentials as a 

function of CNT surface concentration. As can be seen in Fig. 2.6, the peak potential decreases 

from 0.68 V to 0.26 V as the surface concentration of MWCNT increases. This result is in good 

agreement with the literature results mentioned earlier that show NADH electrooxidation at 

significantly reduced overpotential on CNT-coated Au and glassy carbon electrodes 

[32,33,35,42,45]. Since for the same loading (0.2 µg) of metallic SWCNTs and MWCNTs on a 

Pt electrode the shorter SWCNTs provide more edge-plane sites, the lower oxidation peak 

potential observed for the MWCNT-coated electrode at 0.55 V (versus 0.69 V for SWCNTs) 

cannot be explained by differences in availability of edge-plane sites. Rather, since as described 

earlier the literature results were obtained with MWCNTs or with SWCNTs that likely were a 

mixture of metallic and semiconducting CNTs, our results and those in the literature suggest that 

it may be the semiconducting CNTs that best facilitate NADH electrooxidation at reduced 

potential. This issue goes beyond the scope of this study, which is focused on a demonstration 

that CNT coatings on Pt electrodes enable effective NADH sensing, yet clearly is worthy of 

further investigation. 
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Figure 2.6 Cyclic voltammograms in 10 mM NADH (0.1 M PBS, pH 7.4) at a scan rate of 5 

mV s−1 obtained with Pt disk electrodes with MWCNT surface concentrations of 

approximately 10 µg/mm2, 1 µg/mm2, 0.1 µg/mm2 and 0.01 µg/mm2 given the electrode 

surface area of 2 mm2. 

 

2.3.2.3    MWCNT coating improved NADH electrode sensitivity and detection limit 

Once again, constant potential amperometry was used with the MWCNT-coated 

electrodes in assessing performance for NADH sensing. Electrodes with the same four surface 

concentrations used in the CV work were prepared and were operated at their respective peak 

potentials determined by voltammetry. The electrodes with surface CNT concentrations of 0.1 

µg/mm2 and 1 µg/mm2 showed better detection limits than those with 0.01 µg/mm2 and 10 

µg/mm2. Further research was conducted to optimize the surface concentration of CNTs between 

0.1 µg/ mm2 and 1 µg/mm2. The best sensing result was found at a concentration of 0.5 µg/mm2. 

Potentials from 0.3 V to 0.6 V were used in the fixed potential amperometry studies with 

electrodes treated with the optimal MWCNT concentration of 0.5 µg/mm2 (Table 2.2). At a 

working potential of 0.5 V vs. Ag/AgCl, a relatively low standard deviation of baseline noise of 
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0.41 nA was observed, with a lowest recorded detection limit of 0.19 µM and corresponding 

sensitivity of 369mAM−1cm−2. 

The baseline noise varied significantly at different working potentials, which caused large 

differences in detection limits (Table 2.2). However, the sensitivities were similar at different 

working potentials. The mean detection limit and sensitivity were in the ranges of 0.5 ± 0.1 µM 

and 359 ± 10 mAM−1 cm−2 for the 0.5 µg/mm2MWCNT loading (n = 4). The steady-state 

current signal at fixed potential from Pt disk electrodes coated with 0.5 µg/mm2 MWCNTs is 

shown in Fig. 2.7. To put these results in perspective, the sensitivity (on a per electrode surface 

area basis) of our MWCNT-coated Pt electrodes is nearly an order of magnitude larger than that 

obtained with CNT-coated Au electrodes at the same potential [34,36]. 

 
Figure 2.7 Steady-state current at fixed potential vs. NADH concentration (in 0.1 M PBS, 

pH 7.4) for 0.5 µg/mm2 MWCNT-coated Pt disk electrodes at 0.5 V vs. Ag/AgCl and a bare 

Pt disk electrode at 0.7 V vs. Ag/AgCl. Inset shows amperometric responses at 0.5 V vs. 

Ag/AgCl of a MWCNT-coated Pt disk electrode and a bare Pt electrode in PBS (0.1 M, pH 

7.4) at 0.5 V vs. Ag/AgCl upon successive increases in NADH concentration of 0.025 µM. 
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Potential Baseline Detection Sensitivity 

(V) Noise (nA) Limit (µM) (mA M-1 cm-2) 

0.3 0.86±0.2 0.98±0.18 315±9.8 

0.4 1.33±0.4 1.44±0.21 333±12.2 

0.5 0.41±0.12 0.5±0.12 359±10 

0.6   1.89±0.45 1.88±0.68 380±36.2 

Table 2.2  NADH sensing performance at varied potential (vs. Ag/AgCl) of Pt disk 

electrodes with untreated MWCNT coating at 0.5 µg/mm2. 

 

The acid mixture treatment used with SWCNTs (see above) was explored after MWCNT 

loading and drying as a means to improve electrode performance. The cyclic voltammograms of 

electrodes with and without acid treatment were compared (Fig. 2.8). Due to the poor adhesion 

of MWCNTs to Pt, the acid treatment caused loss of MWCNTs from the surface, which led to a 

small increase in peak potential. Thus, acid treatment was not pursued with MWCNTs. 

The MWCNT-coated electrodes gave similar performance to the metallic 

SWCNT-coated electrodes, but at lower working potential.	Although the optimal working 

potential was ~0.5 V, good performance also was achieved at 0.3 V (Table 2.2), which is more in 

line with that reported in the literature for CNT-coated carbon electrodes [32,33,35,42,45]. 

Further improvement in NADH detection performance at lower potential with the MWCNTs 

may be had if better adhesion of acid-treated MWCNTs to Pt can be achieved. Also, it is 

interesting that the electrodes coated with the acid-treated, metallic SWCNTs showed similar 

performance to those with MWCNTs (albeit at higher potential) at nearly an order of magnitude 

lower surface concentration. This difference may be due to the acid treatment, to differences in 
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the density of the coatings due to the significant differences in both the average diameter and 

length of the two CNT preparations, to the greater proportion of edge plane sites for the SWCNT 

coating, or to the metallic nature of the SWCNTs used versus the more variable characteristics of 

the MWCNTs. Among these factors, a less dense CNT coating that enables less restricted 

penetration of NADH to the underlying electrode may be most readily understood as a possible 

contributor to better sensor performance. The differences in performance that one might attribute 

to the metallic versus semiconducting nature of the CNTs used are more difficult to address. We 

are aware of no other attempts to use purely metallic SWCNTs in the construction of 

electrochemical NADH sensors, and the conducting nature of CNTs may be a fruitful topic for 

further study in this context. 

 

Figure 2.8 Cyclic voltammograms in 10 mM NADH (0.1 M PBS, pH 7.4) at a scan rate of 5 

mV s−1 obtained with Pt disk electrodes with a MWCNT (acid treated or untreated) 

surface concentration of 0.5 µg/mm2. 

 

2.4 Conclusion 
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This study demonstrates the utility of conventional Pt elefctrodes for NADH sensing, 

when coated with CNTs, contrary to the widely held belief that noble metal electrodes are less 

suitable for this application. Both metallic SWCNT and MWCNT coatings inhibit electrode 

fouling and enable NADH sensing at reduced potential. Acid treatment enhanced the 

performance of the SWCNT-coated electrodes, but the untreated MWCNT-coated electrodes 

exhibited similar limit of detection and sensitivity at significantly lower potential. The limits of 

detection achieved compare well with the literature, however the very high sensitivities are 

uncommon, are indicative of the advantages of Pt as an electrode material for this application, 

and suggest that improvements to the detection limit can be achieved if noise can be suppressed 

further or filtered effectively. Also, some enhancement in performance at lower potentials may 

be attained if a means to improve adhesion of acid treated MWCNTs to Pt can be found. Thus, 

CNT-coated Pt electrodes may provide an attractive, relatively simple route to high performance 

NADH sensors. 
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Chapter 3: Estradiol detection spectrophotometically and electrochemically 

with EMIT technique 

  

Abstract 

 Enzyme-multiplied immunoassay technique (EMIT) is used to detect estradiol in vitro. It 

is a convenient homogeneous enzyme immunoassay which does not require time-consuming 

separation steps or expensive automated systems since all reagents are freely suspended in bulk 

solution and it can be simple and fast without costly instrumentation. The key component of this 

assay system, an estradiol-reporter enzyme conjugate, was prepared by covalently binding 

β-estradiol-6-(O-carboxymethyl)oxime to glucose-6-phosphate dehydrogenase (G6PDH) by an 

N-hydroxysuccinimide-enhanced, carbodiimide-mediated coupling reaction. The 

estradiol-G6PDH activity can be repressed up to 46% upon anti-estradiol antibody binding. The 

lower detection limit of the assay is 1 nM estradiol in aqueous solution, and the standard curve is 

linear on logit-log scale-up to 6.7 µM estradiol. A detection limit of 11.5 nM in estradiol-spiked 

human serum samples suggests the feasibility of applying this assay to monitor estradiol levels 

for the prediction and prevention of ovarian hyperstimulation syndrome. In order to produce a 

small, portable, low-cost, and easy to use hormone meter that can be commercialized, an 

electrochemical EMIT to monitor estradiol levels is of interest. The estradiol level can be derived 

from the NADH versus time data obtained electrochemically, which is a reflection of the reporter 

enzyme activity and therefore, the concentration of estradiol. The NADH versus time slopes 

obtained with a novel carbon nanotube coated Pt electrode at different concentrations of free 

estradiol lie between the unrepressed state and repressed state of the reporter enzyme conjugate 
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and are in a nearly linear range. These results suggest that electrochemical EMIT may be an 

attractive alternative to the standard EMIT approach with spectrophotometric detection of 

NADH. 

 

3.1 Introduction 

Estradiol is derived from cholesterol, and is one of three molecules called “estrogen” 

produced mostly in the ovaries of women in reproductive years. Estradiol can easily diffuse into 

cells and interacts with a cytoplasmic target estrogen receptor (binds well to both), which can 

then allow entrance to the cell nucleus regulating gene transcription for production of specific 

proteins in target cell [1] .Estradiol level is used as an evaluation measure for patients at risk of 

developing ovarian hyperstimulation syndrome (OHSS). These at risk patients are usually 

engaged in assisted reproductive techniques (ARTs). Studies show 85% of patients who 

developed OHSS had estradiol levels above 11 nM (compared to normal 6 nM) [2], [3]. 

Declining estrogen levels in aging women are associated with a wide array of symptoms that 

deteriorate quality of life (e.g., hot flashes, night sweats). Hormone replacement therapy is used 

to limit these symptoms, however, this can lead to increased risk of breast cancer, heart disease, 

stroke, and other side effects. [4] 

Radioimmunoassay (RIA) is the primary method for estradiol detection due to its high 

sensitivity and selectivity, but a major drawback is the required use of radioactive materials [5]. 

Alternatives, such as enzyme-linked immunosorbent assays (ELISA), [6], [7], 

fluoroimmunoassay, [8], [9], chemiluminescent immunoassay [10], [11], [12] are heterogenous 

assays requiring several time consuming and lab intensive steps. [7] In comparison, the 
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enzyme-multiplied immunoassay technique (EMIT), a homogeneous enzyme immunoassay (EIA) 

method [13], is fast and convenient and requires no washing steps or expensive instrumentation 

[14]. 

The enzyme-multiplied immunoassay technique (EMIT) is a homogeneous enzyme 

immunoassay technique dependent on a reporter enzyme for signal generation. Different from 

other enzyme immunoassays (EIA), EMIT relies on antibody-induced inhibition of the 

analyte-labeled reporter enzyme. A key feature of this homogenous enzyme immunoassay is the 

activity of a reporter enzyme. Although there are a few possibilities for reporter enzyme, 

glucose-6-phosphate dehydrogenase (G6PDH) is used most commonly for its ability to serve as a 

reporter in serum and for its insensitivity to common interferents. This reporter enzyme performs 

its catalytic action on glucose-6-phosphate and requires a β-nicotinamide adenine dinucleotide 

(NAD+) as coenzyme. NADH is produced with reporter enzyme catalysis, which is typically 

detected spectrophotometrically at a wavelength of 340 nm, to quantify reporter enzyme activity. 

[2] 

The working principle of EMIT for detection of estradiol with G6DPH as a reporter 

enzyme is illustrated in Fig. 3.1. 
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Figure 3.1 The EMIT technique of estradiol detection with G6DPH as reporter enzyme 

 

To achieve detection of free estradiol, the reporter enzyme, G6DPH, is conjugated to an 

estradiol derivative. When anti-estradiol antibody (Ab) is added to the system, it will bind 

conjugated estradiol. The binding of Ab causes a physical blockage and/or conformational 

change resulting in a reduction in catalytic activity or a repression of the reporter enzyme activity. 

The system is then able to detect free estradiol, because once Ab is added in the presence of free 

estradiol, there will be competition for the Ab binding, resulting in less binding to reporter 

enzyme and reduced enzyme repression. According to this method, the concentration of free 

estradiol will determine the available sites of Ab binding for inhibition of the enzyme (depending 

on its probability of binding and concentration) such that activity of reporter enzyme is 

correlated with the concentration of free analytes. [13] 
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Spectrophotometric analysis of estradiol detection has been studied by May Chiu and 

Tina Tseng [2] in Monbouquette lab to report a repression rate of 46% upon anti-estradiol 

antibody binding. The lower detection limit of the assay is 1 nM estradiol in aqueous solution, 

and the standard curve is linear on a logit-log scale-up to 6.7 µM estradiol. A detection limit of 

11.5 nM is achieved in estradiol-spiked human serum samples.  

The estradiol detection method requires spectrophotometric analysis, which requires 

optics that can be bulky. My research focuses on proving the feasibility of applying 

electrochemical EMIT to monitor estradiol levels for the prediction and prevention of ovarian 

hyperstimulation syndrome by producing a small, portable, low-cost, and easy to use hormone 

meter that can be commercialized. This can be done through electrochemical detection of NADH 

with designed circuit electronics on a device similar to that of a potentiostat that must simply 

apply a voltage and measure the current response over time.  

 

3.2 Experimental Setup 

3.2.1 Materials 

 The following materials were used as received: β-Ethyl-6-one 6-(O-carboxymethyloxime) 

(E2-6-CMO, Sigma K2126), N-hydroxysuccinimide (NHS, Pierce 24500), 

1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC, Pierce 22980), 

glucose-6-phosphate dehydrogenase from Leuconostoc mesenteroides (G6PDH, Sigma G5885), 

N,N-dimethylformamide, anhydrous, 99.8% (DMF, Sigma 227056),	ZebaTM desalt spin columns, 

0.5mL, (Pierce 89883), Microcon Y-M30 (Millipore 42410),	β-estradiol (E2, Sigma E8875), 

D-glucose 6-phosphate sodium salt, (G6P, Sigma G7879), nicotinamide adenine dinucletide 
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hydrate (NAD+, Sigma N7004),	filtered PBS buffer (pH = 7.3), trizma, gelatin, sodium chloride 

(Fisher), 9V battery, silver wire (AM Systems). Deionized water was generated using a Millipore 

Milli-Q Water System and was used for preparation of all solutions. 

3.2.2 Instrumentation 

 Spectroscopic analyses were performed with a UV-visible spectrophotometer (model 

DT-1000-BT-CE; Analytical Instrument Systems, Flemington, NJ, USA). Sensor development 

and electrode deposition were conducted with a Versatile Multichannel Potentiostat (model 

VMP3) equipped with the ‘p’ low current option and N’Stat box driven by EC-LAB software 

(Bio-Logic USA, LLC, Knoxville, TN) in a three-electrode system consisting of the sensing 

electrode (working electrode), a Pt wire auxiliary electrode, and a Ag/AgCl reference electrode 

wire. 

 

3.3 Results and Discussion 

For the estradiol detection, the repression could be used to evaluate the concentration of free 

estradiol in aqueous solution. 

Repression: 

%Repression= 
!"#$%$#&!"#$%#$&&$'!!"#$%$#&!"#!"$$"%

!"#$%$#&!"#!"$$"%
 * 100 

3.3.1 Estradiol detection with spectrophotometer 
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Figure 3.2 Estradiol detection with spectrophotometer, absorbance vs. time 

 

As shown in Fig. 3.2, the solution with antibody without any free estradiol has the highest 

repression of 63.56%. As the concentration of free estradiol increases, the repression effect 

becomes smaller. The result above is consistent with T. Tseng and M. Chiu’ work. 

3.3.2 Estradiol detection with potentiostat 

50X Estradiol  Regression 

Fully unrepressed y=0.0005x-0.6727 

Fully repressed  y=0.000008x+0.0998 

3 nM y=0.00003x-0.0129 

300 nM y=0.00004x-0.0389 

30 µM y=0.00008x-0.0551 

 

y	=	0.000247x	-	0.021799 
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Table 3.1 The regression equations fitting current versus time for different concentrations 

of free estradiol. 

 

Figure 3.3 (A) Current versus time data as measured by constant potential amperometry 

using microelectrode at different estradiol concentrations including the fully repressed 

state with neither antibody nor estradiol and the fully unrepressed state with no estradiol. 

(B) Logit of NADH generation rate versus logarithm of estradiol concentration (in nM).  

  

It is showed that the repression without free estradiol is over 90% which is larger than 

that observed with spectrophotometric method (Fig.3.3A). Since the fully repressed state 

constitutes the background against which estradiol concentration is assay, this result suggests 

that the electrochemical approach is promising. There is an approximately linear logit-log scale 

(Fig. 3.3B) relationship over the full estradiol concentration range corresponding to the fully 

repressed to the fully unrepressed states using electrochemical NADH detection, which suggest 

that this is a viable approach. 
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Chapter 4: Implantable Microprobe with Arrayed Microsensors for 

Amperometric Monitoring of Choline 

 

Abstract 

An implantable microprobe with a microsensor array for monitoring of the 

neurotransmitter, choline (Ch), by constant potential potential amperometry has been created and 

characterized. Oxidized polypyrrole (OPPy) or poly-m-phenylenediamine (PPD) and Nafion 

were used as permselective barrier films to prevent access to the electrode surface by 

electroacitve interfering species present in brain extracellular fluid such as biogenic amines, 

ascorbic acid and uric acid. In this study, we first evaluated the optimal concentration of bovine 

serum albumin (BSA) that was used to immobilize choline oxidase using a cross-linking method. 

The optimal ChOx solution consisted of ChOx (0.33 unit/µL), BSA (20 µg /µL) and 

glutaraldehyde (5 × 10-3 µL /µL). A choline current response of 0.32 nA at 20 µM choline 

chloride was achieved. Second, we investigated the effect of PPD electrodeposition time, 

potential and coating sequence with Nafion on the performance of choline biosensors. We found 

that the best in vitro performance was accomplished with biosensors that were protected by a 

PPD film formed from 5 mM PPD deposited on the platinum electrode at 0.85 V for 5 min 

combined with a subsequently applied 1% Nafion layer. The choline biosensor exhibited a high 

sensitivity of 390 mA ∙M!! ∙ cm!! with a detection limit of 0.09 µM. No responses from AA 

and DA over their respective physiological concentration ranges were detected. Third, we 

investigated the performance of a choline biosensor by electrochemically depositing platinum 

black (Pt-black), iridium oxide (IrOx), and Nafion on reference electrode, sequentially. 
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Microprobe studies in vitro revealed choline biosensor sensitivity of 440 mA ∙M!! ∙ cm!! with 

corresponding detection limits of 0.04 µM, over a linear range up to 156 µM. Also, the 

microbiosensor showed no detectable response to either AA or DA. Finally, in order to reduce 

the cytotoxic effect of Pt-black, we then reported the performance of choline biosensors by 

electrochemically depositing Pt-grass and on-probe IrOx reference electrode, the sensitivity was 

310 mA ∙M!! ∙ cm!! with a detection limit of 0.07 µM over a linear range of up to 172 µM. 

These fabricated choline biosensors were attracted due to their low detection limit and high 

sensitivity. The choline sensors fabricated with the PPD coating exhibited among the highest 

sensitivities and lowest detection limits described in the literature to date. They will be one of the 

best choline sensors that could be used as research tools for neuroscientist on neuroscience 

research. 

4.1 Introduction 

Choline is a biosynthetic precursor of the neurotransmitter acetylcholine (ACh) and a 

product of its rapid hydrolysis in the brain that is involved in learning and memory formation in 

the central nervous system [1]. It also is an integral component of some phospholipids that 

maintain the structural integrity of cell membranes and facilitate transmembrane signaling [2]. 

Finally, it is a source of methyl groups via one of choline’s metabolites, betaine [3]. Therefore, 

analytical tools for monitoring of choline in near real time as a surrogate for ACh would be very 

useful in the study of Parkinson and Alzheimer diseases [4,5]. Although various methods such as 

liquid chromatography [6], enzymatic-spectrophotometric method [7], chemiluminescence [8], 

and electrochemiluminescence [9] have been developed for choline determination, investigation 

of amperometric choline oxidase (ChOx)-based biosensors is of particular interest because of 

their high sensitivity, rapid response, low detection limit, and low cost [10]. In these 
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electrochemical biosensors, the enzymatic conversion of choline to betaine aldehyde by choline 

oxidase (ChOx) produces hydrogen peroxide (H2O2) that can be detected electrochemically. 

Quantification of choline can be achieved by monitoring the H2O2 generation at the surface of an 

electrode where ChOx has been immobilized. The overall enzymatic reaction is shown in 

Reaction (1) [11] and the current generating electrochemical step is shown in Reaction (2) [12]: 

Choline+ 2O!
!!!"

Betaine+ 2H!O!                                       1  

2H!O! → 2O! + 4H! + 4e!                                                     2  

However, the efficient oxidation of H2O2 on unmodified electrodes requires a relatively 

high anodic potential (~0.7 V vs. Ag/AgCl) at which the amperometric signal arising from 

oxidation of the endogenous electroactive biogenic amines and interferents such as ascorbic acid 

(AA) in brain extracellular fluid (ECF) can mask the current signal from H2O2 electrooxidation 

[13]. Sensor selectivity against interferents can be achieved by coating electrode surfaces with 

suitable permselective polymers prior to ChOx immobilization. Nafion, which is a 

perfluoronated ionomer, is commonly used to exclude anionic interferents such as AA [14]. 

Polypyrrole (PP) has also been commonly deposited on electrodes as a cation-exchange film. 

Polypyrrole films are formed by electropolymerizing pyrrole to polypyrrole at a high oxidizing 

potential.  Such films are useful for the rejection of positively charged dopamine (DA) [15]. 

Moreover, glutaraldeyde (GAH) and bovine serum albumin (BSA) are commonly used in 

enzyme immobilization. Glutaraldeyde, which is a bifunctional compound, links covalently to 

the amine groups of lysine in the protein molecules to create a stable structure [16]. Also, when 

the protein concentration in the enzyme preparation is low, addition of bovine serum albumin 

(BSA) facilitates enzyme cross-linking [17]. In this regard, choline oxidase can be immobilized 



52	
	

by cross-linking with glutaraldehyde (GAH) in the presence of bovine serum albumin (BSA) on 

the surface of a platinum electrode coated with PP and Nafion. 

Poly-m-phenylenediamine (PPD) can also be integrated into the design of 

electrochemical sensors to function as the permselective polymer. PPD is created by 

electrosynthesizing the monomer, m-phenylenediamine (mPD), to PPD at oxidizing potential 

[18]. A PPD film confers selectivity by limiting access of larger molecules such as AA and DA 

to the electrode surface [19] while allowing smaller molecules such as H2O2 to pass through. A 

number of previous works have detailed the permselective properties of electrochemical sensors 

that incorporate both Nafion and PPD layers deposited on the electrode surface [20]. However, 

results obtained by repeating those protocols do not display any advantages over those of 

OPPy/Nafion-modified microsensors. In this regard, optimization of PPD deposition by 

modifying Nafion concentrations, the number of Nafion coating layers, and the PPD and Nafion 

coating sequence is necessary. 

Our previous work has reported that using iridium oxide (IrOx) as an on-probe reference 

electrode material is expected to reduce noise arising from external sources, which then can 

lower the detection limit, and to be stable over a range of potentials and in the presence of other 

components [21]. However, the IrOx-coated microelectrode that is tested as an on-probe RE for 

choline biosensing microelectrondes exhibits an unstable potential at higher currents that is 

manifested as a sharp drop in current signal at the choline sensor at higher choline concentrations. 

To solve this problem, the electrode surface is modified by depositing platinum black (Pt-black) 

that provides a highly roughened surface resulting in more IrOx deposition [22]. Pt-black can 

also reduce the impedance more than one order of magnitude, but practical applicability is 

limited because Pt-black involves the use of the toxic heavy metal, lead, as an electrolyte in the 
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electrodeposition process [23]. A similar approach using non-toxic components has been 

introduced by Boehler 2015, known as platinum grass (Pt-grass) [24]. In comparison to the 

Pt-black deposition, the formation of Pt-nanograss is simple, cost-efficient, and free from 

cytotoxic components. 

In this chapter, we investigated the amounts of BSA and GAH added to 

OPPy/Nafion-modified platinum microsensors to establish a high and reliable response to 

choline. We also described the optimization of PPD deposition by mainly optimizing the PPD 

deposition time, potential and PPD/Nafion coating sequence. Separate wire Ag/AgCl REs were 

used for the both PPY and PPD electrochemical systems. We evaluated the performance of 

OPPy/Nafion-modified and PPD/Nafion-modified Pt microsensors based on their sensitivity, 

detection limit, and response time. We further optimized the electrochemical system by using an 

on-probe IrOx reference electrode on a choline biosensor where the IrOx reference site was 

created on a platinum black deposit. We then electrochemically deposited Pt-grass instead of 

Pt-black for creation of the on-probe IrOx reference electrode and compared the baseline noise 

with a separate Ag/AgCl reference choline sensor. Finally, in vivo optogenetics choline recording 

was conducted with a choline biosensor on a microbe with an on probe IrOx reference.  

4.2 Experimental Setup 

4.2.1 Materials 

Choline oxidase (Alcaligenes), glutaraldehyde solution (25%), bovine serum albumin 

(BSA) lyophilized powder, m-phenylenediamine, Nafion® (5%), hydrogen peroxide solution 

(30%), formic acid, chloroplatinic acid hexahydrate, chloroplatinic acid, and lead acetate, Argon, 

iridium tetrachloride hydrate, anhydrous potassium carbonate, oxalic acid dehydrate (99%),  
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choline hydrochloride, L-ascorbic acid, dopamine hydrochloride, 3,4-dihydroxyphenylacetic acid, 

3,4-dihydroxy-DL-phenylalanine, and uric acid were purchased from Sigma-Aldrich (St. Louis, 

MO). Isopropyl alcohol and hydrochloric acid were obtained from Fisher Scientific (Pittsburgh, 

PA). Ag/AgCl glass-bodied reference electrodes with 3 M NaCl electrolyte and a 0.5 mm 

diameter platinum (Pt) wire auxiliary electrode were purchased from BASi (West Lafayette, IN). 

Sodium phosphate buffer (PBS) was composed of 50 mM sodium phosphate (dibasic) and 100 

mM sodium chloride (pH 7.4). Deionized water was generated using a Millipore Milli-Q Water 

System and was used for preparation of all solutions. 

4.2.2 Instrumentation 

Sensor development and electrode deposition were conducted with a Versatile 

Multichannel Potentiostat (model VMP3) equipped with the ‘p’ low current option and N’Stat 

box driven by EC-LAB software (Bio-Logic USA, LLC, Knoxville, TN) in a three-electrode 

system consisting of the sensing electrode (working electrode), a Pt wire auxiliary electrode, and 

a Ag/AgCl glass-bodied reference electrode. Multichannel FAST-16 potentiostat (Quanteon, 

LLC, Lexington, KY) in a two-electrode mode system was used for sensor calibration. 

4.2.3 Microprobe fabrication and sensor preparation 

Our microelectrodes were fabricated at UCLA nanolab with 

microelectro-mechanical-system (MEMS) technologies. The fabrication process was described 

in previous work [25]. Each site was modified accordingly, to act either as a working or 

reference electrode. Selective electrodeposition of PPy films (200 mM Py in stirred PBS, 0.85 V, 

~5 min and 2% Nafion dip coating, baking at 180°C, repeat dip coating and baking once) or PPD 

films (5 mM PD in stirred PBS, 0.85 V, 10 min without Nafion or 0.85 V, 5 min and 1 layer 1% 
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Nafion dip coating, baking at 175°C) was carried out to make working electrode, both choline 

sensing site and control site. Choline sensing site was selectively immobilized with ChOx 

solution on the two sites at the tip (site 3 and 4) using a microsyringe under the microscope. The 

ChOx solution was prepared by mixing 4 µL ChOx (0.5 unit/µL) with 2 µL BSA solution (60 

mg/mL) containing glutaraldehyde (15 µL /mL). The final solution consisted ChOx (0.33 

unit/µL), BSA (20 µg/µL) and glutaraldehyde (5 × 10-3 µL /µL). The control site (site 2 or site 1 

and 2) was loaded with only BSA and GAH. The resulting choline sensor microprobe was left to 

dry at least 48 h in a dessicator at 4 °C. During calibration, over 30 min of equilibrium time in 

PBS buffer was required to approach a constant baseline, followed by AA, DA, Ch, H2O2 or 

interferent injections. 

The platinum nanograss plating solution consisted 2.5 mM H2PtCl6 and 1.5 mM formic 

acid. Pt-grass deposition was conducted at a potential of -0.1 V vs Ag/AgCl for 300 s in the 

plating solution (Boehler et al. 2015) [26]. For Pt black deposition, Pt black layer was deposited 

at cycling potential between 1.4 and 2.0 V at 500 mV/s for a total of 15 cycles in a vigorously 

stirred plating solution. The plating solution consisted 1% chloroplatinic acid, 0.0025% HCl, and 

0.01% lead acetate in water, which was Ar-purged for 15 min [13]. 

The on probe reference electrode was made by Pt-grass or Pt-black deposition first and 

then followed by IrOx deposition. IrOx was electrodeposited following the method described by 

Yamanaka [21]. 

For just choline sensor, sites 3 and 4 were coated with PPD, Nafion and 

ChOx+BSA/GAH. Sites 1 and 2 were coated with PPD, Nafion and BSA/GAH without ChOx. 

For on probe reference choline sensor, sites 3 and 4 were coated with PPD, Nafion and 
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ChOx+BSA/GAH. Site 2 was coated with PPD, Nafion and BSA/GAH without ChOx. Site 1 

was coated with Pt-grass or Pt-black and IrOx. 

 

Figure 4.1 Schematic diagram of the microsensor configuration. 

 

4.3 Results and discussion 

4.3.1 Effect of concentrations of bovine serum albumin on choline sensor performance 

To immobilize an active enzyme into a permeable membrane to maximize the signal, the 

microelectrode Pt surface was modified by overoxidized polypyrrole and Nafion coating 

followed by immnobilization of ChOx by using bovine serum albumin (BSA) as the stabilizing 

agent and glutaraldeyde (GAH) as the crosslinker. The scheme in Fig. 4.1 illustrates the 

biosensor design, as described in the methods section. The extent of enzyme crosslinking is 

mainly controlled by the amount of crosslinker employed [26]. Hence, the BSA concentration 

can influence diffusivity through the enzyme layer and the amount of enzyme immobilized by 

crosslinking. 
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The resulting choline sensor was first tested in vitro at 0.7 V (vs. Ag/AgCl) in stirred SPB 

buffer solution when the BSA concentration is 10 mg, 20 mg, and 60 mg, respectively. First, as 

shown in Fig. 4.2, no detectable response was observed in the presence of the negatively charged 

electroactive interferent, ascorbic acid (AA), at 250 µM and positively charged interferent, 

dopamine (DA). These promising results suggested that the modified sensors that combined 

OPPy, Nafion, ChOx, BSA, and GAH repelled AA, DA at physiological concentrations. Fig. 4.2 

also shows the sensitivity in terms of current response at 20 µM Ch correlated to BSA amount. 

As it can be seen, choline current response was ~0.1 nA when 10 mg BSA was added; choline 

current response was ~ 0.2 nA when 20 mg BSA was added; and choline current response was 

0.32 nA when 60 mg BSA was added. Thus, the higher the BSA concentration caused the higher 

choline sensitivity and the higher the calibration factor.  

The upper limit of BSA concentrations was determined to be 60 mg, resulting in 0.32 nA 

Ch response, such as to ensure a reasonable gelation time because the increased BSA amount 

decreased the crosslinking time. For example, 90 mg BSA would result in only about 10 sec 

crosslinking time, which was not reasonable for the manual deposition technique used. 

In summary, (1) the combination of OPPy, Nafion, ChOx, BSA, and GAH could 

discriminate the small neutral H2O2 molecule from anionic and cationic electroactive species (i.e., 

AA and DA, respectively) as expected, (2) the detected current responses of the choline sensor 

upon varying the BSA concentration showed that the increased BSA amount increased choline 

current responses and also decreased the calibration factor and the crosslinking time, (3) the 

optimal BSA amount was 60 mg at 15 µL GAH concentration, (4) and the optimal final ChOx 

solution consisted ChOx (0.33 unit/µL), BSA (20 µg/µL) and glutaraldehyde (5 × 10-3 µL/µL). 
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Figure 4.2 Schematic diagram of the choline sensor configuration. 
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Figure 4.3 Sensing of choline at a constant potential of 0.7 V (vs. Ag/AgCl) when the BSA 

concentration was 10 mg, 20mg, and 60 mg, sequentially. The microprobe was tested with 

AA (250 µM), Ch (20 µM, 40 µM, 60 µM), DA (5 µM), H2O2 (20 µM), choline (100 µM), and 

DA (15 µM), sequentially. 

 

4.3.2. Amperometric response of choline sensors at the Poly(m-PPD)/Nafion-modified 

platinum microelectrodes 

4.3.2.1    Electrochemical polymerization of PPD on platinum microelectrodes 

The permselectivity of ions or molecules through the polymer films was strongly 

controlled by the assemblrd structure of the films. The Pt surface was modified prior to 

immobilization of the enzyme layer by electropolymeriztion of PPD. The selectivity of PPD was 

reported to be improved significantly compared to other membranes, such as OPPy. Moreover, 

several authors have reported that Nafion improved the biocompatibility during in vivo 

implantation. The choline sensor was constructed by following the protocol of baking Nafion at 

175 °C for 4 min first and then depositing PPD with cyclic voltammetry for 20 min [27]. 

However, about 0.15 nA current response was observed in the presence of AA and DA, 

respectively, which was not desirable. Also, the sensor resulted in a 0.2 nA current response for 
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choline, which did not display the advantages of utilizing PPD deposition. To improve the 

performance of choline sensors formed with electrodeposited by PPD, we optimized the process 

of PPD deposition (time interval and potential) and changed the PPD and Nafion coating 

sequence.  

4.3.2.2    Effect of the PPD and Nafion coating sequence on electrochemical response to 

choline 

This study investigated PPD deposition only without Nafion, PPD-Nafion, and Nafion- 

PPD films, respectively, for a choline sensor. When the microprobe was constructed with PPD 

and ChOx, sequentially, as shown in Fig. 4.4, the electrode showed no detectable response to AA 

or DA. Also, the current response of 0.6 nA to choline at 20uM was detected. In another 

experiment, we tested in vitro Pt microelectrodes modified with PPD, Nafion and ChOx. As 

shown in Fig. 4.5, excellent rejection of AA and DA was detected and about 0.5 nA choline 

response was detected. Finally, we tested the performance of choline sensor with the Nafion- 

PPD membrane. As shown in Fig. 4.6, no AA and DA response was detected. Also, about 0.45 

nA response for choline was detected. However, this coating caused an inconsistent sensing 

result and also showed occasional responses to AA. 
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Figure 4.4 Sensing of choline at a constant potential of 0.7 V (vs. Ag/AgCl) with choline 

microbiosensors modified with PPD only and choline oxidase, sequentially. The 

microprobe was tested with AA (250 µM), Ch (20 µM, 40 µM, 60 µM), DA (5 µM), H2O2 

(20 µM), choline (100 µM), and DA (15 µM), sequentially. 

 

 

Figure 4.5 Sensing of choline at a constant potential of 0.7 V (vs. Ag/AgCl) with choline 

microbiosensors modified with a PPD-Nafion film and choline oxidase, sequentially. The 
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microprobe was tested with AA (250 µM), Ch (20 µM, 40 µM, 60 µM), DA (5 µM), H2O2 

(20 µM), choline (100 µM), and DA (15 µM), sequentially. 

 

 

Figure 4.6 Sensing of choline at a constant potential of 0.7 V (vs. Ag/AgCl) with choline 

microbiosensors modified with a Nafion -PPD film and choline oxidase, sequentially. The 

microprobe was tested with AA (250 µM), Ch (20 µM, 40 µM, 60 µM), DA (5 µM), H2O2 

(20 µM), choline (100 µM), and DA (15 µM), sequentially. 

 

Table 4.1 compared the PPD, PPD-Nafion, Nafion- PPD and OPPy-Nafion membranes in 

terms of response time, consistency, selectivity, and detection limit. The PPD only membrane 

showed the highest sensitivity and detection limit among four membranes. We concluded that the 

PPD only membrane was promising in acute in vivo test. The PPD-Nafion membrane displayed 

the desirable sensitivity and detection limit, and good consistency. Then we concluded that the 

PPD-Nafion was most promising for chronic in vivo tests. The Nafion- PPD membrane was not 

recommended for in vivo tests because the results were not consistent and the sensor displayed a 

low selectivity performance again interfering species, AA. One possible explanation for this 
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phenomenon might be the changing of the PPD structure, since some of phenylenediamine 

molecular growth on top of Nafion membrane (due to Nafion as conducting polymer), leading to 

a layer that is less permeable to interferents. Thus, the PPD-Nafion membrane followed by 

immobilization of ChOx by using BSA and GAH as cross-linkers was chosen to deposit on 

working electrodes for later investigations. 

 PPD Only PPD + Nafion Nafion + PPD PPY + Nafion 

H2O2 (nA) ∼0.3 ∼0.3 ∼0.3 ∼0.25 

Choline (nA) ∼0.6 ∼0.5 ∼0.45 ∼0.35 

AA, DA No No Sometimes AA No 

Response Time (sec) ∼1.8 ∼ 2 ∼3.2 ∼3 

Consistancy OK Good Not good Good 

Sensitivity/ 

mA·M-1·cm-2 

∼ 400 ∼ 390 ∼ 320 ∼ 250 

Detection Limit/ 

µM 

∼ 0.16 ∼ 0.09 ∼ 0.05 ∼ 0.12 

 

Table 4.1 Comparison of performance the PPD, PPD-Nafion, Nafion- PPD and 

OPPy-Nafion membranes deposited on choline sensors in terms of current responses of 

H2O2, choline, AA, and DA, response time, consistency, selectivity, and detection limit, 

respectively. 
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The above results were compared to work done by Gerhardt et al to assess the performance 

of our proposed choline sensor deposited by PPD and Nafion sequentially. Gerhardt et al utilized 

the biosensor that had four 15 × 333 µm platinum (Pt) recording sites arranged in pairs [28]. 

Based on his in vitro calibration recordings, the microprobe was tested with AA (250 µM), ACh 

(20 µM, 40 µM, 60 µM), Ch (20 µM), DA (20 µM) and NE (2 µM), sequentially [28]. At an 

applied potential of 0.7 V vs. a Ag/AgCl reference electrode, the biosensor sensitivity was 39.3 ± 

3.9 pA/µM, which is equivalent to 186 ± 78 mA·M-1·cm-2 given the electrode size used, and the 

detection limit was 0.08 µM [28]. However, our fabricated biosensors had similar Pt recording 

sites area (40 × 100 µM) and we also added Ch progressively in 20 µM increment. Based on 

our data shown in Table 4.1, the sensitivity of the choline sensor deposited with PPD-Nafion 

membranes was 390 mA·M-1·cm-2 and the limit of detection was 0.09 µM. Although our 

fabricated choline sensors showed similar detection limit with that of Gerhardt et al, our sensors 

increased the sensitivity about 2 orders of magnitude. Thus, our proposed choline sensor was 

promising to use. 

4.3.3 Amperometric response of choline sensors with deposited platinum black and an 

on-probe IrOx on reference electrode 

4.3.3.1    Choline sensing using an on-probe IrOx reference electrode 

Using iridium oxide (IrOx) as the reference electrode material makes it attractive for in 

vivo neurosceience applications, because IrOx is stable, biocompatible, and nontoxic over a 

range of potentials and in the presence of the ions and other components of brain extracellular 

fluid [21]. Our previous work has demonstrated that by placing the RE on the same platform as 

the working electrode, baseline RMS noise at the working electrode was found to be diminished 

by 61 ± 8% (95% confidence interval, n=23) [21]. This noise reduction greatly improved the 
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sensing electrode detection limit, especially in freely-moving rodent studies where noise was 

increased due to animal movement. Sensors using on-probe IrOx can also selectively detect 

choline and reject common electroactive species in brain extracellular fluid, of which AA and 

DA are most important. However, as shown in Fig. 4.7, an IrOx film on a Pt microelectrode used 

as an on-probe RE for amperometric sensing systems encountered the sharp current drop issue 

sometimes at a high current level in choline sensor calibration, where the linear range was 20-80 

µM.  

 

Figure 4.7 On-probe IrOx reference glutamate sensor calibration figure. The microprobe 

was tested with AA, DA, and choline (5 times) sequentially. 

 

4.3.3.2    Choline sensing for the Pt-black modified electrode followed by an on-probe IrOx on 

reference electrode 

In an attempt to combine improved selectivity and response time in a single, 

easy-to-assemble probe, we constructed a choline microbiosensor by electrochemically 

depositing Pt-black, IrOx, and Nafion sequentially on reference electrode. Pt-black, a “spongy” 

electrodeposit of platinum, leaded more IrOx deposition due to its large effective surface area. 
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Two working electrode sites were deposited with PPD, Nafion, and ChOx and the control site 

was deposited without ChOx. The scheme in Fig. 4.8 illustrates the biosensor design, as 

described in the methods section. The microbiosensor detection limit at a given potential was 

estimated based on an analysis of signal to noise ratio. The background noise was 2 to 5 times 

smaller than that of separate Ag/AgCl reference electrode. The detection limit was estimated at 

0.04 µM at operating potential of 0.6 V.  

Fig. 4.9 shows representative microbiosensor response to sequential injections of choline 

in SPB buffer solution. At 0.6 V, average microbiosensor sensitivity was 440 mA ∙M!! ∙ cm!! 

over a linear range of 20 to 156 µM choline. The detection limit was 0.04 µM. As important as it 

is for the microbiosensor to be sensitive to choline, it is equally important for it to be insensitive 

to electroactive interferents, especially AA and DA in brain extracellular fluid (ECF). Fig. 4.9 

also shows that the microbiosensor gave no detectable response to either AA or DA. In summary, 

we introduced Pt-black in terms of an add-on functionalization process to increase the electrode 

roughness at significantly reduced costs and enhanced IrOx deposition. 

 

RE 
Platinum Black 

(PtBLK ) + IrOx 
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Figure 4.8 Schematic diagram of the on-probe Pt-black/IrOx RE choline sensor 

configuration. 

 

 

Figure 4.9 Choline sensing for the Pt-black modified electrode followed by an on-probe 

IrOx on reference electrode. The microprobe was tested with AA (250 µM), DA (5 µM), 

choline (20 µM, 40 µM, 60 µM), and H2O2 (20 µM), sequentially. 

 

4.3.4. Evaluation of nanostructured platinum grass on performance of choline sensors 

4.3.4.1    Comparing structures and components of Pt-grass and PtBlk 

Pt-black is a good material to improve IrOx deposition, but Pt-black has been reported to 

involve the use of toxic heavy metal lead as an electrolyte ingredient and traces of lead that elute 

from the final coating in vivo cause cytotoxic reaction. Although acute in vivo experiments were 

feasible, using Pt-black for chronic in vivo tests was not recommended [29]. A new material 

called nanostructured platinum grass was used to replace Pt-black [24]. In comparison to the 
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platinum black deposition, all chemicals used for the Pt-grass formation were free of cytotoxic 

components. (More about Pt-grass will be discussed in Chapter 5) 

4.3.4.2    Choline sensing for the Pt-grass modified electrode followed by an on-probe IrOx on 

reference electrode 

As reported in previous sections, an on-probe IrOx reference electrode reduced noise and 

fastened the response time, so we constructed a choline microbiosensor by electrochemically 

depositing Pt-grass, IrOx, and Nafion sequentially on reference electrode. Similar to the Pt-black 

modified electrode, two working electrode sites of the Pt-grass modified electrode were also 

deposited with PPD, Nafion, and ChOx and the control site was deposited without ChOx. The 

scheme in Fig. 4.10 illustrated the biosensor design, as described in the methods section. The 

choline biosensor displayed a detection limit of 0.07 µM at an operating potential of 0.6 V. At 

0.6 V, and the average microbiosensor sensitivity was 310 mA ∙M!! ∙ cm!! over a linear range 

of 20 to 172 µM choline. Fig. 4.11 also did not show detectable response to either AA or DA. 

Thus, when Pt-grass was deposited on the top of bare Pt microsensor in order to increase the 

amount of deposition of IrOx, the application of our proposed choline sensor in vivo was valid 

because values of sensitivity and detection limit were desirable. 
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Figure 4.10 Schematic diagram of the choline sensor configuration. 

 

 

Figure 4.11 Choline sensing for the Pt-grass modified electrode followed by an on-probe 

IrOx on reference electrode. The microprobe was tested with AA (250 µM), DA (5 µM), 

choline (20 µM, 40 µM, 60 µM, 80 µM, 100 µM), and H2O2 (20 µM), sequentially. 

 

RE 
Platinum Nanograss 

(Pt-grass )+ IrOx 
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4.3.5 Selectivity against electroactive interferents 

The choline biosensors selectivity against interferents was tested, including AA, DA, 

DOPAC, DOPA, and uric acid (UA) in brain extracellular fluid at typical physiological 

concentrations. The selectivity was defined here as the ratio of sensitivity to the choline by that 

for the interferent. The choline biosensors showed excellent selectivity for choline against the 

interferents. Average selectivity ratios of choline to AA (250 µM), DA (12.5 µM), DOPAC (50 

µM), and UA (250 µM) were all more than at least 1000:1 for the choline biosensors. This 

indicates that permselective polymers deposited at the electrode surface of our proposed choline 

biosensors in vivo effectively exclude interferents. 

4.3.6 Preliminary in vivo results 

Following are the preliminary in vivo anesthetized recording results of our choline sensor. 

The Fig 4.12 shows the in vivo anesthetized recording result of choline sensor with extra 

Ag/AgCl reference electrode. It is obviously found that when the 450 nm blue light laser 

illuminates the nac regions of the rat brain with optogenetics, choline is released and the 

concentration of choline is increased in brain. This is indicated by the increase of difference 

between the current on working site and on control site.  
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Figure 4.12 in vivo anesthetized recording result of choline sensor with separate Ag/AgCl 

reference electrode. The red line indicates the current versus time on control site, while the 

green line indicates the one on choline sensing site. 

 

 Fig 4.13 shows the in vivo anesthetized recording result of choline sensor with on-probe 

IrOx reference electrode. It is shown in the figure that two light signals stimulated are brain at 

~600 s and ~1750 s, respectively. After the second signal, the current difference between green 

line and red line increase as expected. However, the difference actually decreases after the first 

signal, which is totally unexpected. This is the first and only in vivo experiment of our IrOx 

choline sensor, so more work should be done to give the final conclusion.  
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Figure 4.13 in vivo anesthetized recording result of choline sensor with on-probe IrOx 

reference electrode. The red line indicates the current versus time on control site, while the 

green line indicates the one on choline sensing site. 

 

 Fig 4.14 shows the in vivo noise comparison between Ag/AgCl and IrOx reference 

electrode. It can be obviously found that Ag/AgCl has much greater background noise (over 5 

times greater than IrOx). The lower background noise could lead to lower detection limit. 

 To summarize, positive results of Ag/AgCl reference electrode is observed in vivo. 

Compared with Ag/AgCl, IrOx has lower background noise that could bring lower detection 

limit. However, only limited results are present to verify the effectiveness of IrOx in the in vivo 

anesthetized recording experiments. In the future, more in invo experiment should be done to 

verify the feasibility of using IrOx reference electrode.  
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Figure 4.14 in vivo background noise comparison between Ag/AgCl and IrOx reference 

electrode. The red line indicates the current v.s. time for Ag/AgCl, while the black line 

indicates the one for IrOx. 

 

4.4 Conclusions 

A high sensitivity amperometric choline biosensor was developed with PPD and Nafion 

coating, as well as ChOx/BSA/GAH loading. The results showed that the permselective PPD 

film can successfully be employed as a suitable matrix for choline detection without responses to 

AA and DA. In comparison with other studies, better sensitivity and lower detection limit were 

achieved. Our sensor also had relatively broad linear range, good selectivity against interferents 

and stability. The Pt-black or Pt-grass that enhanced on probe IrOx reference choline sensor 

made the baseline noise much smaller than that of separate Ag/AgCl reference electrode and 

made the sensor size smaller for the in vivo surgery. All these good features suggest that the 

choline biosensor is a promising candidate for applications in vivo. 
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Chapter 5: An electroenzymatic choline microsensor based on a 

nanostructured platinum microelectrode 

 

Abstract 

      A microelectrode array microprobe with a choline sensing site and an on-probe reference 

electrode was constructed by depositing permselective polymer films and choline oxidase, and 

IrOx, respectively, on Pt microelectrodes coated with a nanostructured Pt deposit. The 

nanostructured Pt coating was deposited from a solution of H2PtCl6 and formic acid at reducing 

potential and the organized structure of the deposit, as observed by scanning electron microscopy, 

is referred to as Pt nanograss. Polyphenylenediamine (PPD) and Nafion were coated sequentially 

on the working (i.e., sensing) electrode surface to serve as permselective polymers. The choline 

sensor was tested at physiological concentrations of electroactive interfering species common to 

brain extracellular fluid (i.e., ascorbic acid, dopamine, DOPA, and DOPAC) and choline. The 

microsensor with on-probe IrOx reference showed high sensitivity (~123 µA mM-1 cm-2), low 

detection limit (~3 µM), fast response time (~3-5 s) and excellent selectivity. Selectivity likely 

was aided by the relatively low potential of 0.35 V vs. IrOx that was made possible by the 

apparently enhanced H2O2 electrooxidation activity of the underlying Pt nanograss-coated 

working electrode. Therefore, Pt nanograss appears to be an excellent Pt surface modification for 

creation of electroenzymatic biosensors for in vivo applications. 
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5.1 Introduction 

      Choline is a precursor and metabolite of the neurotransmitter acetylcholine. It can serve 

as a surrogate for acetylcholine measurement due to the rapid hydrolysis of acetylcholine to 

choline catalyzed by acetylcholine esterase in the brain. Therefore, the monitoring of choline is 

of importance to neuroscience, especially in the study of Alzheimer’sand Parkinson’s diseases. 

Among the various methods available for choline sensing, amperometric choline oxidase 

(ChOx)-based biosensors have attracted considerable attention due to their simplicity, rapid 

response, high sensitivity and low cost.  In these biosensors [1-4], choline detection is achieved 

by electrooxidation of the H2O2 produced during oxidation of choline catalyzed by choline 

oxidase: 

 

      However, a drawback of this method is the high potential normally used for H2O2 

electrooxidation. Many electroactive interfering substances present in brain extracellular fluid 

such as ascorbic acid (AA) dopamine (DA) can be electrooxidized at the potentials used to give 

false current signals. In order to solve this problem, several approaches have been explored to 

biosensor design for reduction of interference. Modification of the electrode surface by 

polymetric memberane permeable to H2O2 and impermeable to interfering species is one of the 

most effective methods to address this problem. For example, overoxidized polypyrrole (OPPy) 

could be used to reject DA. [5-6] The perfluoronated ionomer, Nafion, is commonly used to 

exclude anionic interferents.[7]. 

      Alternative method that are not dependent on permseletive species had also been 

explored, such as operating at reducing potentials sufficient for H2O2 reduction using an extra 
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enzyme horseradish peroxidase or redox mediators.[8] However, the response of the mediated 

biosensors also faces challenges such as oxidation promotion of interferents by some mediators 

themselves. 

      By using some surface modification materials (such as Pt black) to enlarge the surface 

area may also result in potential reduction. Pt black has been shown to be one of the best 

electrode materials for oxidation of H2O2. [9] Hamdi et al. [10] demonstrated that by depositing 

Pt black on a Pt wire to be used for glutamate microsensor fabrication, the sensor working 

potential could be set at 0.45 V versus Ag/AgCl (as opposed to ~0.7 V in the usual case with 

polished Pt electrodes) without a loss in sensor performance. It was also mentioned that the good 

performance at reduced working potential is due at least partially to altered catalytic properties 

and is not merely the result of an increase in the electroative surface area. [11] However, 

practical applicability of Pt black is limited as a consequence of its low mechanical stability. 

[12-14] In addition, Pt black has been reported to cause a cytotoxic reaction presumably due to 

elution of traces of lead that were used in the fabrication of the deposit.[15] 

      Recently, Boehler et al. introduced a nanostructured Pt-coating. [16] In comparison to Pt 

black deposition, all chemicals used in this deposition process are non-cytotoxic. The grass-like 

nanostructure was found to reduce the impedance by almost two orders of magnitude compared 

to bare polished electrode surfaces. The Pt-grass coating method is performed via a simple 

electrochemical process that can be applied to virtually any possible electrode type and 

accordingly shows potential as a universal impedance reduction strategy. Their elution tests 

revealed non-toxicity of the Pt-grass and the coating was found to exhibit strong adhesion to the 

metallized substrate. Thus, the nanostructured Pt-coating could be an excellent replacement for 

Pt black provided it also enables operation of H2O2 sensing electrodes at reduced potential. 



81	
	

      Smaller electrodes used for neurochemical monitoring in vivo cause reduced tissue 

damage and provide improved spatial and temporal resolution. However, in conjunction with the 

sensing electrode (the working electrode) a reference electrode (RE) must be provided to 

complete an electrochemical sensing system. Currently, a separate RE, typically Ag/AgCl is used 

in most in vivo studies.[17-21] However, Ag/AgCl is unstable, causes an inflammatory response 

and requires a separate penetration into the brain. Recently, Tolosa et al. reported the 

construction of a biocompatible iridium oxide (IrOx) RE on the same microprobe with the 

multielectrode sensing array. [22, 23-25] The reported multielectrode sensing device with 

on-probe reference showed reduced baseline noise, by an average of ~61% in vitro and ~71% in 

vivo with reduced tissue damage, which can result in improved detection limits. 

      Currently, we are fabricating an implantable, micromachined microprobe with a 

microsensor array for monitoring of multiple neurotransmitters, including glutamate (Glut), 

choline, and dopamine (DA), by constant potential amperometry. [26] This study focuses on the 

creation of an improved choline microsensor based on an underlying Pt electrode with a 

nanostructured Pt-coating. This Pt-coating also was used in the construction of a high surface 

area on-probe reference electrode. We demonstrate that this nanostructure Pt coating provides a 

feasible approach for construction of electoenzymatic microsensors operable at reduced potential 

and of biocompatible, on-probe REs that reduce noise and tissue damage. 

5.2 Experimental Setup 

5.2.1 Materials 

      Choline oxidase (Alcaligenes, 9028-67-5), m-phenylenediamine, Nafion® (5%), 

glutaraldehyde solution (25%), bovine serum albumin (BSA) lyophilized powder, 

3,4-dihydroxyphenylacetic acid, 3,4-dihydroxy-DL-phenylalanine, (-)-epinephrine (+)-bitartrate 
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salt, DL-norepinephrine hydrochloride, serotonin hydrochloride,  hydrogen peroxide solution 

(30%), choline hydrochloride, D-(+)-glucose, iridium tetrachloride hydrate, oxalic acid 

dehydrate (99%); L-ascorbic acid, dopamine hydrochloride, formic acid, chloroplatinic acid 

hexahydrate were purchased from Sigma-Aldrich (St. Louis, MO). Isopropyl alcohol and 1M 

sulfuric acid solution were obtained from Fisher Scientific (Pittsburgh, PA). Ag/AgCl 

glass-bodied reference electrodes with 3 M NaCl electrolyte, 0.5-mm-diameter Pt wire auxiliary 

electrodes and disk Pt electrodes (1.6 mm dia.) were purchased from BASi (West Lafayette, IN). 

Sodium phosphate buffer (PBS, pH 7.4) was composed of 50 mM sodium phosphate (dibasic) 

and 100 mM sodium chloride. Ultrapure water was generated using a Millipore Milli-Q Water 

System and was used for preparation of all solutions. 

5.2.2 Instrumentation and electrochemical measurements 

      Electrochemical measurements were performed using a Versatile Multichannel 

Potentiostat equipped with the ‘p’ low current option and low current N0 stat box (VMP3, 

Bio-Logic USA LLC, Knoxville, TN, USA) or a multichannel FAST-16 potentiostat (Quanteon, 

LLC, Lexington, KY, USA). A standard three-electrode system was used with the VMP3 system, 

consisting of either an on-probe Pt site or a separate Pt-wire as a counter electrode; modified 

sites on our MEA as the working electrodes; and as RE, either an on-probe IrOx site or a 

separate AgCl-coated Ag wire (Bioanalytical Systems, Inc., West Lafayette, IN, USA. Constant 

potential amperometric measurements were conducted in PBS buffer either at 0.45 V vs. 

Ag/AgCl or 0.35 V vs. on-probe IrOx reference electrode at ambient laboratory temperature. 

Sufficient equilibration time in PBS buffer was required to achieve a stable current before adding 

analytes. A Nova 600 was used for SEM images. A Nova 600 was used for SEM images. 
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5.2.3 Microsensor preparation 

 

Figure 5.1 Schematic diagram of the choline sensor configuration. The left site is the 

choline working electrode coated with Pt nanograss, PPD, Nafion and enzyme layers. The 

right site is the IrOx reference electrode coated with Pt grass (10 times concentrated Pt 

nanograss solution was used), IrOx and Nafion. 

      The microelectrodes used in this work were silicon-based multielectrode arrays 

manufactured at UCLA using microelectro-mechanical-system (MEMS) technologies. The 

fabrication and array details are described in previous work.[27-28] The MEA consists of four 

~6000 µm2 Pt sites, situated in pairs at the tip of a 9-mm-long shank. The pair nearest the shank 

tip is 100 µm from the pair farthest from the shank tip, and the paired sites are 40 µm apart. Each 

site was modified accordingly, to act either as a working, reference, or counter electrode.  

      The platinum nanograss was deposited in a chemical reduction reaction using an aqueous 

solution of 2.5 mM H2PtCl6 and 1.5 mM formic acid (1X solution) and 25 mM H2PtCl6 and 15 

mM formic acid (10X solution). Pt-grass formation was conducted potentiostatically from the 

H2PtCl6 solution at -0.1 V vs Ag/AgCl for 300 s.[16] For the reference electrode, IrOx was 

electrodeposited following the method described by Yamanaka et al. and Tolosa et al. [22,29] 

after Pt nanograss deposition. [22] For Pt black deposition, a deposit was forced on the cleaned 

electrodes by cycling potential between 1.4 and 2.0 V at 500 mV/s for a total of 15 cycles in a 
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vigorously stirred plating solution. The plating solution consisted of 1% chloroplatinic acid, 

0.0025% HCl, and 0.01% lead acetate in water, which was Ar-purged for 15 min prior to use. 

[10] 

      The choline sensing microelectrodes were created according to the general guidelines of 

our previously developed procedure except that PPD was electrodeposited instead of polypyrrole 

(PPy) from a solution of 5 mM PD in PBS (pH 7.4) by holding the voltage constant at 0.85 V for 

5 min. The anionic polymer, Nafion, was deposited on all sites by rapid dip-coating of the probe 

tips in the Nafion solution and oven-casting at 175 °C for 4 min, followed by a 3-min cooling 

period in ambient air. After the polymer treatments, enzyme immobilization by chemical 

crosslinking was accomplished using a solution consisting of ChOx (0.33 unit/µL), BSA (20 

µg/µL) and glutaraldehyde (5 × 10-3 µL/µL). While working under a microscope, a small drop 

of the solution was formed on a syringe tip and the drop was gently swiped across the bottom 

two microelectrode sites at the probe tip. Apply another swipe after the surface was dry. This 

swipe was repeated eleven more times. The resultant working electrodes (WEs) were used to 

sense choline by electroenzymatic amperometry. 

      Microelectrode sites coated with Pt grass, PPD, Nafion and ChOx are referred to here as 

the working electrode (WE). In contrast, microelectrode sites coated with Pt grass, IrOx and 

Nafion are referred to here as on-probe reference electrode (RE). The biosensors were sealed in a 

container with desiccant and stored dry at 4 °C for 48 h prior to testing. Fig. 5.1. is a schematic 

diagram showing the configuration of the working electrode and reference electrode.  

5.3 Results and Discussion 

5.3.1 Surface morphologies of Pt nanograss and Pt black  
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The surface morphologies of Pt nanograss and Pt black were imaged by SEM. As shown 

in Fig. 5.2 (a)-(d), Pt nanograss was grown from the surface and has a well-organized structure 

similar to that shown by Boehler et al. [16] Compared to 1X Pt nanograss (Fig. 5.2(a) and (b)), 

10X Pt nanograss (Fig. 5.2(c) and (d)) appears thicker with a more uniform pillar-like structure. 

On the other hand, Pt black appears as an irregular, nonuniform deposit, Fig. 5.2(e) and (f). This 

difference in the structure could explain the superior mechanical stability of Pt nanograss 

compared to Pt black, whose practical applicability is limited as a consequence. Also, the 

random structure of Pt black could be a source of the excessive noise observed with electrodes 

coated with this material. In addition, Pt black-coated electrodes were reported to be cytotoxic 

due to traces of lead remaining from the deposition process.[15] In contrast the biocompatibility 

of the Pt-nanograss coating was validated by Boehler et al.[16]     



86	
	

       

Figure 5.2. Scanning electron microscopic (SEM) images of (a) Top view of Pt/Pt-nanograss 

(1X), (b) Cross section view of Pt/Pt-nanograss (1X) (c) Angled top view of Pt/Pt-nanograss 

(10X), (d) Cross section view of Pt/Pt-nanograss (10X), and (e, f) Angled top view of Pt 

black. 

 

5.3.2 Pt grass utilized for working electrode and Ag/AgCl as reference electrode 

A working electrode was coated with 1X Pt nanograss, followed by PPD, Nafion and an 

enzyme coating. The enzyme mixture was prepared without choline oxidase for a control site. 

After testing choline microbiosensor with choline at different voltages, it was observed that at 
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potentials of 0.45 V and higher, the sensitivity remains essentially constant. At potentials lower 

than 0.45 V, the sensitivity decreased modestly. Thus, the working potential for further study 

was set at 0. 45 V.        

 

Figure 5.3. Current response of the choline biosensor to electroactive interferents, choline, 

and H2O2. The biosensor response at a constant potential of 0.45 V (vs. Ag/AgCl) was 

monitored in stirred solution upon sequential injections to give 12.5 µM DA, 5 µM 

Serotonin, 12.5 µM EP, 12.5 µM NEP, 0.8 mM Glucose, 50 µM DOPAC, 50 µM DOPA, 250 

µM AA, followed by 20 µM, 40 µM and 60 µM of choline (Ch), and 20 µM of hydrogen 

peroxide (H2O2).  Control site: red, Pt grass/PPD/Nafion/BSA; Choline sensor site: blue: 

Pt grass/PPD/Nafion/ChOx-BSA. 
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Figure 5.4. A calibration curve for choline sensor (Ag/AgCl as external RE). The biosensor 

response at a constant potential of 0.45 V (vs. Ag/AgCl) was monitored in stirred solution 

upon sequential injections to give 10 µM, 20 µM, 30 µM, 40 µM, 50 µM and 60 µM choline. 

      A typical calibration curves for the choline microsensor with underlying Pt nanograss 

coating is presented in Fig. 4. The choline sensor has a sensitivity of 196 ± 16 µA mM-1 cm-2 (n 

= 4) and a detection limit of 2 ± 0.3 µM (n = 4) at a signal-to-noise ratio of 3 for choline and a 

response time of 3-5 s. The sensor displayed a linear range up to 196 µM. 

5.3.3 IrOx as reference electrode  

In order to fabricate an all-in-one choline microbiosensor, which could be used 

conveniently without an external reference electrode (e.g. Ag/AgCl), IrOx was introduced as an 

on-probe reference electrode. Tolosa et al. recently reported an implantable micromachined 

multi-electrode array (MEA) microprobe modified for utilization as a complete electrochemical 

biosensor for rapid glutamate detection.[22] After 10X Pt nanograss deposition onto a Pt 

microelectrode surface, IrOx was deposited for making reference electrode. Pt nanograss coated 

at 1X concentration was found to REs with unsatisfactory performance including an unstable 

current response at the choline sensor site at higher analyte concentration.          
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Figure 5.5. A calibration curve for choline sensor with an IrOx as on-probe RE. The 

biosensor response at a constant potential of 0.35 V (vs. IrOx) was monitored in stirred 

solution upon sequential injections to give 10 µM, 20 µM, 30 µM, 40 µM, 50 µM and 60 µM. 

 A calibration curve for the choline sensor with Pt nanograss-coated Pt used in 

constructing the working and reference electrodes are presented in Fig. 5. It should be noted that 

0.35 V (vs. IrOx) corresponds to ~0.45 V (vs. Ag/AgCl). The choline sensor exhibited a 123 ± 

11 µA mM-1 cm-2 (n = 4) and a detection limit of 3 ± 0.7 µM (n = 4) at a signal-to-noise ratio of 

3. The sensor displayed a detection range up to 138 µM for choline and a response time of 3-5s. 

5.3.4   Effect of interferents  

 The selectivity of the choline biosensors was evaluated. All fabricated biosensors (using 

external Ag/AgCl RE or on-probe IrOx RE) showed no response to common interferents of brain 

extracellular fluid at (or more than) physiological concentrations. The sensors were tested with 

12.5 µM DA, 5 µM Serotonin, 12.5 µM EP, 12.5 µM NEP, 0.8 mM Glucose, 50 µM DOPAC, 50 

µM DOPA, 250 µM AA at constant potential of 0.45 V vs. Ag/AgCl or 0.35 V vs. IrOx) and no 

obvious response was observed with the injections (see Fig. 3.). This indicates that PPD and 
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Nafion effectively block the access of electroactive interferents commonly encountered in brain 

extracellular fluid at the relatively low operating potentials used. 

5.4 Conclusions  

 In summary, a high performance all-in-one electroenzymatic choline microsensor was 

fabricated by introducing nanostructured platinum as an underlying Pt coating. The working 

potential was adjusted to 0.45 V (vs. Ag/AgCl) instead of commonly used 0.7 V (vs. Ag/AgCl). 

The developed biosensor (either using external or on-probe reference IrOx electrode) 

demonstrated great performance in high sensitivity, low detection limit, fast response time and 

good selectivity. Pt nanograss coating was proved to be a perfect replacement for Pt black which 

is cytotoxic. The choline biosensor could be used for in vivo studies.  
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Chapter 6: Rapid glutamate signaling at AMPA receptors in the Basolateral 

amygdala mediates the biasing effect of reward-predictive cues on 

decision-making 

Chapter 6 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.  

Lili Feng’s contribution to this work focused on glutamate microsensor fabrication, from using 

MEMS technique to create 4-electrode micro probes to depositing permselective polymer, such 

as polyporrle and Nafion, to gain a good selectivity, as well as glutamate enzyme loading steps. 

Lili Feng also participated in the manuscript preparation. 

 

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 rewardpaired 

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 the 
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basolateral amygdala mediate the ability to extract predictive reward-specific information from 

the environment to guide decision-making. 

6.1 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 disorders [1-4] and is involved in 

reward processing [5-6], but much is unknown about its precise contribution. The BLA receives 

dense cortical and thalamic glutamatergic input [7-9]. Based on the results of BLA lesions 

[10-13], 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 s [14-16]) 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 

nonselective and biased to record mostly from output neurons, precluding evaluation of 

glutamatergic input or local processing of such chemical messages within the BLA. Biosensor 

technologies [17-20] provide a solution. Using an electroenzymatic approach, this technique 

allows online, near-real time, sensitive and selective measurement of extracellular glutamate 
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concentration changes that result from neuronal release [21-25]. 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 actions [21], 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 stimulus [26-29]. This capacity 

requires the BLA [11,13,30] 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 association [31-32]. BLA neurons can fire in response to reward 

predictive cues [33-37] and in anticipation of reward [38], 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 outcome [26-28,32]. 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 and motivate reward seeking. We reasoned that if BLA glutamate release is related to the 
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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. 

6.2 Results 

6.2.1 Experiment 1 

In Experiment 1 (see Fig. 6.1A) 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 6.1. 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 from [73]. (C,D) The Pavlovianinstrumental 
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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. 

 

6.2.2 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. 6. 1C and 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 
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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. 

6.1D). For the NMDA group there was a main effect of CS (F2,16 = 18.68, p < 0.001), with 

neither 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 CSSame 

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 CSinduced 

elevation in Pavlovian conditioned food-port approach responding. 

6.2.3 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. 6.2B). 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). 
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Figure 6.2. 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 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. 

 

6.2.4 BLA glutamate release during instrumental conditioning 

 As can be seen in the representative example presented in Fig. 6.3A, 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. 6.3B; t7 = 

2.34,p = 0.05) and amplitude (Fig. 6.3C; t7 = 2.85, p = 0.02) during instrumental performance, 

relative to the pre-test baseline period. Interestingly, the frequency of these glutamate release 
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events positively correlated (r16 = 0.58, p = 0.02; Fig. 6.3E) with lever-press rate (see Fig. 6.3D), 

such that higher press rates were associated with more frequent BLA glutamate transients. 

 

Figure 6.3. 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 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) Betweensubject 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 
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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. 6.3A, 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. 6.3F). 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 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 
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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. 6.3G. Statistical analysis of the data collapsed over 1-s 

intervals (to match biosensor response time) and averaged across subjects (Fig. 6.3G- 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. 6.3G). 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 increased 

in frequency and amplitude during instrumental reward seeking, are tightly timelocked to the 

initiation of instrumental action and positively correlate with instrumental performance. 
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6.2.5 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. 6.4A, 

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. 6.4B; 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. 6.4C; 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 6.4. 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) betweensubjects 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 
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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 

selectively invigorated by the CS, i.e., CS-Same actions (see behavioral results in Fig. 6.4D). 

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. 6.4E). 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 
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(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. 6.4G- 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 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.

 

Table 6.1. 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 
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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. 6A), 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 

suggest that BLA glutamate transients may be related to the motivational influence of outcome 

specific representations. 
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Figure 6.5. 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 [CSSame/(CS-Same + CS-Different)] ratio. (B) Glutamate concentration v. time 

traces for the 5 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) 
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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 

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. 

6.5B 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 
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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. 

6.3 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 relationship [21] and extends this to show that 

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 action [38-39] and have been hypothesized to encode 

outcome expectations [38]. 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 chunk [40-42]. Indeed, these results 

corroborate evidence that amygdala neurons in primates show prospective activity that reflects 

internally-generated plans towards future goals [43]. Of course BLA glutamate release is not 

exclusively related to instrumental action; glutamate transients were more likely to occur around 



112	
	

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 

tetrodotoxin [21], are a proxy measure for the tightly-regulated44 synaptic overspill [44-45]. 

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 

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 

firing [35-36,38,46-47]. 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 thalamic [46,48-49] 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 
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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 conditioning [46], but dopamine release has been 

shown to directly excite BLA projection neurons [50]. 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 firing [51], 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 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 

responsereward (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 
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time-locked to rewardseeking 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 accords with the relationship between BLA 

activity and biasing influence of cues over instrumental action in humans [52]. 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 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 decisionmaking 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 thelever 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 
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the CS-provided outcome expectation. Instead, BLA AMPA receptor inactivation (Experiment 1) 

and BLA lesions [11,13] 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 invigoration [11,53]. Both of these regions send excitatory projections to 

the BLA [7-9] and unilateral, ipsilateral orbitofrontal cortex inactivation abolishes reward 

seeking-related BLA glutamate transients [21]. 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 

amygdala [54]. 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 isvital for outcome-specific representations of motivationally significant, 

but not valueless events [55]. Correlates of the latter have, however, been identified in the 

orbitofrontal cortex [56]. This interpretation is also supported by the myriad data suggesting the 

BLA is required for other behaviors that rely on outcome-specific value information [10,57-60] 

and evidence that BLA neural activity can be outcome specific [33,36,38,47] and may encode 

such value in the rodent [33,38,61], primate [36,62,63-64], 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. 
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6.4 Methods 

6.4.1 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. 

6.4.2 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 

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, 
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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. 

6.4.3 Behavioral training and surgery 

Rats were first given Pavlovian training (see below and Fig. 6.1A), 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 previously [66]. 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 (200 

µm diameter) into the contralateral cortex (histological verification of placements shown in Figs 

6.1B and 6.2A). Following surgery rats were individually housed and allowed to recover. 

6.4.4 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 

(CSreward relationship counterbalanced). CSs were delivered in pseudo-random order with no 
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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. 

6.4.5 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. 

6.4.6 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 
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(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. Ratswere 

retrained as above between each PIT test. 

6.4.7 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 

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 tasks [67-69]. 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. 
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6.4.8 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 previously [17,21]. Briefly, 

these biosensors use glutamate oxidase as the biological recognition element and rely on 

electrooxidation, 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 

immobilization [17]. 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 previously [21]. 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 reports [17,21] and allowed detection of lower 

amplitude glutamate release events.  

6.4.9 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) 
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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. 

6.4.10 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. 

6.4.11 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 

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 
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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 previously 

[17,21]. 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. 

6.4.12 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 

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. 

6.4.13 Data analysis 
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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. 

6.4.14 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 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 previously [70-72]. 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 
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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. 

6.4.15 Neurochemical recording analysis 

Analysis details and characterization of glutamate release events have been described 

previously [21]. 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 

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 
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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 

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 
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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. 

6.4.16 Histology 

At the conclusion of each experiment rats were anesthetized with Nembutal and 

transcardially 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. 
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Chapter 7: Recommendations for Future Work 

7.1 NADH sensing 

Future work on NADH sensing should focus on improving the current coating methods. 

As mentioned before, the usage of CNT has two positive effects. First, the overpotential of 

NADH can be reduced with CNT, which can avoid the fouling effect on platinum electrode. 

Second, CNT is a material with large surface area, and CNT-coating allows more chemical 

reactions on the electrode. Thus, sensitivity of the NADH biosensor can be further improved. 

Nevertheless, there is one limitation of CNT-coated electrodes. In our current protocol, 

single-wall or multiple-wall CNT are coated to the electrode manually, which takes a long time 

and the stability of sensor performance cannot be guaranteed. If the coating process can be done 

by electrodeposition, the efficiency, accuracy and robustness of producing NADH biosensors 

will be significantly enhanced.  

Graphene is another nanomaterial with excellent electron transfer properties that has been 

demonstrated to be very effective as catalysts. Similar to SWCNT and MWCNT, graphene also 

has large surface area for chemical reactions. In addition, as two-dimensional material, graphene 

has been reported[1] to be electrochemically deposited onto electrodes. Moreover, graphene has 

less metallic impurities than CNT. These impurities might dominate the electrochemistry of 

CNTs, reduce the signal-to-noise ratio and poison the electrode. Subbiah Alwarappan et al. [2] 

have shown many advantages of graphene-based electrode over MWCNT-based electrode. In 

their work, it is shown that graphene has more sp2 planes than MWCNT using Raman 

spectroscopy. The presence of more sp2 planes also leads to many positive results. First, it is 

observed that graphene has more than 60 times more conducting than MWCNT. Second, 
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electrochemical experiments found that graphene possesses greater surface negative charge than 

SWCNTs. Third, graphene exhibited better stability and signal-to-noise ratio than SWCNTs in 

ascorbic acid (AA), serotonin (ST) and dopamine (DA) sensing. It is thus promising to use 

electrochemically deposited-graphene to replace CNT in coating electrodes for NADH sensing. 

7.2 Estradiol sensing 

Further work on estradiol sensing could also focus on coating graphene on working 

electrode using electrochemical deposition methods. In NADH sensing, the working electrode 

size can be as large as 2 mm2 to benefit the manual coating of CNT. However, in estradiol 

sensing, the electrode size must be kept very small. This is because that the enzyme used in 

EMIT is extremely expensive and sensing estradiol using the working electrode of the similar 

size with the one in NADH sensing is impractical. In our protocol, the size of working electrode 

in estradiol sensing is 40 × 120 µm2. This size would make manual coating of CNT impossible. 

Also, the microsensor dip coating method would cause all four of the sensing sites to be coated.  

The use of electrochemically deposited graphene could solve the dilemma between the 

size restriction of working electrode and difficulties of CNT-coating on microsensors. It was 

previously reported[3] that graphene oxide-platinum nanoparticles composites could sense 

estradiol at a level of 2 nM using ELISA. Our preliminary results of sensing estradiol on bare 

platinum electrode using EMIT has an even lower detection limit (1 nM). Therefore, it is 

promising to use graphene or graphene oxide-platinum nanoparticles composites on our working 

electrode to further improve the sensitivity and decrease the detection limit. 
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7.3 Enzyme stamp printing on microelectrode 

 In choline sensing, there exists a similar issue with NADH sensing. In NADH sensing, 

CNT are coated onto the working electrode manually. In choline sensing, choline oxidase is also 

loaded onto platinum electrode manually. Both steps need very careful operation and the stability 

of sensor is limited. It is desirable to have automatic, machine-based enzyme loading method to 

increase the accuracy and robustness of choline sensor.  

 Recently, several printing techniques have been reported to address the issue mentioned 

above. S. Liébana et al. designed a novel screen-printing method for mass production of 

biosensors[4]. In their protocol, enzymes and mediators are directly incorporated into screen 

printing ink followed by laser ablation procedures. Efrat Gdor et al. reported a multienzyme 

inkjet printing method to produce enzyme-incorporated 2D arrays[5]. Cheng-Kuan Su et. al 

reported an enzyme-immobilized 3D-printed reactor for glucose and lactate detection in rat 

brain[6]. Therefore, further work of choline sensing also includes using existing techniques to 

printing enzymes on microelectrode, as well as developing new stamp printing techniques for 

enzyme loading.  
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Appendix A: Microprobe Fabrication Process Traveler 

 

Updated at September 9th, 2016 

 

Process Step Name Description Remarks 

I. Field oxide formation process 

 
1 Label Label wafer backside on 

top/bottom/left/right edges 
1. Use diamond pen 
2. Inscribe on the back 

unpolished side 

Cleaning 
Steps 

2 Piranha bath Remove organic 
contaminants: 

1. H2SO4:H2O2 = 17:1 
2. T=70°C; time=10min 

1. Use wafer carrier 
2. Refresh solution with 250mL 

H2O2 if hasn’t been used that 
day 

3 Rinse Time = 2min 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 = 2min., N2 blow 
dry after 

1. Gentle water stream 
2. Don’t use spin dryer (wafers will 

break) 

Furnace 

6 Oxide 
furnace 

Thermally grow 1µm SiO2 

1. Wet recipe 
(WET1100.001) 

2. T=1100°C, time=2.5hr 

1. Keep everything clean 
(gloves/mask on) 

2. High temperature (use caution) 
3. 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: 

3. H2SO4:H2O2 = 17:1 
T=70°C; time=10min 

1. Use wafer carrier 
2. Refresh solution with 250mL 

H2O2 if hasn’t been used that 
day 

9 Rinse Time = 2min Use rinse cycle in PFC hood 

II. Electrode sites, channels, and bonding pads formation 

Lithogra
phy I 

10 Dehydration 
bake 

T=150°C 

Time ≥ 5 min 

Drive off moisture, and improve 
PR adhesion  

11 HDMS coat Improve PR adhesion 1. HMDS: hexamethyldisilazane 
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Time ≥ 5 min 2. Place wafer into HDMS 
container while it is still hot 

3. Toxic (operate underneath 
hood) 

4. 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: ~1.6µm 

2500 RPM, Ramp = 1000, 
time = 30sec 

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) 

Relax for 5 
mins 

 

15 Development Remove exposed PR 

5:1 :: DIW:AZ400K 
developer 

19 sec. swishing back and 
forth 

1. 1500mL DIW : 300mL 
AZ400K 

2. Use single wafer holder 
3. Rinse with DIW for 2 min. 
4. Dry with N2 

16 Microscope 

 

 

Inspection Make sure wafer is fully 
developed. Do NOT hardbake 
after this step (for better lift-off 
results) 

Remove 100A PR for the whole 
wafer to prevent metal from being 
washed off during Lift-off 

Remove 
100A PR 

Tegal 

Metal 
Deposition 

17 Metal 
deposition 

Old CHA (evaporated 
metal deposition) 

Cr/Pt 200Å/1000Å 

1. Deposit metal within 2 weeks 
after Litho I 

2. Total deposition time: ~3hrs 
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(respectively) 

Deposition rate: 1Å/sec 

18 Lift-off Metal etch: sonicate in 
acetone (in 2L beaker) 

1. Use 3 beakers of acetone in 
series to clean each wafer 

2. Do not sonicate wafer for 
more than 10s in acetone for 
each time 

3. Keep wafers wet by rinsing 
with acetone 

4. Rinse with DIW and dry with 
N2 

19 Microscope Inspection Check for broken leads, chipped 
sites 

III. Insulation layer deposition 

Oxide/Nit
ride 

Deposition 

20 PECVD 
oxide 

STS PECVD: 7500Å 

Recipe: HFSIOST 

Time: ~30min 

Blowdry wafer with N2 prior to 
placing in machine 

21 Nanospec Measure SiO2 thickness 
(Silicon dioxide on 
silicon) 

Goal: 7500Å 

Measure 
center/top/bottom/left/right 

Subtract field oxide thickness to 
calculate deposited thickness 

22 PECVD 
nitride 

STS PECVD: 7500Å 

Recipe: HFSINST 

Time: ~50min 

 

23 Nanospec Measure Si3N4 thickness 
(silicon nitride on silicon 
dioxide) 

Goal: 7500Å 

Measure 
center/top/bottom/left/right 

For previous oxide thickness, type 
in average from step #21 

IV. Open electrodes/soldering pads 

Lithogra
phy II 

24 Dehydration 
bake 

T=150°C 

Time ≥ 5 min 

Drive off moisture  

25 HDMS coat Improve PR adhesion 

Time ≥ 5 min 

1. HMDS: hexamethyldisilazane 
2. Toxic (operate underneath 

hood) 
3. Do not place wafer in the 

middle of metal container. 
Handle dips down and will 
break wafer when putting 
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cover on. 
26 Photoresist 

spin coat 
PR: AZ5214-EIR 

Thickness: ~1.6µm 

2500 RPM, Ramp = 1000, 
time = 30sec 

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) 

29 Development Remove exposed PR 

5:1 :: DIW:AZ400K 
developer 

19 sec. swishing back and 
forth 

1. 1500mL DIW : 300mL 
AZ400K 

2. Use single wafer holder 
3. Rinse with DIW for 2 min. 
4. Dry with N2 

30 Microscope Inspection Make sure wafer is fully 
developed. 

31 Hard bake T = 150°C, 5min. 

Place at center of hotplate 

1. Do not post bake before 
inspection 

2. Let cool before storing 

Nitride/O
xide Etch 

32 Si wafer 
carrier 

Apply moist cooling 
grease on 500µm Si wafer 
carrier 

Bake 3min @ 75°C on 
hotplate 

1. Use q-tips to apply grease in 
circles over entire surface of 
carrier wafer 

2. Make sure wafer backside is 
clean of grease 

3. Stick wafer onto carrier wafer 
tightly by placing onto wafer 
and rotating until flats are 
aligned 

33 Nitride and 
oxide etch 

AOE (recipe: OXIDAPIC) 

Etch time: ~4 min. (this 
etch time may be longer or 
shorter depending on the 
status of the AOE) 

1. Remove 1.5µm of nitride and 
oxide insulation layer 

2. Do not run the etching more 
than 2 min for each time 

34 Inspection Voltmeter or Nanospec Voltmeter: check if resistance 
between test metal is zero 
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Nanospec: check if thickness of 
oxide ≤field oxide thickness 
(oxide thickness<10,000A) 

Cleaning 
Steps 

35 PR strip Matrix stripper 

“3 min strip” 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 

Lithogra
phy III 

37 Dehydration 
bake 

T=150°C 

Time ≥ 5 min  

Drive off moisture  

    

38 Photoresist 
spin coat 

PR: AZ4620 

Thickness: ~7µm 

3000RPM, Ramp: 1000, 
Time: 30sec 

1. Clean chuck with acetone 
2. Make sure PR covers at least 

2/3 of wafer surface 

39 Soft bake 
(prebake) 

T=100°C, 1’30”. (critical) 

Place at center of hotplate 

Make sure wafer is flat on 
hotplate 

40 Exposure Karl Suss alignment: 

Soft contact, exposure 
time: 18 sec (power: 
8mW/cm2) 

If power varies, use this formula 
to correct exposure time: 

t (sec) = 18*(8/actual power in 
mW/cm2) 

41 Relax Ambient 5 min  

43 Development Remove exposed PR 

DIW:AZ400K = 4:1 
developer 

4-10 mins. 

Rinse with DI water for 2 min. 
post development 

Blow dry with N2 

44 Microscope Inspection Make sure wafer is fully 
developed 

 Hard bake 150°C for 5 mins  

Si Wafer 
Etch-Through 

45 Si wafer 
carrier 

Apply moist cooling 
grease on 500µm thick Si 
carrier wafer 

Bake 3 min. @ 75°C 

1. Use q-tips to apply grease in 
circles over entire surface of 
carrier wafer 

2. Make sure wafer backside is 
clean of grease 

3. Stick wafer onto carrier wafer 
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tightly by placing onto wafer 
and rotating until flats are 
aligned 

46 Nitride/oxide 
etch 

AOE (recipe: OXIDAPIC) 

Etch time: ~7-8 min. (this 
etch time may be longer or 
shorter depending on the 
status of the AOE) 

1. Remove all nitride and oxide 
from exposed areas 

47 Inspection Voltmeter: Si test square 
at bottom 

1. Resistance is ~16MΩ if all 
oxide and nitride is removed 

48 Si etch 
through 

FDRIE (deep reactive ion 
etch): 

Recipe FN-DY 

~20 min. total etch time 
(this etch time may be 
longer or shorter 
depending on the status of 
the FDRIE) 

1. Do not run DRIE for more 
than 5 minutes at a time 
(could overheat the wafer) 

2. 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. 

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: CNT Coatings Preparation on Disk Electrode 

B.1 Materials 

• IsoNanotube-M, a single-walled, metallic carbon nanotubes (SWCNTs) (NanoIntegris, 
Inc.) 

•  FloTube™ 9000, a multiwalled carbon nanotube (MWCNT) powder of 95% purity 
(Cnano, Inc.).  

• N,N-dimethylformamide (DMF) (Sigma Aldrich).  
• Beta Nicotinamide adenine dinucleotide (NADH), reduced disodium salt hydrate, ≧97% 

(Sigma Aldrich) 
• Phosphate buffer solution (PBS; pH 7.4), prepared with 50 mM sodium phosphate dibasic 

(Sigma) and 100 mM sodium chloride (Fisher)  
• Acetic acid, 99.7% (Fisher, ACS certified reagent grade) 
• Sulfuric acid, 73–98% (Fisher, ACS certified reagent grade) 
•  Nitric acid, 50%–70% (Fisher, ACS certified reagent grade) 
• Isopropyl alcohol (Fisher, ACS certified reagent grade) 

B.2 Pre-procedure 

B.2.1    Preparation of metallic SWCNT-coated electrodes 

1. Clean Scan: Bare platinum electrodes were cleaned chemically with isopropyl alcohol 
and then treated electrochemically in 1 M sulfuric acid by cycling from−0.25 V to 1.65 V 
at a scan rate of 50 mV s−1 for 3 cycles. Following cleaning, the electrodes were dried 
with Ar. 

2. The metallic SWCNT coated electrodes were prepared by casting 2 µL aliquots of a 0.1 
mg SWCNT in 10 mL aqueous suspension on the surfaces of 1.6-mm-diameter Pt disk 
electrodes and by drying for 30 min in air at room temperature between applications.  

3. After application and drying of each layer, three droplets (50–100 µL) of a nitric and 
sulfuric acid mixture (1:3 ratio, of 70% and 98% acid, respectively) were applied to the 
electrode surfaces.  

4. After 10 min, the electrodes were rinsed with ultrapure water and dried with Ar. 
5. Repeat step 2-4 if more layers need to be loaded 

B.2.2    Preparation of MWCNT-coated electrodes 

1. Clean Scan: Bare platinum electrodes were cleaned chemically with isopropyl alcohol 
and then treated electrochemically in 1 M sulfuric acid by cycling from−0.25 V to 1.65 V 
at a scan rate of 50 mV s−1 for 3 cycles. Following cleaning, the electrodes were dried 
with Ar. 

2. The MWCNT powder was dispersed in 1 mL DMF solvent and sonicated for 1 h.  
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3. 2 µL volumes of these multiwall MWCNT-DMF solutions were cast on Pt disk 
electrodes and dried for 1 h at room temperature.  

4. After application and drying of each layer, three droplets (50–100 µL) of a nitric and 
sulfuric acid mixture (1:3 ratio, of 70% and 98% acid, respectively) were applied to the 
electrode surfaces.  

B.3 Procedure 

B.3.1 Cyclic Voltammetry Test 

1. Make a 10mL10 mM NADH solution in PBS buffer, pH 7.4. 
2. Set the potentiostat settings over a potential range of−0.4–1.0 V (vs. Ag/AgCl) at a 

potential sweep rate of 5 mV s−1 for totally 3 cycles. 
3. Record the value of potential corresponding to peak currents.. 

B.3.2 Constant Potential Amperometry Test 

1. Make a 1mL 25 mM NADH stock solution in PBS buffer, pH 7.4. 
2. For metallic SWCNT-coated electrodes, apply 0.7v potential to run the amperometry test 

in 10 mL of PBS buffer. For MWCNT-coated electrodes, apply peak potential from 
cyclic voltammograms to run the amperometry test in 10 mL of PBS.  

3. Successively add 10 µL of 25 mM NADH stock solution into PBS. 
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Appendix C: Ag/Ag Cl Wire Reference Electrode Preparation 

C.1 Materials 

• Silver wire (A-M systems) 
• Hydrochloride Acid (Fisher) 
• Sodium Chloride (Fisher) 
• 9V battery and alligator clips 

C.2 Procedures   

1. Slice off coating of silver wire (200 microns of one end and about 1 cm of other) 
2. Using alligator clips, clamp the 1 cm end to the + lead of a 9V battery 
3. Place this and the silver wire attached to the – lead in a small vial of 2mM HCl saturated 

with NaCl for 15 minutes (bubbles should form immediately) 
4. When done, place in 3M NaCl solution to cure before used in electrochemical 

measurement.  

(This procedure is based on the protocol from Eric Walker) 
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Appendix D: Estradiol ElectroEMIT Detection-Immunoassay Preparation 
and Electrochemical Measurement 

D.1 Materials 

• β-Ethyl-6-one 6-(O-carboxymethyloxime) (E2-6-CMO, Sigma K2126) 
• N-hydroxysuccinimide (NHS, Pierce 24500) 
• 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC, Pierce 22980) 
• Glucose-6-phosphate dehydrogenase from Leuconostoc mesenteroides (G6PDH, Sigma 

G5885) 
•  N,N-Dimethylformamide, anhydrous, 99.8% (DMF, Sigma 227056), 
• ZebaTM desalt spin columns, 0.5mL, (Pierce 89883) 
•  Microcon Y-M30 (Millipore 42410),	β-Estradiol (E2, Sigma E8875) 
• D-Glucose 6-phosphate sodium salt, (G6P, Sigma G7879) 
• Nicotinamide adenine dinucletide hydrate (NAD+, Sigma N7004) 
• Filtered PBS buffer (pH = 7.3) 
• Trizma 
• Gelatin 
• Sodium chloride (Fisher) 

D.2 Pre-procedures 

1. Make stock solutions 
a. 150mM E2-6-CMO stock: dissolve E2-6-CMO (5 mg/bottle, in fridge) solid in 93 

uL DMF. Store in 4 °C fridge before use. 
b. 4 mg,protein/mL G6PDH stock: dissolve G6PDH in DI water. The volume of DI 

water added depends on the specific activity of the enzyme. Store the solution at 
4 °C before use. The reconstituted solution is good ~1 month.  

c. EDC stock: dissolve 10 mg EDC solid (in -20°C freezer) in 500uL DMF. Prepare 
freshly.  

d. NHS stock: dissolve 10 mg EDC solid (in 4 °C fridge) in 500uL DMF. Prepare 
freshly.  

e. PBS buffer: 100 mM Sodium phosphate buffer at pH 7.3. Use filter to filtrate it. 
f. Gelatin storage solution: 50mM Trizma, 0.1M NaCl, 1% gelatin solution heat up 

to 60°C to dissolve gelatin and cool down to room temperature and adjust PH to 8. 
The solution should prepare freshly or aliquoted in freezer. 

g. Tris-buffer: 30mM MgCl2,  50mM Trizma, pH = 7.8. 
h. Estradiol antibody (E2AB) aliquots: dissolve lyophilized E2AB in 1.5 mL gelatin 

storage buffer in the vial. Dispense the solution into microcentrifuge tubes and 
store at -20 °C before use.  

2. E2-6-CMO activation solution 
a. Put a micro stir bar into a micro-centrifuge tube, and turn on the stirrer. 
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b. Add 23uL DMF, 10.36uL NHS stock, 3uL E2-6-CMO stock solution and 8.63uL 
EDC stock in sequence to make a final concentration 40 mM NHS, 20 mM EDC, 
and 10 mM E2-6-CMO in 100% DMF  

c. Stir for 1h for activation solution preparation at room temperature. 
 

3. G6PDH conjugation solution 
a. Put another micro stir bar into another micro-centrifuge tube, and turn on the 

stirrer (mild). 
b. Add 100uL  filtered SPB,14.95uL DMF, 3.94Ul G6PDH stock and 11.05uL 

E2-6-CMO (step addition, 5 times, 2.21uL each time) activation solution in 
sequence to make a final concentration 100 U/mL G6PDH, 20% DMF, and 0.85 
mM E2-6-CMO (corresponding to 9 E2/lysine) in SPB 

c. Mildly stir 40 min for enzyme conjugation at room temperature.  
 

4. Exchange desalt spin column buffer 
a. Place the column in a microcentrifuge tube, centrifuge at 4500 rpm for 1 min to 

remove storage solution, 
b. Add 300 uL filtered SPB and centrifuge at 4500 rpm for 1 min 
c. Repeat exchanging buffer for two more times. 

 
5. Enzyme Conjugate Purification 

a. Load 130uL G6PDH conjugation solution on top of the compact resin bed of desalt 
column and centrifuge at 4500 rpm for 2 min. Discard the desalt column after use.  

b. Transfer the 130uL filtrate to microcon reservoir and add 370uL filtered SPB to make 
the total volume equals to 500uL. Centrifuge at 6000 rpm for 10 min. 

c. Discard the filtrate and repeat two more times 
d. Collect the purified G6PDH conjugation solution by invert the membrane reservoir 

into another clean microcentrifuge tube and spin at 3500 rpm for 3 min.  
e. Dilute the recovered G6PDH conjugation solution 50 times in gelatin storage solution 

and store at 4°C prior use. 
 

D.3 Procedures 

1. Dilute 2.25 mM 17beta-estradiol (E2) stock solution with Tris-buffer to make a 30uM, 
3uM, 300nM, 30nM, 3nM E2. 

2. Put microsensors, Ag/AgCl wires, platinum counter electrode into a very small vial and 
connect the electrodes into electro system. 

3. For the unrepressed test (Negative): 
a. Prepare 100 mM G6P (28.2mg) solution in 1mL DI water and 60 mM NAD+ (39.8 

mg) solution in 1mL DI water. Store at 4 °C before use (good for ~1 week). Mix G6P 
solution and NAD+ solution in 1:1 volumetric ratio (G6P/NAD+ solution: 50 mM 
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G6P and 30 mM NAD+) right before performing enzyme assay (discard the mixture 
after performing the assay).  

b. Inject 70uL Tris-buffer and 14uL gelatin solution into the small vial, mix them well.  
c. Start the potentiostat, 0.7v constant amperometry, and wait for 5min. 
d. Inject G6P/NAD+ mixture 14uL into the small vial and use pipet to mix the solution 

well, and wait for 1min. 
e. Inject 7uL E2-G6PDH enzyme conjugation solution (50x or 100x diluted in gelatin 

solution) and use pipet to mix the solution well and wait for over 30min. 
 

4. For the full repressed test (Positive): 
a. Inject 70uL Tris-buffer and 14uL E2AB solution into the small vial, mix them well.  
b. Start the potentiostat, 0.7v constant amperometry and wait for 5min. 
c. Inject G6P/NAD+ mixture 14uL into the small vial and use pipet to mix the solution 

well and wait for 1min. 
d. Inject 7uL E2-G6PDH enzyme conjugation solution (50x or 100x diluted in gelatin 

solution)  and use pipet to mix the solution well and wait for over 30min. 
 

5. For various concentration of free estradiol test 
a. Inject 70uL free estradiol solution and 14uL E2AB solution into the small vial, mix 

them well.  
b. Start the potentiostat, 0.7v constant amperometry and wait for 5min. 
c. Inject G6P/NAD+ mixture 14uL into the small vial and use pipet to mix the solution 

well and wait for 1min. 
d. Inject 7uL E2-G6PDH enzyme conjugation solution (50x or 100x diluted in gelatin 

solution)  and use pipet to mix the solution well and wait for over 30min. 

 
Estradiol detection with potentiostat, current vs. time 
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This is the figure that should be observed after injection of E2-G6PDH enzyme conjugate. 

50X Estradiol  Regression 

Negative Equation y=0.0005x-0.6727 

Positive Equation y=0.000008x+0.0998 

3 nM y=0.00003x-0.0129 

300 nM y=0.00004x-0.0389 

30 uM y=0.00008x-0.0551 

The slope of the regression equation could be used to calibrate and quantify the estradiol 
concentration. 
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Appendix E: Choline Microsensor Preparation 

 

E.1 Materials 

• Choline Oxidase from Anthrobacter globiformis. (C5896, Sigma). Dilute ChOx to 0.5 
units/uL in DI water, mix well (for 100 units, add 200 uL H2O). Divide into 4ul (2U) 
aliquots. Store in freezer 

• glutaraldehyde solution (25%) (Sigma) 
• bovine serum albumin (BSA) lyophilized powder (Sigma) 
•  m-phenylenediamine, Nafion® (5%, Sigma P23954) 
•  hydrogen peroxide solution (30%), formic acid, chloroplatinic acid hexahydrate, 

chloroplatinic acid, and lead acetate (Sigma) 
• Iridium tetrachloride hydrate, anhydrous potassium carbonate, oxalic acid dehydrate 

(99%) (Sigma) 
• choline hydrochloride, L-ascorbic acid, dopamine hydrochloride, 

3,4-dihydroxyphenylacetic acid, 3,4-dihydroxy-DL-phenylalanine, uric acid (Sigma) 
• Isopropyl alcohol and hydrochloric acid (Fisher Scientific)  
• Ag/AgCl glass-bodied reference electrodes with 3 M NaCl electrolyte and a 0.5 mm 

diameter platinum (Pt) wire auxiliary electrode (BASi) 
• Sodium phosphate buffer (PBS) was composed of 50 mM sodium phosphate (dibasic) 

and 100 mM sodium chloride (pH 7.4). Deionized water was generated using a Millipore 
Milli-Q Water System and was used for preparation of all solutions. 

 

E.2 Procedures 

E.2.1 Probe Assembly 

• Detach each probe off of wafer (press on corner w/ fine forceps); record wafer ID and 
region of wafer. Check (under microscope) for surface scratches that have compromised 
insulation, or nicks along platinum leads 

• Secure probe on plastic backing: Cut plastic square coverslips into strips (width equal to 
probe width) Use quick stick epoxy (1:1 ratio, mix) on back end of swab to dab on one 
end of plastic strip. Use fine forceps to place probe on plastic (plastic backing should not 
extend past contact pads). Allow to dry for at least 10min. 

• Cut 2 red and 2 white insulated wires (~250-75 mm) per probe, strip one end ~1cm, 
another end ~2 mm  

• Solder (@ 510°C) wires to probe head (one color of wire for Ch. 1&2; another color of 
wire for Ch. 3&4) with metal Lead. Apply dab of soldering flax to probe head using back 
of swab. Roll large bead of platinum over contact pads to create individual beads on each 
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pad. Place 2 mm stripped end on platinum bead, using additional solder on tip to melt 
wire into platinum bead. 

• Clean probe for 2 min in 2-propanol (IPA) at RT in beaker floating in sonicator. 
Submerge entire probe in first beaker of IPA first and submerge only tip of probe in 
second beaker of clean IPA. Rinse with DI water and dry with argon gas 

• Insulate probe head with quick stick epoxy (1:1 ratio, mix). Dab on with back end of 
swab, allow to cure 10 min. Reapply to ensure there is no open wire/solder, especially 
around corners 

• Label probe (attach label to Ch. 1) 

E.2.2 Bare sensor test 

• Make 1:1000 H2O2 dilution solution 
• Apply 0.7v potential to do the amperometric test in PBS buffer, wait 2min 
• Inject 20uL of H2O2 solution and record the current increase. The probe could be used 

only if the current increase is over 1nA. 

E.2.3 PPY or PPD deposition and Nafion coating  

 

Protocol 1: PPY+Nafion 

Pyrrole (Py) Deposit – Dopamine exclusion layer 

1. Prepare 200mM Py in 1X PBS (140ul Py + 10mL 1X PBS) in 15mL falcon tube, shake 
vigorously 

• Solution should be very faint yellow and uniform; if yellow, it may be too old 
• Pour 200mM Py solution in small glassware with mini stir bar, set to high stirring 

2. Connect reference electrode and counter electrode to corresponding clips 

• Ensure stir bar is not hitting either, or you will get noisy data 

3. Secure probe on holder, submerge half of probe shaft in 200mM Py and connect each Ch. 
1-4 to corresponding clip 

4. Use EC-Lab software to load Py depositing settings to desired channels (hold Shift + 
Ch#) 

• Apply 0.85V, 5min; record current, I (nA), and charge, Q (nA*h) 
• Current and total charge is a good indicator of pyrrole layer thickness and uniformity 

(High I & Q indicates thick Py, low sensitivity. Noise usually indicates uneven 
coating. I should be <5nA, ideally ~2nA. Q should be <1nA*h, ideally ~0.5nA*h. 
Copy final I and Q data to Biosensor worksheet 
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5. Disconnect probe, raise probe, remove from holder, Rinse with DI water and dry gently 
with Argon gas 

6. Check under microscope for uniformity of Py deposit on each site 

• Angle probe under scope, such that light reflects maximally off probe surface 
• Good deposit will appear as shiny, smooth, gold 
• Bad deposit will appear gold with black puncta (grainy), uneven/clumps, or large 

black areas 
• No deposit will look metallic (bare Platinum), usually resulting from disrupted leads 

Nafion (Nf) Coating – Ascorbic Acid exclusion layer 

1. Set Oven to 180°C (~30 min before coating) 

• Good idea to set 30min before experiments to reduce waiting 

2. Dip-coat the probe sites in 2% Nf solution in hood very slowly. 

• Ensure Nf solution being used is 2% concentration (200uL 5%Nf + 300uL DI water) 
and that it is not too old (will start to look dark). 

• Secure on aluminum tray, with tip of probe tilted up (not touching tray) to avoid 
scorching 

3. Place tray with secured probed in oven for 3 min on upper shelf (bottom shelf in much 
hotter).  

• Remove tray from oven with forceps and allow to cool >2min 

4. Repeat steps 2-3, one time for a total of two 2% Nf layers. 

  

Protocol 2: PPD+Nafion 

PPD Deposit – Ascorbic and Dopamine exclusion layer 

1. Prepare 5mM PPD in 1X PBS (5.4mg PPD powder + 10mL 1X PBS) in 15mL falcon 
tube, shake vigorously 

• Pour 5mM PPD solution in small glassware with mini stir bar, set to high stirring 

2. Connect reference electrode and counter electrode to corresponding clips 

• Ensure stir bar is not hitting either, or you will get noisy data 

3. Secure probe on holder, submerge half of probe shaft in 5mM PPD and connect each Ch. 
1-4 to corresponding clip 
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4. Use EC-Lab software to load PPD depositing settings to desired channels (hold Shift + 
Ch#) 

• Apply 0.85V, 5min; record current, I (nA), and charge, Q (nA*h) 
• Current and total charge is a good indicator of pyrrole layer thickness and uniformity. 

(High I & Q indicates thick PPD, low sensitivity. Noise usually indicates uneven 
coating. Q should be <0.3nA*h, ideally ~0.1-0.2nA*h. Most common value 0.13 
nA*h) 

• Copy final I and Q data to Biosensor worksheet 

5. Disconnect probe, raise probe, remove from holder, Rinse with DI water and dry gently 
with Argon gas 

6. Check under microscope for uniformity of PPD deposit on each site 

• Angle probe under scope, such that light reflects maximally off probe surface 
• Good deposit will appear as shiny, smooth, gold 
• Bad deposit will appear gold with black puncta (grainy), uneven/clumps, or large 

black areas 
• No deposit will look metallic (bare Platinum), usually resulting from disrupted leads 

Nafion (Nf) Coating – Ascorbic Acid exclusion layer 

1. Set Oven to 175°C (~30 min before coating) 

• Good idea to set at start of Py deposit to reduce waiting 

2. Dip-coat the probe sites in 1% Nf solution in hood very slowly. 

• Ensure Nf solution being used is 1% concentration (100uL 5%Nf + 400uL DI water) 
and that it is not too old (will start to look dark). 

• Secure on aluminum tray, with tip of probe tilted up (not touching tray) to avoid 
scorching 

3. Place tray with secured probed in oven for 4 min on upper shelf (bottom shelf in much 
hotter).  

• Remove tray from oven with forceps and allow to cool >3min 

  

Protocol 3: PPD only without Nafion 

PPD Deposit – Ascorbic and Dopamine exclusion layer 

1. Prepare 5mM PPD in 1X PBS (5.4mg PPD powder + 10mL 1X PBS) in 15mL falcon 
tube, shake vigorously 
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• Pour 5mM PPD solution in small glassware with mini stir bar, set to high stirring 

2. Connect reference electrode and counter electrode to corresponding clips 

• Ensure stir bar is not hitting either, or you will get noisy data 

3. Secure probe on holder, submerge half of probe shaft in 5mM PPD and connect each Ch. 
1-4 to corresponding clip 

4. Use EC-Lab software to load PPD depositing settings to desired channels (hold Shift + 
Ch#) 

• Apply 0.85V, 10min; record current, I (nA), and charge, Q (nA*h) 
• Current and total charge is a good indicator of pyrrole layer thickness and uniformity. 

(High I & Q indicates thick PPD, low sensitivity. Noise usually indicates uneven 
coating Q should be <0.3nA*h, ideally ~0.1-0.2nA*h. Most common value 0.16 
nA*h) 

• Copy final I and Q data to Biosensor worksheet 

5. Disconnect probe, raise probe, remove from holder, Rinse with DI water and dry gently 
with Argon gas 

6. Check under microscope for uniformity of PPD deposit on each site 

• Angle probe under scope, such that light reflects maximally off probe surface 
• Good deposit will appear as shiny, smooth, gold 
• Bad deposit will appear gold with black puncta (grainy), uneven/clumps, or large 

black areas 
• No deposit will look metallic (bare Platinum), usually resulting from disrupted leads  

E.2.4 Enzyme Immobilization 

1. Thaw 4 uL ChOx Enzyme aliquot (2 units), and allocate sensors under microscope and 
make it visible under microscope. 

2.    Prepare fresh protein matrix (60mg BSA + 1000ul DI water, dissolve; then add 15uL 
25% glutaraldehyde), mix well. Immediately add 2 uL the BSA/GAH mixture into 4uL 
enzyme aliquot, mix well. 

3. Immediately (because the mixture could turn into get in 2 min) coat control channels (Ch. 
1 and 2) with BSA/GAH mixture (4 coats). Special pipet tip (thin and long) should be 
used here to load enzyme.  

4. After at least 5 minute of incubation in room temperature, the BSA/GAH/ChOx  
mixture should be loaded on 2 sites (Ch. 3, and 4) with12 coats each. 

5. Label the sensors and carrying box and allow them to cure 48 hours in fridge with 
desiccants. 
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Appendix F: IrOx/ PtBLK / Pt Grass Deposition Solution Preparation 

F.1 IrOx deposition 

1. Iridium tetrachloride (IrCl4) solution 

a. Dissolve 15 mg of iridium tetrachloride in 10 mL of water then stir solution for 30 
min.  Purge the IrCl4 bottle then store in container with dessicant in 4°C. 

b. Add 0.1 mL of aqueous 30% hydrogen peroxide solution then stir for 10 min. 
c. Add 50 mg of oxalic acid dihydrate to solution and stir for 10 min. 
d. Adjust pH of solution to 10.5 by adding small portions of anhydrous potassium 

carbonate. 
e. Allow the resulting solution to sit quiescently for 48 h before electrodeposition. 

(When colors changed to purple) 

2. Iridium oxide electrodeposition 

a. Cycle 100 times between 0.0 V and 0.6 V at 50 mV/s while stirring on lowest 
setting.  Film should be a purple or blue color when inspected under the 
microscope. 

3. Store sensor 

a. Place ~200 uL of PBS in microcentrifuge tube. Insert probe such that only shaft is 
submerged in PBS. Do not let head touch PBS. Hold probe in place and seal top 
with putty.  *Sensor should be stored in this manner ~2 days prior to further 
sensor modifications (i.e. for glutamate sensor). 

 

Reference 

Yamanaka, K. “Anodically Electrodeposited Iridium Oxide Films (AEIROF) from 
Alkaline Solutions for Electrochromic Display Devices,” Japanese J. of Applied Physics, 
April 1989. 

 

F.2 PtBLK deposition 

1. PtBlk plating solution 

a. Dissolve 0.1g chloroplatinic acid, 0.001g lead acetate in 9.9mL DI water. 
a. Dilute pure HCL 10 times and then get out 2.1uL and inject to a mixture to make 

final concentration 1% chloroplatinic acid, 0.0025% HCl, and 0.01% lead acetate 
in water 

2. PtBLK electrodeposition 
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a. Use CV deposition method:  –1.4 to –2.0V at 500 mV/sec for a total of 15 cycles 
in the vigorously stirred PtBlk plating solution 

b. Rinse electrode in 30% H2O2 to remove any weakly bound Pt particles. 
 

If PtBLK is used as a pre-coating material of reference electrode, then after PtBLK 
electrodeposition, IrOX should be electrodeposited over the PtBLK, following Appendix F.1 . 

 

F.3 Pt Grass deposition  

1. Pt grass deposition solution 

a. Make 2.5 mM H2PtCl6 and 1.5 mM formic acid (1x concentrated for working 
electrode use or reference electrode use) 

b. Make 25 mM H2PtCl6 and 15 mM formic acid (10x concentrated for reference 
electrode use) 

2. Pt grass electrodeposition 

a. Conduct constant potential amperometry in Pt grass deposition solution at a 
potential of -0.1 V vs Ag/AgCl for 300 s 

If Pt grass is used as a pre-coating material of reference electrode, then after Pt grass 
electrodeposition, IrOX should be electrodeposited over the Pt grass, following Appendix F.1 . 
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Appendix G: Noise filtering protocol for the VMP3 potentiostat  

The following protocols can filter background noise generated in constant potential amperometry 
test using VMP3 potentiostat. Platinum black (Pt-black) is used as example here.  

1. The original current vs. time figure is like the following two, where the second one is the 
enlargement of part of the first figure.  
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2. Do the Fourier Transformation to find the frequency band of the noise, choose ‘Fourier 
Transformation’ button. 

 

 

 

 



164	
	

 

3. Click Calculate, then we get the following figure: 

 

From the lower figure (|I| vs Frequency) we can see there is a peak between 1.6Hz to 2.2Hz. We 
will apply a filter to the data to eliminate this frequency range. 

 

 

4. Next step is to do the noise filter. 

click ‘Analysis’->’Math’->’Filter’, choose ‘Band Reject’ and fill the blank with ‘1.6’ and ‘2.2’. 
Use the ‘Black man’ mode.(I have tried the results of all the five mode: ‘Rectangle’, ‘Barlett’, 
‘Hann’, ‘Hanming’, ‘Blackman’ and ‘Welch’, it seems the ‘Blackman’ have the least noise and 
cleanest figure, but the other four modes may be useful in other situations) 
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5. Click ‘Calculate’ to perform the filtering process. The result is shown as below.  
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6. We can further apply this method to the whole data range. We get the filtered result (red 
line) vs original data (blue line) figure shown as below.  The filtered data will automaticlly 
saved in the same folder as the original data. 
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7. After the noise filter, we see a huge improvement of the figure quality and less noise. 

 

 

To summarize, two major steps to filter the noise are: 

1. Find the frequency band with Fourier Transformation 
2. Use band reject to filter the frequency range corresponding to the peak in the frequency 

band  

The red colored sentences above are the detailed steps to do the noise filtering. 

	

	

 

 

 

	




