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ABSTRACT

 Electrochemical sensors are beneficial towards the development and advancement 

of monitoring devices. As this type of technology progresses, so does our ability to create 

state-of-the-art sensing strategies to probe environmental and biological systems at the 

source. In the environment, it is essential to monitor particularly harmful contaminants 

like trace metals in order to better mitigate risk. Additionally, biological molecules are 

often times challenging to measure because matrices are complex and difficult to probe; 

Recent advancements in chemical ex vivo and in vivo sensing platforms have offered 

insight into physiological processes. The brain in particular requires a sophisticated, 

implantable sensor as biomarkers from the periphery do not reflect brain concentrations. 

The overarching goal of this dissertation is to develop electrochemical sensing strategies 

to measure molecules that are chemically elusive in the environment and in the brain 

using a powerful electrochemical technique called fast-scan cyclic voltammetry 

(FSCV).  FSCV offers selective and sensitive measurements in real-time on an electrode 

small enough to probe systems without perturbation or eliciting an immune response. 

While traditionally employed to measure dopamine neurotransmission in vivo, here we 

expand the scope of FSCV to explore novel analytes and model systems, including those 

beyond the brain.  First, we discuss the significance of on-site, in situ and real-time 

analysis for trace metal monitoring in dynamic environmental systems. We introduce our 

approach using ionophore-grafted carbon fiber microelectrodes (CFM) to selectively 

detect Cu(II) metal ions and characterize the Cu(II)-ionophore grafted CFM interface. 
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Second, we explore the functionality of human induced pluripotent stem cells derived 

into serotonin neurons (5-HTNs) in a multifaceted voltammetric and biophysical study, 

finding that 5-HTNs possess in vivo chemical characteristics.  We then investigate the 

electroactivity of glutamate, a neurotransmitter that is difficult to measure 

electrochemically, finding that glutamate electropolymerizes forming poly-glutamic acid 

(PGA) at high potentials and fast scan rates. We characterize the PGA coating and our 

results suggests that glutamate polymerizes in brain tissue, improving the sensitivity of 

sensors during in vivo analysis.  Finally, we present a sensing strategy for direct, enzyme-

free glutamate detection while avoiding polymerization and characterize the analytical 

performance of the glutamate voltammetric signature. Together, our data showcases the 

power of FSCV for rapid trace metal monitoring, serotonin detection in 5-HTNs, 

electropolymerization, and sensing of new and challenging analytes.  
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CHAPTER 1 

INTRODUCTION

Sensing devices have been commonplace for decades in automobiles, hospitals, 

and homes, however, as technology becomes more sophisticated, we find ourselves in a 

better position to create more sophisticated sensing strategies. Sensors are particularly 

useful for environmental and human health monitoring, where the luxury of sample 

collection and secondary analysis is not always afforded in terms of time and practicality. 

Innovative sensing devices that operate on-site and on-line are highly beneficial. 

Examples of these sensors include smart watches capable of monitoring exercise and vital 

signs,1 a wearable ring sensor for detecting nerve gases and explosives,2 and chemical 

sensor arrays that help identify entrapped humans from metabolic traces emitted from 

skin and breath.3 In addition to protecting human safety, the development of novel, fast, 

portable sensors serves as a means to investigate various environmental and biological 

processes that have been difficult to assess in the past due to the delicate nature of these 

systems. The overarching research goal of this dissertation is to develop new sensing 

platforms in application to biological and environmental phenomena. First, we identify 

the importance of environmental and biological sensing, followed by a discussion of 

sensing techniques, and finally introduce sensing platforms at the frontier of innovation.  
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1.1 Environmental Sensors  

Environmental pollutants, such as heavy metals, are pervasive, bioaccumulate and 

find their way to humans via several different exposure routes.4-6 Pollutants can originate 

from both natural and anthropogenic sources, examples of which include dynamic 

weather events, agricultural runoff, aging infrastructure, and industrial effluents.7,8 In 

these scenarios, early detection of hazardous chemicals is essential for more effective and 

efficient mitigation. As mentioned above, metal ions are particularly pervasive and 

damaging to human health.9  

1.1.1     Metals 

Metals such as Pb, Cr, Cd, As, Hg, and Cu exist at trace concentrations and are 

considered particularly damaging to human health.9,10  Minor variations in environmental 

parameters, such as pH and temperature, can cause metals to change speciation by readily 

fluctuating between ligand-bound and “free” or hexa-aqua complexed states. Generally, 

the ‘free’ form of these metals is more significant since it is the free metal that is more 

likely to engage in chemical processes.  

While spectroscopy offers excellent sensitivity and selectivity for total metal 

analysis, spectrometers are bulky, and portability is limited. Moreover, speciation 

analysis is complicated to perform spectroscopically. Electrochemical techniques are 

attractive for trace metal analysis because they report free metal concentrations and have 

more opportunity for portability. Chapter 2 of this dissertation is a review article 

defining criteria important for trace metal analysis and highlighting electrochemical 

methods applied on-site and in situ within the last 10 years.11   
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1.2 Biological Sensors 

Biological systems are chemically complex and dynamic, facets which make the 

assessment of physiology and function challenging. Materials for probing biological 

systems must be biocompatible because the body has a sophisticated immune response 

tasked at rejecting foreign entities. To overcome these challenges, there have been many 

recent advancements in chemical and biological sensing platforms both ex vivo and in 

vivo. Many ex vivo measurements can be made from non-invasive, wearable sensors such 

as smartwatches12 or temporary tattoos13 that measure chemicals like glucose and lactate 

in external bodily fluids (i.e. tears or perspiration).14-16 In vivo chemical sensors have 

become smaller, easier to implant, and cause minimal tissue damage; They are often 

utilized to study complex organs like the gut or lymph nodes.17-19 The introduction of 

biocompatible carbon probes and versatility of carbon materials, like diamond,20 

nanotubes,21 and fiber,22,23 are largely responsible for making these innovative sensing 

strategies possible. As a result, sensing accomplished at or near the site of patient care is 

gaining popularity and many point-of-care (POC) devices have been integrated into the 

clinic.24-26   

1.2.1 Neurotransmission  

Of bodily systems, the brain remains particularly challenging to study because 

biomarkers from the periphery do not reflect brain concentrations. Molecules in the brain 

are subject to a chemical trafficking system called the blood brain barrier that controls 

diffusion between the blood and the brain. The brain houses the central nervous system 

(CNS), the primary function of which is to send and receive signals that coordinate 

activity and sensation. Chemical signals between neurons are transmitted rapidly via 
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neurotransmitters with discrete functions that are still not well defined. Traditionally 

during transmission, neurotransmitters are released from the presynaptic neuron and 

interact with receptors on the postsynaptic terminal, propagating the signal. In some 

cases, neurotransmitters can also interact with autoreceptors, located throughout the 

membrane on the presynaptic neuron, that regulate release and signal the neurons to cease 

firing. Neurotransmission is tightly regulated through a variety of mechanisms. The fate 

of most neurotransmitters involves being quickly uptaken by transporters on the 

presynaptic terminal, though some can also be uptaken by glial transporters or 

metabolized by enzymes. Additionally, transporters have been described as 

“promiscuous.”27 For example, serotonin can be uptaken by dopamine transporters 

(DATs), norepinephrine transporters (NETs),28,29 or organic cation transporters 

(OCTs),30-33 among others. Multiple transporters result in multiple reuptake mechanisms 

that have been modelled by our group.34,35  

In the case of glutamate and GABA, the major excitatory and inhibitory 

transmitters, signaling events are contained for the most part in the synaptic clefts 

between neurons. Alternatively, less tightly regulated transmitters such as dopamine, 

serotonin, and histamine tend to release more often from varicosities without a post 

synaptic counterpart, spilling out into the extracellular space in a process called “volume 

transmission.”36,37   

1.3 Electrochemical Sensing Techniques 

Making measurements in delicate systems like natural waters or live tissue 

requires tools and techniques tailored to fit the needs of the application. Oftentimes the 

removal of samples from the source irreversibly alters the nature (speciation) of the 
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sample. Electrochemistry is an attractive measurement method for analysis at the source 

because electrodes are generally portable, can be fashioned into many configurations 

(even down to the nano-scale),38 and are easily implanted or integrated for in situ or in 

vivo capacities. Furthermore, there are many electrochemical techniques and electrode 

materials that offer unique benefits for different measurement scenarios.  

1.3.1 Electrode Materials and Configurations 

Electrodes can be fashioned out of many different materials, with metals being 

most common (i.e. gold or platinum), however, to be utilized in biological systems, the 

electrode material must be biocompatible. Carbon has since emerged as the ultimate 

electrode material, providing excellent electrochemical properties, such as 1) self-renewal 

due to overoxidation 2) a adsorptive surface 3) a broad potential window,  4) simple 

functionalization, 5) biocompatibility, 6) sustainability and 7) cost effectiveness.39-42 

Importantly, carbon can be fashioned into microelectrodes that offer valuable benefits 

over macroelectrodes. Micron dimensions mean that there is a smaller IR drop across the 

electrode (because of increased analyte mass transport to the electrode surface due to 

hemispherical diffusion). Additionally, a smaller electrode footprint means minimal 

disturbance to tissue.43,44 Specifically, cylindrical carbon fiber microelectrodes (CFMs) 

have shown routine utility for the most intricate of biological  measurements, including in  

the brain.22,23 Combining the benefits of both microelectrodes and carbon materials, 

CFMs can be fabricated via several methods, either encapsulated in glass or an epoxy 

resin, providing a robust configuration. Hallmark surface striations magnifies surface area 

for enhanced sensitivity as seen in Figure 1.1. Additionally, CFMs exhibit excellent 
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stability and reproducibly over time, evidenced by long shelf lives and continuous in vivo 

monitoring in some cases for several weeks.45  

 

Figure 1.1. Microscopy images of the CFM surface. Scanning electron microscopy 

(SEM) was used to image a CFM. Inset: Atomic force microscopy shows striated surface 

features. 

1.3.2 Techniques 

Electrochemical techniques must satisfy a series of basic criteria to serve as a 

sufficient detection platform, originally coined by Lama et al. as the 4 S’s:  sensitivity, 

selectivity, speed, and size.46 It is essential to be able to measure and identify analytes at 

trace concentrations (<1 ppm). In systems where concentrations are dynamic, as in 

neurotransmission, high temporal resolution is critical for observing release and reuptake 

events. Finally, electrode dimensions in the low microns offer enhanced electrochemical 

properties and are able to navigate living tissue with minimal damage and 

inflammation.47  
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There are several electrochemical techniques for environmental or in vivo 

measurements that have revealed important information. One technique that is able to 

check all four boxes is fast-scan cyclic voltammetry (FSCV). 

1.3.2.1 Fast-Scan Cyclic Voltammetry 

Fast voltammetry was first developed in 1984 by Stamford et al.48 Unlike 

conventional cyclic voltammetry, FSCV applies an electrochemical waveform every 100 

ms, sweeping through a potential range at fast scan rates of up to 1000 V/s or faster. Fast 

scan rates previously limited this technique because of a large, capacitive (or non-

faradaic) background that masked the faradaic current. The integration of background 

subtraction49 has allowed for quantification of faradaic peaks and for a suite of analytes 

and applications to be investigated. With a given waveform, molecules will oxidize or 

reduce at discrete potentials, offering specificity.  FSCV data is typically portrayed by a 

2D representation of a 3D plot (time, potential, and current) called a color plot where 

current is assigned a false color. Figure 1.2 provides an example of representative FSCV 

data including a color plot, cyclic voltammogram (CV), and current vs. time trace of 

serotonin collected in vivo. When a serotonin specific waveform is applied, serotonin 

molecules undergo a 2-electron redox process and a color plot is generated. On the color 

plot, serotonin oxidation is responsible for the green event around 0.7 V, and reduction 

for the blue event around 0 V. The vertical line on the color plot is used to regenerate the 

CV plotting current vs. potential (yellow star), where distinct redox peaks serve as a 

qualitative fingerprint to identify specific analytes. The horizontal line on the color plot is 

extracted to regenerate the current vs. time trace (red star), enabling quantitative analysis. 
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Calibrations are performed to convert current into concentration and allow for 

concentration changes to be measured during neurotransmission events.  

 

Figure 1.2. FSCV scheme. A CFM applies a serotonin specific waveform and measures 

the oxidation and reduction of serotonin molecules, depicting information in a color plot. 

The representative CV and concentration time traces are denoted with yellow and red 

stars, respectively.  

1.3.2.2 Fast-scan controlled adsorption voltammetry (FSCAV) 

Fast scan rates require background subtraction to account for a large background 

charging current that is the result of high scan rates, thus a response must be evoked 

(electrically, pharmacologically or behaviorally) and the basal and steady state level 

cannot be known. A new method emerged, coined FSCAV, in 2013 for ambient 

dopamine analysis comprised of three measurement steps: 1) minimized adsorption, 2) 

controlled adsorption period of 10 s to preconcentration the analyte to the carbon surface 
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and 3) measurement.50 Since then, this technique has been applied in vivo to measure 

tonic dopamine and serotonin.51,52 The drawback of FSCAV is that the temporal 

resolution is reduced to 30 s however this method still represents an improvement over 

other methods for basal analysis that have minutes or 10s of minutes temporal 

resolutiont.53,54 These two fast voltammetric techniques, FSCV and FSCAV, can be 

coupled at a single sensor. 

1.3.3 Analytes/ applications 

The high temporal resolution of FSCV is particularly useful for observing release 

and reuptake events during neurotransmission. With this method, the dopamine system in 

anesthetized and freely moving animals, in different brain regions, and in disease models 

has been extensively characterized.55-58 New waveforms and methods have branched 

from this work, allowing for other important analytes to be quantified in vivo, such as 

serotonin,59 histamine,60 and others.17,61-64 Specifically, serotonin was a rather elusive 

molecule for many years, and detection in vivo was challenging because serotonin 

oxidation generates a suite of oxidation products that foul the electrode surface. The 

development of a serotonin specific waveform58 coupled with a method to electroplate 

NafionTM (NA) allowed for serotonin to be detected in the substantia nigra region in the 

rodent brain for the first time in 2009.59 Since then, serotonin FSCV has been utilized to 

equate neurochemistry between gender,65 study the effects of serotonin selective reuptake 

inhibitors (SSRIs),65,66 and map transporter populations in many different brain 

regions.35,67  

In addition to neurotransmission, FSCV has also exhibited utility for trace metal 

monitoring in real water samples. Pathirathna et al. first introduced a waveform in 2012, 
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generating a signature Cu(II) signal,68 and extensively characterized the thermodynamic 

properties of Cu(II) on CFMs and Cu(II) speciation in several publications between 2014 

and 2016.69-72 Following this, Yang et al. and Siriwardhane et al. took similar approaches 

to measure Pb(II), Ca(II), Al(II), and other metals with FSCV.73,74 Yang et al. showcased 

the power of FSCV for trace metal monitoring by measuring Pb(II) in storm water 

samples, a promising step towards more environmental applications.74 

1.3.4 Electrode modification strategies  

Voltammetry offers some selectivity over other techniques, because different 

analytes oxidize and reduce at discrete potentials. However, voltammetry is not sufficient 

to resolve multiple transmitters when redox peaks of similar height overlap for two 

analytes present in a solution. In these cases, there are several ways to improve selectivity 

by modifying electrochemical surfaces.  

1.3.4.1 Conductive Polymers 

Conductive polymers are extremely useful for electrochemical analysis because 

they contain small, charged pores that facilitate electrostatic migration of molecules to 

the electrode. Perhaps the most widely employed polymer for biological analysis is NA, a 

cation exchange polymer made up of bulky sulfonated and fluorinated functional groups. 

NA coatings are simple to prepare, and highly effective for repelling interferences present 

in the extracellular matrix of the brain, such as ascorbic acid and 5-hydroxyindoleacetic 

acid (5-HIAA), the major serotonin metabolite.59 Amino acids offer unique properties as 

conductive coatings because they can be electropolymerized in situ. When a potential is 

offered, amino functional groups oxidize forming a radical. This radical initiates a bond 

with the carbon surface and polymer growth is propagated by continuing the potential 
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application.75-78 There are many amino acids that form polymers, however one of 

particular interest is poly-glutamic acid (PGA). Glutamate is ubiquitous across brain 

regions and zwitterionic at physiological pH as a monomer, however the polymer 

possesses an overall negative charge. Chapter 5 of this dissertation provides evidence 

that glutamate polymerizes in vivo during FSCV analysis and offers sensitivity 

improvements for dopamine detection.  

1.3.4.2 Ionophores 

Another approach to improving selectivity over interferences is the incorporation 

of an ionophore, or a molecule that specifically binds an ion to form a complex. 

Ionophores are particularly useful for metals and have been used for decades as chelating 

agents and more recently, as fluorescent tags for spectroscopic analysis.79,80 In 

electrochemistry, ionophores are typically utilized in ion-selective electrodes, suspended 

in a polymeric matrix. A Nernstian signal arises when the ions partition into this polymer 

layer, driven by a concentration dependent thermodynamic equilibrium. Because 

equilibrium through thick polymer layers can be a slow process, the temporal resolution 

of these probes is often slow. Yang et al. recently pioneered a polymer-free surface 

modification that couples ionophore-grafted CFMs with FSCV.81 This synthetic protocol 

consists of 3 steps: 1) reductive coupling of a diazonium salt onto the CFM, 2) silylation 

of remaining active sites, and 3) attachment of a Cu(II)-specific ionophore via click 

chemistry. Chapter 3 of this dissertation continues on this work by optimizing the 

modification method and further characterizing the analytical performance of ionophore-

grafted CFMs.  

 



www.manaraa.com

 

 

12 

1.4  Frontiers and innovation –  

The overarching goal of this dissertation is to further the scope of FSCV in terms 

of application and analytes.  

1.4.1 Translational sensing 

Our lab first pioneered serotonin sensing in vivo with FSCV, laying the 

groundwork for investigating serotonin neurochemistry.59 We now seek to take the next 

step in translating serotonin measurements to explore human neurochemistry. There are 

prior reports of voltammetry performed in humans on Parkinson’s Disease patients 

undergoing surgery deep brain stimulation,82 however these experiments are limited and 

there are many challenges associated with them including little control over electrode 

placement, background noise, and difficulties verifying chemical species during the 

experiment. Additionally, control data cannot be obtained because human experiments 

can only be performed on patients that are already undergoing surgical procedures for 

major neurological illnesses. At this time, it is not feasible to probe the human brain in a 

meaningful way with electrochemical sensors, and biomarkers from serum do not reflect 

the brain. This presents an intriguing analytical challenge to identify a means to study 

human neurochemistry with a suitable model.  

1.4.1.1 Induced pluripotent stem cells  

In efforts to locate a model from outside of the brain that reflect neurochemistry, 

human inducible pluripotent stem cells (hiPSCs) are an interesting approach. hiPSCs are 

created by harvesting and treating skin samples with a suite of chemical reprogramming 

factors.83 An in vitro differentiation protocol can be followed to derive serotonin neurons 
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from hiPSCs, based on a modified protocol comprised of four stages by Lu and 

colleagues.84 Successful differentiation is evidenced by the presence of important 

transcription factors indicating a serotonergic fate throughout different stages of 

differentiation. In the final stage of differentiation, hiPSCs demonstrate serotonin 

phenotype markers, including tryptophan hydroxylase-2 (the protein responsible for 

serotonin synthesis) and SERTs (serotonin transporters), and stained positive for 

serotonin. Cultures like these are excellent in vitro models because they contain more 

complete neural networks, testing positive for GABAergic, glutamatergic or motoneuron 

phenotypes within the culture. hiPSCs are attractive for diagnostics, since samples can be 

collected from the periphery, are readily available, controllable, and patient specific. 

Chapter 4 of this dissertation details fast serotonin measurements in hiPSCs as a 

functional model to study serotonin neurochemistry ex vivo.   

1.4.2 New analytes 

FSCV in vivo has been limited to a small number of analytes, including dopamine 

and serotonin, however recently, there have been great strides to expand this technique to 

other critical analytes, such as adenosine, hydrogen peroxide, and histamine.60,61,64 

Another neurotransmitter analyte of particular interest is glutamate, the primary 

excitatory neurotransmitter in the brain. Glutamate is particularly difficult to measure 

electrochemically because it is not electroactive in the potential window of traditional 

electrode materials. Enzymes are heavily relied on for glutamate sensing;  glutamate 

oxidase produces hydrogen peroxide, an electroactive molecule, as a product of 

glutamate oxidation.85 Enzyme biosensors carry analytical challenges such as low 

immobilization efficiency, shelf life, and large probe size.86,87 Additionally, glutamate 
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does possess some electrochemical properties because, as mentioned previously, 

glutamate electropolymerizes forming PGA when a potential is offered.88,89 Furthermore, 

there are physiological challenges associated with glutamate detection: glutamate 

transmission is highly regulated and is generally limited to the synaptic cleft. CFMs 

implanted into brain tissue are typically small enough to prevent damage, but too large to 

penetrate the synapse, sampling from the extracellular matrix. Glutamate signaling is less 

regulated extracellularly in the Purkinje layer of the cerebellum where it is thought that 

glutamate is volume transmitted.90-92 Chapter 6 of this dissertation explores a 

voltammetric approach towards direct glutamate detection 

1.5 Scope of dissertation 

This dissertation presents the development and applications of fast voltammetric 

techniques at CFMs for real-time, sensitive and selective analysis of Cu(II), serotonin and 

glutamate. 

Chapter 2 presents a published literature review of the development and 

application of electrochemical approaches towards rapid, field portable devices. In this 

work, 6 criteria are defined for a suitable device capable on-site and in situ analysis of 

trace metals. Highlighted in this article are electroanalytical sensing component 

advancements such as in green electrode materials, surface modifications, and ultra-fast 

novel techniques.  

Chapter 3 presents the fabrication of ionophore-grafted CFMs for selective 

Cu(II) detection with fast-voltammetry. In this chapter, the fabrication process of creating 

ionophore-grafted CFMs is optimized, providing a stable and selective detection platform 
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for Cu(II) in the presence of mixed divalent metal ions. This work characterizes the 

analytical response of ionophore grafted CFMs in the context of ionic strength, 

adsorption efficiency, and reusability of electrodes.  

Chapter 4 presents derived serotonin neurons from hiPSCs as a novel and 

translational model for studying brain serotonin. In this chapter, we apply a suite of 

methods to investigate the biophysical and neurochemical characteristics of 5-HTNs. We 

verify chemical functionality via electrically evoked serotonin release and reuptake from 

cells with FSCV and show that dose dependent alterations in reuptake following 

administration of a serotonin selective reuptake inhibitor (SSRI). A relationship between 

in vivo serotonin responses in the rodent brain and in vitro responses in hiPSCs is 

constructed, in an effort to translate FSCV results and draw conclusions about the 

chemical mechanisms behind depression in the human brain. 

         Chapter 5 presents a multifaceted approach towards characterizing PGA coated 

CFMs deposited with fast voltammetry. Voltammetric, microscopic, and spectroscopic 

analyses are performed to optimize waveforms used for deposition and determine the 

mechanism of polymerization. We found that PGA coatings can be visualized on CFMs, 

and the non-uniform morphology of PGA suggests a nucleation and growth-like 

mechanism of deposition. Additionally, we compare PGA-CFMs to CFMs that have been 

exposed to brain tissue, finding similarities in analytical performance and provide 

evidence to support that improvements to in vivo-CFMs are a result of in situ 

electropolymerization of ambient glutamate in the extracellular space of the brain. 
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         Chapter 6 presents a sensing paradigm for glutamate detection. These findings are 

novel because until recently, it has been generally accepted that glutamate is not 

electroactive. For the first time here, we optimize a waveform for voltammetric glutamate 

measurements while evading electropolymerization with FSCV. The voltammetric signal 

is characterized with respect to sensitivity and electron transfer mechanism. Additionally, 

we found that many neurochemically relevant molecules do not interfere with the 

glutamate signal. Finally, we collected preliminary in vivo data measuring glutamate 

release in the Purkinje layer in the cerebellum. 

         Chapter 7 summarizes the work and proposes future directions. 
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CHAPTER 2 

NOVEL FRONTIERS IN VOLTAMMETRIC TRACE METAL 

ANALYSIS: TOWARDS REAL TIME, ON-SITE, IN SITU 

MEASUREMENTS1 

 

                                                           
1 Holmes, J.; Pathirathna, P.; Hashemi, P.: “Novel frontiers in voltammetric trace metal 

analysis: Towards real time, on-site, in situ measurements.” Trac-Trend Anal Chem 2019, 

111, 206-219.  

Reprinted with permission from Elsevier. 
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2.1 Abstract 

Metal speciation analysis has wide applicability and reveals how and when metals 

are available to engage in chemical processes. Real systems can be physically hard to 

reach, chemically dynamic, and sample collection and pretreatment fundamentally alter 

speciation. Therefore, there is great interest in in situ trace metal speciation sensors that 

can be integrated into on-site, portable analysis devices. Electrochemistry is an attractive 

method since the sensing component can be fashioned into a submersible probe. In this 

review, we define a set of criteria that an electrochemical approach must conform to for 

in situ metal analysis and review methods that closely follow these criteria. As an 

emerging technique, fast-scan cyclic voltammetry is introduced. Next design and material 

of analysis probes is detailed, followed by a discussion of portable instrumentation. 

Finally, studies that show promise towards a portable, in situ metal analysis device are 

showcased and ongoing analytical challenges are outlined. 

2.2 Introduction 

Trace metals play critical roles in environmental processes as well as in 

manufacturing and other industrial practices. To better understand and control these 

systems, it is desirable to analytically determine the concentration of ‘free’ metal, or 

speciation. Speciation, as defined by the International Union of Pure and Applied 

Chemistry (IUPAC), is ‘the distribution of an element amongst defined chemical species 

in a system.” Isolating analytical measurements to one specific chemical species, in this 

case, electrolabile or hexa-aqua complexed metals is best because of the likelihood of 

‘free’ metals to engage chemical and biological processes.1 Furthermore, speciation can 
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be dynamic,2-7 thus the most useful measurement would be at high time resolution. For 

example, storm drainage or runoff can introduce metal ions into natural water systems 

quickly, where their presence is pervasive and damaging to ecological and human health. 

Additionally, discharge of industrial effluents that include metals (widely used as 

catalysts and components) often lead to rapid environmental contamination and pollution. 

With reference to analysis, it is important here to define the difference between 

on-site and in situ measurements. On-site indicates that the data acquisition platform is 

portable, allowing analysis to be performed at the site of interest, whereas in situ signifies 

that the sensor is directly probing the ambient environment of its sample (i.e. sample is 

not collected). Thus, the most useful analytical speciation data would qualify as both on-

site and in situ. However, methods that can provide on-site, in situ speciation data are 

severely limited.8 This is because of the difficulty of accessing hard to reach 

environmental systems, in addition to the complexity of real matrices. Additionally, 

natural organic matter (NOM), other natural ligands, and interfering metals can lead to 

fouling, clogged membranes and probes, and masked detection of the target analyte.9-11  

Spectroscopic techniques coupled with chromatography, have been used on-site in 

mobile laboratories, for trace metal analysis because of their excellent sensitivity and 

reproducibility.12,13 In situ analysis here is challenging though because of bulky 

instrumentation and high energy needs. In addition, sample collection and pretreatment 

alter speciation.4,14,15  

Electrochemical techniques are portable, and show more promise for in situ 

analysis because electrodes can be immersed into samples of interest with minimal 
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perturbation. In this work, we identify a set of critical criteria the sensing probe must 

conform to for in situ analysis, originally coined the 4 S’s: sensitivity, selectivity, size, 

and speed, plus two additional ones we add here, stability and safe materials.16 Methods 

that closely follow these criteria are reviewed, with a focus on voltammetric analysis 

because most voltammetry modes fulfill 5 or more of our criteria. Specifically, fast-scan 

cyclic voltammetry is highlighted as an emerging technique. The design and material of 

analysis probes is detailed with respect to probe size, disposable vs. reusable probes, 

surface functionalization, and material toxicity. Finally, portable electrochemical 

instrumentation and ongoing challenges associated with on site, in situ analysis are 

discussed. Overall, this review identifies a current technological gap for in situ, on site 

metal detection and provides an in-depth account of recent, promising developments in 

electrochemical methods towards this type of analysis.  

2.3  Criteria for On-site, In Situ Analysis - The 6 S’s 

The electrochemical sensing component of an in situ trace metal sensor should 

ideally conform to 6 conditions; we coin these benchmarks the 6 S’s: sensitivity, 

selectivity, size, stability, safe materials and speed. Many electrolabile metals of interest 

are present at trace concentrations (<1 parts per million) and are similarly sized and 

charged, for example Hg(II), Cu(II), Pb(II), and Cd(II) are all divalent cations, thereby 

high analytical sensitivity and selectivity are essential. The size of the sensing probe is 

critical when sampling delicate or elusive systems. Due to the inability to control the 

sensor’s environment, limited opportunities to calibrate on-site, and tendency for fouling, 

a high degree of signal stability and reproducibility must be maintained. Historically, the 

majority of metal analysis employs Hg as the sensing component; the risks associated 
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with Hg however have necessitated a new generation of Hg-free, safe electrode 

materials.  

The most challenging criteria remains speed. Under unremarkable circumstances, 

an analysis temporal resolution of several minutes is acceptable for risk assessment and 

safety. However, aqueous metal chemistry can change dynamically in response to tides, 

storms and effluent discharge where minute to minute analysis is advantageous.15,17-19 

Furthermore, sub-minute analysis is needed to observe chemical changes associated with 

more delicate processes, such as microbial respiration, that would labilize or complex 

metals in specific systems quickly.20,21 Speed is a challenging and complex facet of metal 

detection. For traditional metal electroanalysis, diffusion, equilibration, 

nucleation/growth and stripping are time consuming processes but are the price of ultra-

high (parts per trillion) sensitivity. It has been greatly challenging to reach an analytical 

compromise that delivers on both speed and sensitivity, in addition to the other criteria. 

Furthermore, other considerations to address for in situ sensing include: minimal sample 

treatment, insensitivity to pressure changes, dissolved oxygen, unpredictable flow, and 

biofouling. 

2.4 Voltammetric Techniques 

2.4.1 Stripping Voltammetry  

Stripping Voltammetry (SV) is the most widely used electroanalytical technique 

for trace metal analysis.  It is generally performed using the steps shown in Figure 2.1. 

Two waveform application modes of stripping voltammetry, square wave anodic 

stripping voltammetry (SWASV) and differential pulse anodic stripping voltammetry 
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(DPASV), have been extensively employed for trace metal monitoring mainly due to 

heightened sensitivity, decreased analysis time, and the ability to make measurements in 

the presence of dissolved oxygen, given acidified or well buffered media.22,23  

 

Figure 2.1. Scheme of the main voltammetric techniques and modulations used for 

metal analysis. In SV, a discrete potential is applied to attract and deposit the analyte of 

interest onto the electrode surface for up to several minutes. Then the deposited metal is 

stripped off the surface by ramping the potential in the positive (anodic stripping 

voltammetry (ASV)) or negative (cathodic stripping voltammetry (CSV)) direction. In 

FSCV, a unique cyclic waveform, specific to the metal of interest, is applied every 100 

ms. The output of both techniques results in a voltammogram with peaks at distinct 

potentials for each metal ion.  



www.manaraa.com

 

 

35 

2.4.1.1 SV Sensitivity, Selectivity and Speed 

SV is an extremely sensitive electroanalytical method because of the lengthy pre-

concentration step, allowing the maximum concentration analyte to deposit onto the 

electrode surface prior to analysis. Additionally, SV facilitates multi-elemental analysis 

because different metals can be stripped off the electrode surface at different discrete 

energies, giving SV a fundamental advantage in selectivity.  

The temporal resolution of SV is limited by the lengthy preconcentration step, 

optimized with respect to holding potential and deposition time for each target analyte, 

electrode material and matrix for analysis. As speed is often times compromised for 

sensitivity, a preconcentration time of 1-20 minutes is standard. For this reason, stripping 

voltammetry is extremely effective for measuring resting metal concentrations; however 

collecting real-time information in dynamically changing systems is still a difficult task. 

Limits of detection and temporal resolution for all of the studies discussed in this review 

are listed in Table 2.1. 

2.4.2 Fast-Scan Cyclic Voltammetry 

Cyclic voltammetry is perhaps the most generally applied voltammetric method 

throughout various scientific disciplines, though is less prevalent for metal analysis 

because traditionally there is not sufficient sensitivity22 and to the best of our knowledge, 

there have not been any studies in the last decade with the potential for in situ 

measurements. Instead, a unique mode of cyclic voltammetry called fast-scan cyclic 

voltammetry (FSCV) has emerged as a promising approach for environmental analysis to 

fulfill the 6 S’s.  
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2.4.2.1 FSCV Sensitivity, Selectivity and Speed 

FSCV utilizes scan rates typically from 100 - 2500 V s-1 and is most commonly 

used among neuroscientists to quantify small, cationic biomolecules at low 

concentrations and high time resolution with carbon fiber microelectrodes (CFMs).24 In 

recent years the sensitivity, rapidity and relative simplicity of this method have been 

exploited to make trace metal measurements. FSCV was first introduced in 2012 and 

2013 as an electrochemical tool for real-time quantification of aqueous, laboratory Cu(II) 

and storm water Pb (II) samples.25,26  

Selectivity between biological analytes has thus far been achieved via 

optimization of detection waveforms based on the electron transfer kinetics of different 

species 27-29. Unlike SV, FSCV peaks do not provide good selectivity for multielemental 

analysis because they are broad (due to fast scan rates). For this reason, surface 

functionalization of the electrode surface with an ion-specific ionophore has been used to 

boost selectivity of the probe in the presence of interfering metal ions (vida infra). 

Furthermore, with limits of detection (LOD) in the low ppb’s for Cu(II) and low ppm’s 

for Pb(II), improvements are in process for environmental monitoring for Pb(II) via 

modification with ionophores.30 

The temporal resolution of FSCV is the most striking feature of this technique, as 

typically, CVs are collected every 100 ms. Because metal analysis on metal electrodes 

can be slow (minutes to 10s of minutes to allow for nucleation/growth preconcentration), 

the phenomenon of the rapid response on CFMs was underpinned by a 

thermodynamically favorable adsorption equilibrium of metal (similar to small cationic 
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biomolecules) to oxygen functionalities on the activated CFM. This adsorption is rapid 

enough such that 100 ms is sufficient for monolayer adsorption that enabled adequate 

preconcentration for parts per billion analysis.31  

FSCV is able to report metal speciation because the original waveforms were 

optimized to investigate authentic, non-acidified samples. This is a particularly important 

characteristic of this method since the majority of studies included in this review require 

significant sample pre-treatment and/or acidification. Furthermore, since authentic 

systems are usually chemically dynamic, the temporal resolution of this method paves the 

way for real-time analysis. This was evidenced in Figure 2.2 by measuring rapid changes 

in Cu(II) complexation (speciation) in real-time with respect to 5 ligands with differing 

formation constants of Ligand – Cu(II) binding.32 In this experiment a near complete 

complexation reaction was captured in under a minute (panel B). To put this into context, 

the fastest of the other available methods provide readings every minute at best and could 

not capture these events. 
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Figure 2.2. Real-time complexation analysis with FSCV. (A) An injection of 1 µM Cu 

(NO3
-)2 was allowed to reach a steady state, followed by (B) an injection of 5 metal 

ligands with known formation constants. The complexation of Cu binding can be seen in 

real-time to each ligand and closely followed a model of this response. Reprinted with 

permissions from T. Siriwardhane, A. Sulkanen, P. Pathirathna, A. Tremonti, S.P. 

McElmurry, P. Hashemi, Anal Chem, 88 (2016) 7603-7608. Copyright © 2016 American 

Chemical Society. 

2.4.2.2 FSCV Analysis Modes 

The high rates of scanning between potentials creates a large, capacitive current, 

which must be subtracted out to analyze Faradaic processes during FSCV measurements. 

This has traditionally meant that FSCV could not provide ambient, or basal, 

measurements, a major hindrance for trace metal studies. To overcome this limitation, 

fast-scan controlled adsorption voltammetry (FSCAV) was developed to directly measure 

absolute analyte concentrations in vitro and in vivo.33,34  FSCAV differs from FSCV in 

that a controlled adsorption period is integrated, in which maximum adsorption of the 

analyte is achieved. An ambient measurement can be collected every 30 seconds, an 

improvement on the temporal resolution of SV (1-5 min).  

To demonstrate the applicability of fast voltammetry for fast speciation analysis, 

FSCAV was employed to identify electrolabile Cu(II) in complex matrices and a 

mathematical relationship (Figure 2.3) was constructed to explain the correlation 

between FSCAV current, free Cu(II), and the formation constants of different Cu(II) 

binding ligands. By measuring electrolabile Cu(II), this model successfully predicted the 

formation constant of an unknown ligand in seconds.35  
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Figure 2.3. The FSCAV response and formation constants for 16 different Cu(II) – 

ligand complexes fit to an exponential curve. Reprinted with permissions from P. 

Pathirathna, T. Siriwardhane, S.L. Morgan, S.P. McElmurry, P. Hashemi, Analyst, 141 

(2016) 6025-6030. Copyright © 2016 American Chemical Society. 

2.5 Electrochemical Probe Design and Material 

2.5.1 Size 

Electrode configuration and size both the influence the sensitivity and the 

reproducibility of a given method and greatly play into feasibility for on-site studies. 

Microelectrodes are generally considered to have dimensions no greater than 25 µm and 

exhibit enhanced sensitivity for monitoring small molecules. Additionally, small, low-

cost disposable sensors have since emerged as an attractive approach for preventing 

fouling in complex media and replacing the electrode for subsequent measurement.  

Screen printed electrodes and lab-on-a-chip technology possess innovative and portable 

sensing platforms that are promising for on-site environmental analysis.  

2.5.1.1 Microelectrodes 

A cylindrical carbon fiber microelectrode (CFM) is typically used to perform fast 

voltammetry, ranging from 5-10 µm in diameter and 0-150 µm in length. The 

advantageous features of CFMs include improved mass transport of analyte to the 

electrode surface facilitated by hemispherical diffusion, low iR drop, low charging 

current, and high signal to noise ratio. The hemispherical diffusion of microelectrodes 
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increases the mass transport to the electrode surface and mimics convection, thus a non-

zero steady state current is obtained quickly and stirring becomes negligible, a benefit for 

in situ sensing.36,37  The low iR drop and high signal to noise ratio permits measurements 

in high resistance environments such as low-ionic strength media without need for 

addition of a supporting electrolyte (i.e. no sample pretreatment).37-39 Furthermore, using 

SV, microelectrode arrays (MEA) have become a particularly useful tool for multi-

elemental analysis.40-44  

2.5.1.2 Screen Printed Electrodes 

The introduction of screen-printed electrodes (SPEs) was a major breakthrough 

for the development of portable tools and devices for rapid trace metals measurements.45 

While screen printing technology is not novel in itself, researchers from different fields 

have innovated several methods of designing and fabricating low-cost SPE sensors. In 

general, SPEs are comprised of a 3-electrode system, screen printed on a chemically inert 

substrate.46,47 The fabrication process typically involves a surface modification step, 

serving to change the composition of the working electrode and enhance electrochemical 

responses.47,48 SPEs can take the form of a stick, disk, or wafer, and one platform can 

include up to 300 replaceable sensors.43,49 One unique substrate, microfluidic paper-based 

analytical device (µPAD), has emerged as a simple, inexpensive option with potential for 

commercialization.50 While most often coupled with colorimetry,51-57 more voltammetry-

based µPADs have been developed (Figure 2.4) and show great promise for on-site trace 

metal monitoring.58-63  
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Figure 2.4. Scheme of a Boron Doped Diamond Paste Electrode (BDDPE) on an 

electrochemical paper based analytical device. (a) photograph of the BDDPE (b) 3-

electrode system is screen printed onto a paper substrate as the electrochemical sensing 

component (c) design of sampling microfluidic paper device (d) SEM image of Boron 

Doped Diamond Paste surface structure. Reprinted with permission from S. Nantaphol, 

R.B. Channon, T. Kondo, W. Siangproh, O. Chailapakul, C.S. Henry, Anal Chem, 89 

(2017) 4100-4107. Copyright © 2017 American Chemical Society 

2.5.1.3 Lab on a Chip 

Lab-on-a-chip (LOC) is another attractive approach for on-site analysis because 

multiple steps, including sampling, separation, and detection, can be combined on a 

single analysis platform.64-66 LOCs satisfy the recent trend in miniaturizing 

electrochemical systems67 and incorporating microfluidics for environmental analysis, as 
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seen in Figure 2.5.  The automated nature of microchips and the small quantity of 

reagent, sample, and time necessary for multiple measurements show promise for field 

portable environmental monitoring. A key advantage of LOC technology is versatility, as 

they can incorporate a suite of analysis modes and electrode materials to enhance 

sensitivity and allow for multicomponent analysis. Commercially available microchips 

are generally inexpensive, thus a number of both disposable and renewable working 

electrochemical sensing platforms have been used including planar Bi, Bi film and Ag 

rotary disk electrodes.49,68-72 Such methods are effective for distinguishing between 

similar divalent ions, Cd(II) and Pb(II), in natural waters.49,73 One notable study 

incorporated Bi-MEAs on a disposable LOC device for analyzing Pb(II), Cd(II), and 

Ni(II) concentrations in lake and tap water.41,42 

 

Figure 2.5. Representative assembly of a three-electrode system, microfluidic 

channels, and customized detection circuits fabricated onto a microchip. Reprinted 

from Sensors and Actuators, B: Chemical, 134, Z.W. Zou, A. Jang, E. MacKnight, P.M. 

Wu, J. Do, P.L. Bishop, C.H. Ahn, Environmentally friendly disposable sensors with 

microfabricated on-chip planar bismuth electrode for in situ heavy metal ions 

measurement, 18-24, Copyright (2008) with permission from Elsevier.  
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In recent articles reviewing LOCs use for aquatic ecotoxicology, the authors note 

that LOCs are relatively newer technologies, underutilized for environmental monitoring 

due to the many logistical challenges that limit their robustness for raw samples, 

including pressure resistance, air bubbles and clogging within the microfluidic channels, 

operational complexity, and unsuitability for large or complex samples.74,75 Additionally, 

the need for sample preparation is eliminated for some natural water samples such as acid 

mine drainage that have low pH, however, for samples with higher pH that needs 

adjustment, speciation is altered,15 and ultimately compromises the integrity of the 

sample. Thus, there are ongoing efforts to create sensors that are more robust, easy to use, 

and do not require sample preparation to make LOCs applicable for on-site analysis. 

2.5.2 Stability 

There have long been efforts to minimize fouling and improve stability because 

natural systems are complex and rich in organic material that can poison electrode 

surfaces. Moreover, metals themselves are prone to build up on and foul the electrode. A 

highly reproducible electrode response can be garnered using dropping Hg electrodes, 

which reproducibly preconcentrate analytes of interest as an amalgam.76-78 However, for 

toxicity reasons there has been significant impetus to develop alternate strategies. Here 

we highlight two recent approaches for designing electrodes that afford high 

reproducibility: one that is based on low-cost disposable sensors and the other that 

focuses on sensing materials with a renewable surface. Disposable sensors including 

SPEs and LOCs are popular for simple, portable sensing. Briefly, the sensing component 

is printed and a stable film of Hg, Bi, or Sb is deposited on top; this significantly curbs 

toxicity issues since the coating is contained. This approach facilitates reproducibility but 
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not stability since the majority of amalgam and fused alloy-based sensors do not allow for 

repeated measurements on one device. While attractive for its simplicity and 

reproducibility, this strategy can be tedious, especially since often times submersed 

probes are difficult to frequently access and replace. Additionally, measurements cannot 

be automated to continuously monitor the site of interest, because it is necessary to 

replace the sensing component in the probe between each measurement.  

For all electrode materials, biofouling from natural organic matter and 

microorganisms is a major limitation for continuous monitoring.79 In an effort to extend 

the probes’ stability over time, the design and characterization of electrode materials with 

a renewable surface and efficient cleaning procedure has been explored. Several groups 

have introduced ‘antifouling steps’ into the electrochemical waveform to prevent 

microbial adsorption.80,81 Often, this involves the generation of biocide gases such as H2 

or Cl2, however, it is difficult to use in tandem with surface functionalization methods 

that prevent such reactions from happening or are destroyed from the process. An 

alternate approach is the incorporation of non-toxic antifouling reagent into surface 

functionalization process, including zwitterionic or cation exchange polymers82-86 and 

peptides for non-specific protein adsorption.87-89 Though most studies are not applied for 

environmental metal monitoring, there is great interest in developing marine antifouling 

coatings90 without compromising the method’s sensitivity or speed.   

Materials such as Ag, Au, and carbon have potential to be renewed; target 

analytes adsorb to the surface in a monolayer and a cleaning step can be incorporated into 

the voltammetric sweep to oxidize and renew the surface.31,68,91-93 Using similar materials 

for the working, reference, and counter electrodes contributes to enhanced regeneration 
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of Ag, attributed to the movement of Ag ions between electrodes, redepositing and 

continuously renewing the working electrode.68 Van Der Berg et al. introduced a unique 

approach by vibrating a microwire electrode of Au or Ag to increase mass transport to the 

electrode, due to a decrease in the diffusion layer thickness. This method was robust and 

effective for improved sensitivity and reproducibility for determining speciation of As, 

Sb, Cu and others.94-97    

Measurements on CFMs using FSCV are generally stable and reproducible in 

complex biological matrices,98 due to a potential cleaning step included to renew the 

electrode surface between scans. By ramping the applied potential up to and over +1.3 V, 

the oxygen moieties on CFMs are regenerated, thus re-primed for further adsorption.91 

Studies of surface functionalized CFMs also show voltammetric responses remain stable 

over 50 consecutive scans and for up to 16 weeks in open air during storage.30 

Additionally, unfunctionalized carbon fibers have been employed for studying 

monoamines in brain tissue for up to several months at a time.98 Thus, the stability and 

reproducibility of the CFM, along with their use in both complex biological (brain tissue) 

and environmental (rain water) matrices, demonstrates great promise for use in 

continuous environmental monitoring.   

2.5.3 Surface Functionalization 

Voltammetry is an inherently selective technique, because metals oxidize or 

reduce at discrete peak potentials, however in complex matrices, some analytes greatly 

out-concentrate others, thus some peaks will mask others present at lower concentrations. 

In these scenarios a much higher level of selectivity must be conferred towards analytes 
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of interest present in trace quantities. Modifying analysis methods and electrode surfaces 

with nanoparticles, complexing agents, polymers, and ionophores has emerged as an 

attractive approach to improve sensitivity and selectivity. However, it is crucial to 

consider and curb the toxicity of certain additives for this type of analysis. To avoid 

contamination, any coating or complexing molecule must have low toxicity and form a 

stable and irreversible attachment to the electrode surface.  

Metal nanoparticles are used as an electrode modification material to enhance the 

sensitivity and limit of detection, due to the rich and porous surface area formed from the 

single or multilayer coverage.99-101 A few notable examples of trace metal detection using 

nanoparticles include Au nanoparticle modified electrodes used to detect Hg(II) in 

groundwater102 and Pt nanoparticle electrodes for differentiating inorganic As(III) and 

As(V) species.92  

Certain metals are particularly difficult to analyze using voltammetry; Ni(II) and 

Co(II) are the prime examples of this because these metals do not easily preconcentrate 

due to irreversible reduction processes, requiring an extremely negative deposition 

potential (-1.2 V vs. SCE). Furthermore, Ni tends to form intermetallic compounds that 

co-deposit and generate unpredictable matrix-dependent stripping patterns. Thus, 

adsorption stripping voltammetry is employed instead. Here, a complexing agent, 

dimethylglyoxime (DMG), that complexes Ni(II) and Co(II) with high favorability (Kf(Ni) 

= 1017.4, Kf(Co) = 1012.85) facilitates preconcentration onto the electrode.43,103-107 The 

toxicity of DMG however makes it a controversial complexing agent for environmental 

analysis. Similarly, sensitivity is improved for Pb(II) and Cd(II) by incorporating a 

macrocyclic chelating solid to enhance analyte deposition,108 and, while most commonly 
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used with other detection methods, the popularity of DNA, RNA, and proteins as metal 

complexing agents has risen for use in electrochemical sensors.109-114 These apta-sensors 

are still in the early stages of characterization and optimization.  

Conductive polymers have been employed to increase selectivity for metal 

detection, though few studies are applied in the context of rapid in situ metal monitoring. 

Typically, these polymers function via charge exclusion. Conductive polymers including 

polyaniline-poly(2,2'-dithiodianiline) (PANI-PDTDA) doped with S-115 and Nafion (NA) 

coupled with DMG and Bi films106,107,116 have been employed to facilitate selective and 

simultaneous detection of Hg(II), Pb(II), Ni(II), Co(II), Cd(II), and Zn(II) ions in aerosols 

and water analysis. Furthermore, ion-imprinted polymers (IIP) and polymeric nanobeads 

have also been explored as an option for trace metal detection in real water samples based 

on size exclusion.117-123 Ion imprinted materials significantly enhance sensitivity and 

selectivity, however slowed diffusion through the polymer layer necessitates lengthy 

extraction or preconcentration times (in many cases >10 minutes) and limits this 

method’s applicability.123-132  

Due to the broad peaks and poor selectivity of metal ion fast voltammetry, a novel 

surface functionalization method was introduced to covalently modify CFMs with a 

Cu(II)-selective ionophore.30 An ionophore was synthesized and covalently bound to the 

carbon electrode surface via a reductive coupling of a diazonium salt and click chemistry. 

The top panel of Figure 2.6 shows the structure of these ionophore-grafted CFMs and the 

bottom panel displays the enhanced selectivity of the electrodes for Cu(II) in the presence 

of 8 interfering divalent metals that were 10-times more concentrated. Furthermore, this 
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surface functionalization improved the method’s LOD in comparison to an 

unfunctionalized CFM.  

 

Figure 2.6. Selectivity of ionophore-grafted CFM in the presence of mixed metals. 

(I) Unfunctionalized CFM show non-faradaic response and (II) Ionophore Grafted CFM 

show clean Cu(II) redox features in a mixed metal solution. Mixed Metal Solution: 1 µM 

Cu(II) and 10µM each of Zn(II), Cd(II), Ni(II), Co(II), Ca(II), Mg(II), Pb(II), and Mn(II) 

all with NO3
- counter ions. Reprinted with permissions from Y. Yang, A.A. Ibrahim, P. 

Hashemi, J.L. Stockdill, Analytical Chemistry, 88 (2016) 6962-6966. Copyright © 2016 

American Chemical Society. 

2.5.4 Safe Materials 

Hg electrodes have been heavily used among metal analysis groups due to their 

many attractive features resulting from the stable amalgam formation between Hg and 

metals. The hanging drop ensures a consistent matrix for nucleation and growth, and 

provides a new surface for each analysis, hence greatly facilitating reproducibility. This 
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method is highly sensitive (1 zeptomole with 1 s deposition).133 The inherent 

advantageous electrochemical properties of Hg sustains the community’s interest in Hg 

for trace metal monitoring tools. Hg is still used in low concentration as a solid dental 

amalgam electrode or a thin film as the sensing component for portable trace metal 

analysis devices.134-142 Because Hg is toxic to human and aquatic system health, 

electrochemists have been investigating non-Hg materials as an alternative sensing probe 

for in situ metal analysis. 

2.5.4.1 Carbon Electrodes 

Because of its excellent electrochemical and mechanical properties, carbon has 

become one of the most popular solid electrode substrates, often serving as the base 

sensing component of surface modifications and SPEs.143,144  The beneficial features of 

carbon materials include: 1) slow kinetics of carbon oxidation that causes minimal 

background currents compared to other electrode materials, 2) oxygen functionalities on 

the carbon surface that ambiently adsorb small cations, 3) ease of chemical modification, 

4) a wide potential window, 5) biocompatibility, and 6) the low price and ready-

availability of the material.145-148 For environmental analysis, carbon is an excellent safe 

material since environmental systems contain large amounts of carbon and are thus not 

very sensitive to this material. Among different types of carbon materials, glassy carbon, 

graphite, carbon fibers and new carbon nanomaterials like magneto carbon paste, carbon 

nanotubes and boron-doped diamond have been employed to develop metal sensors in the 

last decade.58,101,116,119,146,149-154 The choice of carbonaceous material depends on the 

application, the type of analyte and the analysis method. Additionally, as mentioned 

before, the regeneration and ease of modification of the carbon surface makes this 
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material much less prone to fouling issues, eliminating the need to replace the sensing 

component between measurements, and allowing for more continuous environmental 

monitoring.  

2.5.4.2 Bismuth Electrodes 

Bi film serves as a greener substitute electrode material for Hg for metal analysis 

because of the ability to form a multicomponent alloy with metal analytes, analogous to 

amalgam formation by Hg, that facilitates the nucleation/growth process during the 

analysis. Insensitivity towards dissolved oxygen eliminates a tedious de-oxygenation step 

and all-together makes Bi a simple and suitable replacement for Hg.155  

The efficiency of Bi electrodes is heavily dependent on the design process. Bi 

electrodes are prepared either by pre-plating Bi on a supporting substrate (ex situ) or by 

adding Bi(III) directly into the sample solution (in situ (not to be confused with in situ 

metal analysis as we use frequently in our discussion)) followed by a simultaneous 

adsorption of Bi and the target metal. Typically, carbonaceous materials are employed as 

substrates for Bi films including glassy carbon,156 screen-printed carbon ink,107,157 

graphene,106,158 and porous carbon composites.159,160 Additionally, the combination of Bi 

doped with other materials such as Sb and Ir have been explored for enhancing 

sensitivity.156,159,161 Bi has proven useful in a number of environmentally relevant 

samples including surface,156,162 and tap waters160,163 and shows great promise to be used 

in the field as a reliable material to monitor trace metals. 

Although Bi exhibits versatility as a non-toxic electrode material for metal 

analysis, there are limitations.  In particular, the narrow anodic potential window limits 
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application for multielemental analysis and the insufficient reproducibility of ex situ 

bismuth electrodes necessitates improvement. For these reasons, other electrode materials 

are also being explored. 

2.5.4.3 Antimony Electrodes 

The potential window and signals corresponding to model metal ions (Pb(II) and 

Cd(II)) suggest Sb and Bi alloy formation are similar processes. Consequently, Sb has 

gained popularity electrode film material for electrochemical stripping analysis of trace 

metal ions. Sb displays similar or slightly improved sensitivity compared to bismuth, 

favorable hydrogen evolution, and smaller voltammetric reoxidation than Bi and Hg 

films, thus lessening interferences near the anodic potential limit. It is easily integrated 

onto a disposable, commercially available SPE and many groups have coupled Sb film 

electrode and stripping voltammetry for a variety of applications including, canned 

foods164 and water analysis.165-168 Additionally, many approaches have been explored to 

determine the best Sb film fabrication method including in situ,167-171 and ex 

situ electrolytic plating,172,173 Sb nanoparticles,173 Sb sputtering,105 fabrication of a 

macroporous electrode,174 combination of Sb, Bi, and Sn,161,170,175-177 and a self-doped co-

polymer.62 

While Sb alloys have yet to be fully characterized, many groups are attempting to 

understand the mechanism behind Sb’s electrochemical properties to improve 

performance 178,179 and optimize the technique by comparison of carbon substrates as the 

working electrode base 169,180 and selective measurements in the presence of common 

interferences.167,181 At this time, while less toxic than Hg, Sb and its compounds are listed 
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as priority pollutants,182 thus the risk associated with using Sb electrodes for in situ 

environmental monitoring still needs to be assessed. Furthermore, Sb is limited to 

extremely acidic solutions (pH ≤ 2), requires nitrogen purging and pretreatment, and 

preparing ex situ Sb film is still challenging thus improvements are necessary for in situ 

analysis.178 Our discussion is targeted towards portable, in situ sensing, however there is 

an excellent review published in 2018 on emerging “green” metals as electrode materials 

for trace metal analysis.183 While in situ analysis is not highlighted, these “green” metals 

would be good candidates for environmental analysis. 

2.6 Portable Voltammetric Instrumentation 

An in situ trace metal speciation sensor should ideally satisfy all 6 S’s and thereby 

be integrated into a portable device for on-site analysis. One commercially available 

portable system is the voltammetric in situ profiling (VIP) system, which incorporates 

microarrays and submersible sensors to make trace metal concentration measurements 

with high stability in the field.22 Bulky instrumentation originally presented challenges, 

however, this device has been miniaturized and applied to several metal analytes in 

various applications.11,184-186 Though, the VIP system is highly sensitive and robust; 

ongoing challenges include the necessity for an oxygen removal step and safer electrode 

materials. 

Significant progress has also been made towards new portable voltammetric 

systems by integrating handheld potentiostats, solar panels or batteries, and wireless 

communication modules as the data acquisition and electrochemical control 

systems.49,68,71,137,139,187-190 The integration of injection analysis,92,108,139,157,175,191 on-chip 
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automatic sampling and pretreatment, 48,192 and fluid transfer systems controlled by a 

fluidic motherboard72 has improved the quality of electrochemical data collected in terms 

of stability by providing a constant flow of sample and increased mass transfer to the 

electrode surface. Figure 2.7 illustrates a representative outline of a total electroanalysis 

system that is field portable, weighing less than 3 kg.  

 

Figure 2.7. Diagram of a total analysis system designed for on-site sensing. 

Incorporated are microfluidic tubing, a peristaltic pump, a rotary disc voltammetric 

sensor, portable potentiostat, data acquisition board, electronic controller, and USB and 

power inputs.  Reprinted from Chemosphere, 143, Y.G. Lee, J. Han, S. Kwon, S. Kang, 

A. Jang, Development of a rotary disc voltammetric sensor system for semi-continuous 

and on-site measurements of Pb(II), 78-84, Copyright (2016), with permission from 

Elsevier.  

There are just a handful of reports of successful field measurements made on-site 

with new technology in recent years.188-190 There is only one recent report of an apparatus 

capable of performing both on-site and in situ analysis, introduced by Van Den Berg et al 

to study Cu(II) cycling in coastal waters.193 The group outlined several physical 
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constraints, including high noise, limited scope, an impractical background subtraction 

step for oxygen and a 300 second preconcentration period. This method clearly requires a 

more robust and rapid analysis component to fulfil the 6 S’s, which may be met via 

advanced stripping voltammetry or fast-scan cyclic voltammetry but is a promising start 

towards determining undisturbed metal speciation in situ. 

2.7 Towards On-site, In Situ Trace Metal Analysis 

By means of summarizing the methods described in the discussion above, Table 

2.1 compares fundamental analytical characteristics. An electrochemical sensor capable 

of rapid in situ trace metal monitoring and fulfilling the 6 S’s does not yet exist, thus 

encompassed in this table are the methods that we believe are good candidates from the 

last 10 years for further development towards a portable in situ trace metal sensor. With 

the 6 S’s in mind, excluded from this table are studies reporting LOD’s outside of the 

µg/L range, greater than 5 minutes analysis time, and use of toxic (Hg film) electrode 

materials. Furthermore, ex situ Bi and Sb film electrodes are preferentially featured here, 

as it is not feasible to form in situ Bi or Sb films when directly submersing the electrode 

into a system of interest. Nearly all studies highlighted require sampling, pretreatment, 

and often times sample acidification or spiking, limiting electrochemical environmental 

sensing platforms to ex situ methods at this time.  
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Table 2.1. Electrochemical detection methods for on-site sensing. Electrochemical 

detection methods that show promise for on-site and in situ trace metal monitoring 

described in this review are compiled here by order of appearance. 

Material Configuration Analyte 
Deposition 

Time, s 

Limit of 

Detection, 

µg/L 

Methodology Reference 

Carbon Fiber CFM Cu(II) 0.1 15.8 FSCV 25 

Ionophore Grafted 

Carbon Fiber 
CFM Cu(II) 0.1 0.32 FSCV 30 

Bi-MEA LOC Pb(II) 120 0.6 SWASV 41 

  Cd(II) 120 0.7   

DMG  Ni(II) 60 0.7 SWAdCSV  

Bi-MEA LPE Pb(II) 120 8.2 SWASV 42 

  Cd(II) 120 28.2   

DMG  Ni(II) 60 6.9 SWAdCSV  

DMG, Bi-MEA LOC Co(II) 30 0.18 SWAdCSV 43 

BiFE LOC Cd(II) 90 9.3 SWASV 49 

Bi-BDDPE µPAD Pb(II) 300 1 SWASV 58 

  Cd(II) 300 25   

C 
Pyrolyzed 

Paper 
Pb(II) 180 0.19 SWASV 59 

  Cd(II)  0.16   

BiFE, CNT µPAD Pb(II) 240 1 SWASV 61 

  Cd(II)  1   

Sb-SPAN-EG SPCE Pb(II) 180 0.2 DPASV 62 

  Cd(II)  0.41   

Ag LOC Pb(II) 300 0.55 SWASV 68 

Ag Rotary Disk Pb(II) 180 1.28 SWASV 69 

BiFE LPE Pb(II) 120 0.5 SWASV 70 

  Cd(II)  1   

BiFE LOC Pb(II) 60 8 SWASV 72 

Graphite Foil LOC Pb(II) 180 1.8 SWASV 73 
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  Cd(II) 60 1.2   

AuNP SPCE As(III) 120 0.03 SIA-ASV 92 

Au VGME As(III) 120 0.005 SWASV 94 

Au VGME Mn(II) 300 0.07 SWASV 97 

  Zn(II)  0.02   

AuNP SPCE Hg(II) 360 1 SWASV 102 

DMG, BiFE LOC Ni(II) 90 0.1 SWAdCSV 105 

DMG, Nafion GCE Ni(II) 120 1.5 SWAdCSV 106 

DMG, Nafion, 

BiFE 
CSPE Ni(II) 240 5 SWAdCSV 107 

  Co(II) 240 1   

BiFE, CNT SPCE Pb(II) 60 0.01 SIA-SWASV 108 

  Cd(II)  0.01   

PANI-PDTDA SPCE Pb(II) 120 35 DPASV 115 

  Cd(II)  33   

  Hg(II)  26   

  Ni(II)  56   

IIP, MWCNT CPE Ag(I) 180 0.013 DPASV 117 

IIP CPE Pb(II) 80 0.003 DPASV 118 

Mag-IIP-NPs MCPE Ag(I) 240 0.015 DPASV 119 

IIP-PANI, 

MWCNT 
GCE Pb(II) 60 0.16 DPASV 120 

SbNP, MWCNT, 

Nafion 
SPCE Pb(II) 120 0.65 SWASV 173 

  Cd(II)  0.77   

BiFE LOC Cd(II) 90 9.3 SWASV 187 

Au SPGE Pb(II) 240 1.2 SWASV 188 

  Cu(II)  1.1   

  Hg(II)  1.1   

DMG, Nafion SPCE Ni(II) 120 30 DPASV 190 

Au SPGE Pb(II) 90 4 SWASV 191 
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Acronyms: 

BiFE Bismuth Film Electrode MEA Microelectrode Array 

BDDPE 

Boron Doped Diamond Paste 

Electrode MPCE Magneto Carbon Paste Electrode 

CFM Carbon Fiber Microelectrode MWCNT Multiwalled Carbon Nanotubes 

CNT Carbon Nanotube µPAD 

Microfluidic Paper-Based Analytical 

Device 

CPE Carbon Paste Electrode NP Nanoparticles 

CSPE Carbon Stencil Printed Electrodes PANI Polyaniline 

DMG Dimethylglyoxime  

PANI-

PDTDA Polyaniline-Poly(2,2'-Dithiodianiline) 

EG Expanded Graphite SPAN Sulfonated Polyaniline 

IIP Ion Imprinted polymer SPE Screen Printed Electrode 

LOC Lab-on-a-Chip SPCE Screen Printed Carbon Electrode 

LPE 

Lithographically Printed 

Electrode SPGE Screen Printed Gold Electrode 

Mag-IIP-

NPs 

Magnetic Ion Imprinted Polymer 

Nanoparticles  VGME  Vibrating Gold Microelectrode 

  Cu(II)  2   

  Hg(II)  4   

Ag VGME Cu(II) 300 0.003 SWASV 193 
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There are still many ongoing challenges to consider when designing on on-site 

analysis device with an in situ capable sensing probe. In the laboratory, the optimization 

of delivery of analyte to the electrode has contributed to enhanced sensitivity48 via flow 

injection systems,92,108,139,157,175,191,192 however this highly controlled convection is still a 

limitation for making truly in situ measurements because it is not possible to control the 

convection of dynamic environmental systems. Additionally, unpredictable fluctuations 

in pH, temperature, pressure, and biofouling are also ongoing issues for interpreting 

signals collected in the field. Finally, the sensitivity of these techniques, while suitable to 

confirm contamination according to US-EPA drinking water quality standards,194 for the 

most part are below the limit of detection for previously reported resting metal 

concentrations in fresh and seawater.1,195,196 Altogether, these technological gaps 

necessitate advancements in the coming years for better trace metal sensing tools. We 

encourage those highlighted in this review and others to continue their progress towards 

this common goal: to create a field portable analysis device capable of in situ sensing.   

2.8 Conclusion 

Metals play important chemical roles, acting as nutrients and cofactors in 

biochemical and environmental processes. They can also exert toxic effects in excess. 

Electrochemistry has emerged as an attractive analysis strategy due to the inherent 

portable nature of electrodes. An electrochemical method capable of distinguishing metal 

speciation is highly desirable, because electrolabile metals are available to engage in 

chemical processes. The process of sampling and pretreatment alters metal speciation, 

thus it is necessary make in situ measurements. Real environmental systems however are 

challenging to analyze because real matrices can be chemically harsh, complex and 
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dynamic. We identified a set of criteria for electroanalysis of trace metals, coined the 6 

S’s: sensitivity, selectivity, size, speed, stability, and safe materials. Progress towards 

developing an electrochemical probe for in situ metal analysis is discussed in this review, 

with focus on a promising voltammetric technique (FSCV) that satisfies our 6 criteria.  

Novel probe design aspects including electrode materials, configurations, and 

surface functionalizations are targeted in our discussion. Additionally, we report new 

developments in portable electrochemical instrumentation for on-site capabilities. In this 

review, we conclude that there is a clear gap in technology for this specific environmental 

application, and most techniques are still limited to ex situ measurements and analysis. 

We highlight studies that we believe show potential for on-site, in situ measurements, and 

iterate the importance of actively pursuing technology development to achieve, within the 

next few years, a truly robust on-site, in situ trace metal speciation sensor. 
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CHAPTER 3 

IONOPHORE GRAFTED CARBON FIBER MICROELECTRODES AS A 

TRACE METAL SPECIATION SENSOR2 

 

                                                           
2 Holmes, J.; Ou, Y.; Hashemi, P.: “Ionophore-grafted carbon fiber microelectrodes as a 

trace metal speciation sensor.” – In preparation – Environmental Science and 

Technology.  
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3.1 ABSTRACT 

Metal ions are important nutrients in the environment, however excessive 

accumulation, originating from natural or anthropogenic sources, is detrimental. This is 

because metal ions tend to bioaccumulate up the food chain, posing risks to human 

health. Free, unbound metals are more likely to engage in biological processes. 

Speciation, however, is highly dependent on environmental factors (i.e. pH and 

temperature) and is altered by sampling methods, thereby making on-site and in situ 

analysis techniques essential for measuring actual metal concentrations. Electrochemistry 

is a useful technique for trace metal analysis because electrodes are small, portable, and 

selective for detection of labile metal ions, though many electrochemical methods are 

limited by stability, selectivity, and low temporal resolution. Previously, we utilized a 

voltammetric method called fast-scan cyclic voltammetry that offers sub-second temporal 

resolution and excellent stability to selectively measure labile Cu(II) on ionophore-

grafted carbon fiber microelectrodes (CFM). In this work, we characterize the detection 

interface of Cu(II) ions at ionophore-grafted CFMs with respect to ionic strength of the 

matrix, adsorption efficiency, and potential limits during analysis. Additionally, the 

electrode response in the presence of other divalent metal ions is qualitatively and 

quantitatively analyzed, and we find that decreases in sensitivity on electrodes that have 

undergonesurface fouling from interferences can be reversed. This study sheds light on 

the functionality of ionophore-grafted CFMs as a trace metal speciation sensor. 
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3.2 INTRODUCTION 

Metal ions such as Cu, Zn, and Ni exist naturally in the environment and act as 

essential nutrients for many biological processes. However, buildup of excess amounts of 

such metals can be harmful. An index of metal mobility, toxicity, and pollution is 

speciation.1,2 Metal ions in the labile state are more likely to participate in chemical 

processes.3,4 While the majority of metal ions are in the bound state at equilibrium, when 

environmental systems are disrupted by anthropogenic or natural events, such as storms, 

metal ions can be mobilized into natural waters.5 Because metals bioaccumulate,6-8 it is 

critically important to determine speciation in dynamic and rapidly changing 

environmental systems and to assess how events such as storms affect the ecosystem.  

Analysis of environmental systems undergoing rapid speciation changes requires 

a technique that fulfills a set of analytical criteria including sensitivity, selectivity, speed, 

and stability.9 Additionally, on-site and in situ monitoring is essential because under 

environmental conditions, removing a sample from the source inherently changes the 

sample and alters specification.10,11 Currently available methods offer sensitive and 

selective measurements but suffer from bulky instrumentation and are unable to 

distinguish between free and bound metals.12-15 Electrochemistry is an attractive approach 

because electrodes are portable and can selectively measure labile metal ions.16,17 Ion 

selective electrodes are the gold standard for electrochemical selectivity, but they suffer 

from poor stability.18 Stripping voltammetry is also useful for metal detection because 

metals oxidize or reduce at discrete potentials that allows them to be identified, though 

stripping voltammetry requires several minutes to collect each data point.9  
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In light of the limitations associated with other electrochemical techniques, fast-

scan cyclic voltammetry (FSCV) performed at carbon fiber microelectrodes (CFMs) has 

emerged as a breakthrough method for trace metal analysis. Traditionally used for 

neurochemical analysis due to its sub-second temporal resolution, selectivity, and 

sensitivity, FSCV is also powerful for detecting metal ions. Our group has previously 

optimized a Cu(II) specific waveform,19 performed fundamental studies of the CFM-

Cu(II) interface,20,21 and defined a mathematical relationship between electrode response 

and Cu(II) complexation.22,23 One limitation, however, is that the bare CFM surface gives 

signals from other divalent metals interferences that overlap with the Cu(II) signal. To 

address this issue, we published a method to functionalize the CFM surface with a Cu(II) 

specific ionophore in efforts to improve selectivity towards Cu(II) in matrices that 

include interfering metals and other ligands.24  

In this work, we optimize this functionalization process and characterize the 

Cu(II) response on ionophore-grafted CFMs. We first streamline the fabrication, creating 

multiple ionophore-grafted CFMs simultaneously with high yield. Then we evaluate the 

sensitivity of ionophore-grafted CFMs to Cu(II) under varying ionic strengths and 

identify the optimal ionic strength for analysis. The detection mechanism occurring at the 

analyte-electrode interface is found to be governed by adsorption, evidenced by the 

goodness of fit between the Langmuir adsorption isotherm and the data set. The 

adsorption coefficient is determined (Kads = 2.68x109). Additionally, we analyze the 

interference effects of divalent metals and define a waveform suitable for CFMs that have 

undergone surface modifications. We find that divalent metals decrease the surface 

concentration of Cu(II) on ionophore-grafted CFMs, but do not obstruct the Cu(II) 
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voltammetric signature. Furthermore, we find that interference fouling of ionophore-

grafted CFMs can be reversed by driving other divalent ions out from the ionophore 

binding zone, allowing the electrodes to be recovered and reused. With this work, we 

complete a fundamental characterization study of the ionophore-grafted CFM interaction 

with Cu(II) ions as a sensing strategy. The results reported in this chapter lay the 

groundwork for the development of a field portable metal speciation sensor capable of in 

situ analysis.  

3.3 MATERIALS AND METHODS 

3.3.1 Solutions 

All chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless 

otherwise specified. Imidazole was purchased from Oakwood Chemicals. All 

experiments were performed at standard temperature and pressure and pH = 5.40. NaCl 

was used as the background electrolyte, ranging in concentration from 0.0005 M to 0.1 

M. Cu(II) concentration was varied between 0.1 µM to 10 µM. Modified electrodes were 

tested for interferences in a mixed metal solution containing 6 other divalent metals: 

Cu(II), Zn(II), Cd(II), Ni(II), Ca(II), Pb(II), Co(II) all with NO3- counter ions.   

3.3.2 Microelectrodes 

CFMs were prepared in-house by vacuum aspirating a 5 µm radius single carbon 

fiber (T-650, Cytec Industries, NJ) into a glass capillary (0.6 mm external diameter, 0.4 

mm internal diameter, A-M systems, Inc., Sequim, WA), which is then pulled with a 

vertical micropipette puller (Narishige, Tokyo, Japan) to form a carbon-glass seal. The 

exposed length of the carbon fiber is then cut to a specific length, in this case, either 300 

µm or 25 - 50 µm, depending on the ionic strength. 
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3.3.3 Electrochemistry  

3.3.3.1 FSCV 

The FSCV instrumentation is comprised of a potentiostat (Dagan Corporation, 

Minneapolis, MN, USA), a custom-built analog-to-digital converter box and national 

instruments data acquisition cards. After the data was collected, background subtraction, 

signal averaging, and digital filtration were performed with custom built software in 

LabView (Knowmad Technologies LLC, Tucson, AZ). A Cu(II) waveform (−1.2 V to 

+0.8 V at 10 Hz, resting potential of 0 V, at 600 V s−1) was applied and the resulting 

current was measured; together the data is presented as current vs. potential plots, called 

cyclic voltammograms (CVs). 

3.3.3.2 FSCAV 

A CFM was placed into a Cu(NO3)
2 solution and a waveform (-1.2 V to +0.8 V at 

100 Hz, resting potential of 0 V, at 600 V/s) was applied. An electronic relay (ADG-419, 

Analog Devices) was used to switch between the applied waveform and a constant 

potential of 0 V for 10 seconds to allow copper adsorption at the electrode surface to 

reach equilibrium. After 10 seconds, the waveform was reapplied, and the first 

background subtracted CV that displayed the signature Cu(II) peaks was analyzed. The 

area of the reduction Cu(II) peak was integrated and converted to adsorbed Cu(II) using a 

calibration curve. The resulting charge was used to calculate the surface concentration of 

adsorbed analyte using Faraday’s law, where Γ is surface coverage (pmol/cm2), Q is 

charge, n is the charge of the molecule (+2 for Cu(II)), F is Faraday’s constant, and A is 

the surface area of the exposed fiber.  
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(1) Γ����� =
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Additionally, an advantage of using FSCAV is that the electrodes do not have to be cut to 

the exact same length because the equation above normalizes the signal based on 

electrode length. 

3.3.4 Modification procedure for ionophore-grafted CFMs 

3.3.4.1 Step 1: Reductive coupling of diazonium salt to the CFM surface 

A CFM was submerged in a solution of 0.01 M 4-

((trimethylsilyl)ethynyl)benzenediazonium tetrafluoroborate (TMS) and 0.1 M 

tetrabutylammonium hexafluorophosphate (NBu4PF6) in acetonitrile. The potential of 

the CFM was scanned twice from 0.8 V to -0.6 V and back to 0.8 V vs. Ag/AgCl at a 

scan rate of 0.05 V/s. The electrode was then rinsed with acetonitrile and acetone. 

Deprotection of the diazonium salt was achieved by suspending the electrode in a 

solution of 0.1 M tetra-n-butylammonium fluoride (TBAF) in tetrahydrofuran (THF) for 

30 minutes. The resulting electrode was rinsed with THF and acetone. 

3.3.4.2 Step 2: Inhibition of surface oxygenated groups of CFM 

        The CFM was then fixed into an Ar purged air-tight vial containing a solution of 

0.10 M tert-Butyldimethylsilyl (TBSCl), 0.11 M imidazole, 0.01 M 4-

methylaminopyridine (DMAP), in CH2Cl2. A potential of -1.9 V was applied for 2-6 

hours. 
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3.3.4.3 Step 3: Azide-alkyne cycloaddition of ionophore 

          The CFM was submerged into a stirring solution of 0.01 M azido-ionophore, 0.05 

M CuSO4•H2O, and 0.1 M ascorbic acid in dimethylformamide (DMF) for 4-5 hours. 

The resulting electrode was rinsed with acetone, submerged in a stirred solution of 

saturated ethylenediaminetetraacetic acid (EDTA) for 10 minutes, and then in a stirred 

solution of deionized water for 10 minutes. 

3.3.5 Langmuir Adsorption Isotherm 

A linearized Langmuir adsorption isotherm was fit to the data, where [Cu(II)] is 

the concentration of Cu(II) in bulk solution, and Γmax is the maximum monolayer 

adsorption coverage at the carbon surface. K represents the adsorption coefficient (Kads) 

between Cu(II) in bulk solution and Cu(II) adsorbed to ionophore-grafted carbon, 

reported in Figure 3.2.  

(2) 
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����
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3.4 RESULTS AND DISCUSSION 

3.4.1 Optimization of experimental parameters 

The ability to detect Cu(II) ions with high specificity is essential for trace metal 

detection in water systems because other divalent metals interfere with the Cu(II) signal. 

Ionophore-grafted CFMs are a selective and sensitive tool for Cu(II) detection, and  when 

coupled with fast voltammetric techniques, offer sub-second temporal resolution. Our 

group previously published a protocol for covalently binding a Cu(II)-specific ionophore 

to CFMs, reporting enhanced selectivity towards Cu(II) over interfering divalent metals, 
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16 week shelf life, and a limit of detection = 5x10-9.24 Here, we aim to further 

characterize the interface between ionophore-grafted CFMs and Cu(II) ions to further 

understand the detection mechanism.  

We first made efforts to streamline the modification protocol, modifying many 

electrodes with high yield. To improve reproducibility, several modifications were 

required to the protocol (see methods) including: (1) performing the first step as quickly 

as possible because exposure to oxygen will deactivate the diazonium salt and prevent 

binding; (2) increasing the time from 2 to 6 hours in the “blocking” step resulted in 

highly reproducible blocked electrodes, and (3) constructing a parallel circuit to apply the 

same potential to multiple electrodes simultaneously. There were no changes made to the 

third ionophore attachment step. During FSCAV analysis, we found that the previously 

reported electrode size led to overloading (a software limitation that maxes out the 

observed current) and required a low ionic strength (0.5 mM) to prevent overloading. 

Cu(II) detection at this length and ionic strength combo did not result in a reproducible 

Cu(II) signal, as shown in the representative color plot and CV in Figure 3.1Ai. This is 

likely due to the low ionic strength and inability to facilitate mass transport of analyte 

towards the electrode. For this reason, we reoptimized the electrode size, chosen with 

respect to both the waveform and the ionic strength in order to maximize the current 

response while preventing overloading. Our long-term goal is to use ionophore-grafted 

CFMs as portable, on-site sensors for real water samples. Thus, we chose an electrode 

length of 25-50 µm because electrodes trimmed to this length did not overload with the 

Cu(II) waveform in a sample of seawater (I = 0.7 M). By using a higher ionic strength (I 
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= 25 mM) and electrodes trimmed to 25-50 µm, we obtained a signature Cu(II) reduction 

peak (Figure 3.1Aii).  

 

Figure 3.1. Ionic strength characterization. (A) Representative color plots and CVs of 

1µM Cu(II) on CFMs cut to (i) 300 µm in 0.5 mM NaCl buffer, and (ii) 25 µm in 25 mM 

NaCl buffer. (B) Surface concentration (Γ) of 1 µM Cu(II) plotted against ionic strength 

of the background buffer (NaCl). Error bars: SEM.  

To assess the utility of this sensor in samples of varying ionic strength, a 

characterization of sensor response with regards to ionic strength was performed on 3 

electrodes (Figure 3.1B). We found that at lower ionic strengths (0.5 - 25 mM), the 

current response increases logarithmically, reaching a plateau at 25 mM. At higher ionic 
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strengths (25 mM - 100 mM) the surface coverage decays linearly. This result is not 

surprising, as Bayramoglu et al. described the same ionic strength relationship to 

adsorbed species.25 Here, we can conclude that at low ionic strengths, the presence of 

electrolytes facilitates migration of analyte through the bulk solution towards the 

electrode, as expected. However, at high ionic strengths, electrolyte begins to sterically 

hinder the space around the electrode, blocking the path of Cu(II) ions towards the 

electrode. Additionally, at high concentrations, Na+ ions in solution may compete with 

Cu(II) ions, lowering the availability of vacant ionophores for Cu(II). When analyzing the 

corresponding CVs, the signature Cu(II) reduction peak is still present, meaning the 

competing ions in solution do not perform redox chemistry with the ionophore. Rather, 

electrolyte most likely statically blocks the interaction of Cu(II) with the ionophore, but 

does not electrochemically interact with the ionophore itself.  

3.4.2 Adsorption properties of Ionophore grafted CFMs 

 One unique property of electrodes fashioned from carbon materials is the 

tendency for some analytes to adsorb to the electrode surface. We have previously shown 

that migration of metals towards carbon electrodes is a process governed by adsorption, 

and reported the thermodynamic equilibrium constant of Cu(II) adsorption on bare CFM 

(Kads = 4.05×109).20 This equilibrium constant describes the relationship between the 

concentration of Cu(II) in solution and the surface concentration adsorbed to the CFM 

(Γ) and represents the thermodynamic favorability of Cu(II) to adsorb to the bare or 

ionophore-grafted CFM vs being dissolved in bulk solution. Similar to the adsorption 

profile of Cu(II) to bare carbon, the plot of Cu(II) surface concentration to Cu(II) in bulk 

solution on Ionophore-grafted CFM in Figure 3.2 can be fitted with a Langmuir 
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adsorption isotherm. This indicates that Cu(II) follows a monolayer adsorption process. 

Equation 1 was used to calculate the Kads = 2.68 x109. The Kads reported for Cu(II) on a 

bare CFM and an ionophore-grafted CFM are on the same order of magnitude. This 

finding is significant because FSCV is heavily governed by adsorption and similar 

adsorption processes on carbon and ionophore-grafted carbon are likely the reason Cu(II) 

measurements are possible.  

 

Figure 3.2. Adsorption Profile of Cu(II) on Ionophore-grafted CFMs. Schematic 

representation of adsorption equilibria of glutamate adsorbed to the ionophore-grafted 

CFM or in bulk solution. Langmuir adsorption isotherm (dotted line) fit with raw data 

(points) and the linearized isotherm is inset.  

3.4.3 Selectivity and waveform optimization 

 The hallmark feature of ionophore-grafted CFMs is enhanced selectivity towards 

Cu(II) in the presence of divalent metals and the potential limits of the waveform plays 

an important role in selectivity over interferences. At high potential limits (1.3 V) the 

carbon electrode overoxidizes, stripping the outer layer of the carbon to reveal a new 
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surface.26 Waveforms scanning to 1.3V are useful for activating and renewing the 

electrode surface between scans. We hypothesized, however, that scanning to 1.3 V may 

negatively impact the ionophore modification on the carbon. To test this, we performed 

FSCAV with two different waveforms on bare and ionophore-grafted CFMs in solutions 

containing a 5:1 ratio of interferences to Cu(II). Figure 3.3 shows the color plots and 

CVs of a Bare CFM (Figure 3.3A) and an ionophore-grafted CFM applying a positive 

potential limit of 0.8 V (Figure 3.3B).  The selectivity of ionophore-grafted CFMs is 

displayed here, where a well resolved Cu(II) reduction peak is observed at -0.7 V while 

the bare CFM generates no distinguishable peaks in the presence of interferences. When a 

positive potential limit of 1.3 V is applied to an ionophore-grafted CFM (Figure 3.3C), 

there are several non-faradaic switching peaks recorded on the CV, making the Cu(II) 

signal less distinguishable. Additionally, the waveform scanning up to 0.8 V results in a 

higher current response. In a matrix were divalent metal interferences are present, the 

waveform with a positive potential of 0.8 V provides a more reliable signal and higher 

current response.  
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Figure 3.3. Waveform optimization in media containing interferences. A comparison 

of representative color plots obtained for a mixture of metals including 1 µM Cu(II) and 5 

μM of  Zn(II), Cd(II), Ni(II), Co(II), Ca(II), Pb(II) in NaCl. All anions are NO3-. The 

vertical white dashed line indicates where the CV was regenerated from. (A) A bare CFM 

with a modified waveform (-1.2 V to +0.8 V, resting potential of 0 V, at 600 V/s) results 

in no Cu(II) peak. Both an ionophore-grafted CFM with (B) a modified waveform and 

(C) an overoxidizing waveform for Cu(II) (-1.0 V to +1.3 V, resting potential of 0 V, at 

600 V/s) result in Cu(II) signature peaks at -0.7 V.  

3.4.4 Interference and Stability Characteristics of the Cu(II) signal 

The selectivity of a method is based both on resistance to qualitative and 

quantitative interferences to a signal. In Figure 3.3 we demonstrated that the ionophore-

grafting modification process prevents the electrode from qualitative interference in the 

presence of divalent metals, indicated by the Cu(II) signal. Here, we test the quantitative 

interference of divalent metals. In Figure 3.4A, the ratio of mixed metal: Cu(II) is 

systematically increased and the resultant surface concentration is quantified. As the 

relative amount of mixed metal is increased, the surface concentration of Cu(II) 

exponentially decays. At a ratio of 2.5 mixed metal: 1 Cu(II), the change in surface 

concentration reaches significance (p < 0.5) and remains significantly different at higher 

ratios. Although the presence of interfering metals impacts the Cu(II) surface 

concentration, the Cu(II) peak (denoted with a star) persists throughout various ratios of 

interference (Inset on the plot are 3 CVs (0:1, 0.5:1, and 5:1)). This indicates that 

although interfering metals have some affinity for the ionophore and influence the Cu(II)-

ionophore interface, the only redox processes occurring at ionophore-grafted CFMs are 

from Cu(II) metal ions. Thus the ionophore-grafted CFM is qualitatively resistant to 

interferences but the Cu(II) signal is quantitatively sensitive to the presence of other 

divalent metal ions.  
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Figure 3.4. Interference fouling and recovery. (A) The ratio of mixed metal: Cu(II) is 

plotted against the surface concentration. Inset: CVs from 0:1, 0.5:1, and 5:1 ratios.  (B) 

CFMs exposed to a 10:1 ratio are placed in a 1 µM Cu(II) solution and the surface 

concentration is recorded over 120 scans. Inset: Histogram of surface concentration at 3 

ratios and after recovery. Error bars: SEM.  

After the mixed metal experimental paradigm shown in Figure 3.4A, the signal 

response decreases by 84% at 10:1 ratio (p < 0.5). We postulate that this is because the 

interfering ions inhabit the binding zone of the ionophore, preventing Cu(II) from 

interacting with active zones. In the interest of recovering an ionophore-grafted CFM that 

has been fouled by exposure to a 10:1 ratio of mixed metal: Cu(II), the electrode was 

placed into a solution of 1µM Cu(II), 120 successive files were collected with FSCAV 

and the surface concentration recorded slowly increased with each file. Figure 3.4B 

shows the recovery of the Cu(II) signal over time, reaching a plateau in signal around file 

60 at 28.79 pmol/cm2. Importantly, the average surface concentration before fouling 

(Figure 3.4A, 0 mixed metal: 1 Cu(II)) is not statistically different from the average 

surface concentration after a plateau is reached in 1 µM Cu(II) solution (Figure 3.4B). 

This data provides evidence that ionophore-grafted CFMs can be recovered and reused 

after exposure to a matrix containing divalent interfering metals. We believe this reversal 



www.manaraa.com

 

 

105 

process is driven by competition effects of Cu(II) over other metals combined with the 

ionophores high selectivity coefficient towards Cu(II) binding, occurring slowly over 

time. In the future, we plan to explore a more time efficient recovery protocol, exposing 

the electrode to a chemical chelating agent (EDTA) in order to free the ionophore sites of 

bound species.  

3.5 CONCLUSION AND FUTURE DIRECTIONS 

Metal ions, such as Cu(II), Pb(II), and Hg(II) act as essential nutrients for many 

biological processes, however excess amounts of such metals can be harmful. Speciation 

analysis can provide important information on mobility, toxicity and pollution, as metal 

ions in the free state are more likely to participate in biological processes and 

bioaccumulate up the food chain. Analysis of environmental systems undergoing rapid 

speciation changes requires a technique capable of on-site and in situ monitoring because 

removing a sample from the source inherently changes the sample and alters speciation. 

Electrochemistry is an attractive approach because electrodes are small, portable, and 

selectively measure free metals. In particular, FSCV performed on CFMs offers sub-

second temporal resolution and sensitivity towards Cu(II) detection. FSCV however is 

limited by signal masking from other divalent metals interferences. To account for this, a 

surface modification protocol was published by Yang et al. in 2016 utilizing a Cu(II) 

specific ionophore covalently grafted to a CFM.24  

The incorporation of a binding agent inherently alters the analyte-electrode 

interface. In this work, we characterize this interface. We first streamline the 

functionalization process, creating multiple ionophore-grafted CFMs simultaneously with 
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high yield.  We find that the electrode response is highly dependent on the size of the 

electrode and ionic strength of the solution. By significantly decreasing the electrode 

length and measuring the surface concentration in response to varying ionic strengths, we 

identify the optimal ionic strength for analysis. We then identify the mechanism of 

detection as an adsorption driven process evidenced by fitting experimental data to a 

Langmuir adsorption isotherm and calculate the adsorption coefficient (Kads = 2.68x109). 

Finally we define a waveform best suited for Cu(II) detection on ionophore-grafted 

CFMs to assess the influence of divalent metal interferences. We find that the presence of 

other divalent metals influences sensitivity to Cu(II), but does not obstruct the Cu(II) 

voltammetric signature. Furthermore, we find that interference fouling can be reversed, 

allowing the electrodes to be recovered and reused. With this work, we complete a 

fundamental characterization study of the ionophore-grafted CFM interaction with Cu(II) 

ions as a sensing strategy.  
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CHAPTER 4 

HUMAN STEM CELL-DERIVED SEROTONIN NEURONS WITH IN 

VIVO BIOPHYSICAL AND NEUROCHEMICAL CHARACTERISTICS3  

 

                                                           
3 Holmes, J.; Lau, T.; Saylor, R.A.; Hersey, M.; Keen, D.; Fernández-Novel, N.; Hampel, 

L.; Nijhout, H. F.; Reed, M. C.; Best, J.; Koch, P.; Hashemi, P.: “Human stem cell-

derived serotonin neurons with in vivo biophysical and neurochemical characteristics” – 

In preparation – Proceedings of the National Academy of Sciences of the United States 

of America. 
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4.1 Significance 

Chemical studies of the human brain are limited, thus it is very challenging to 

diagnose brain pathologies in the same way that bodily illness are routinely determined. 

In this work, we introduce human derived serotonin neurons from induced pluripotent 

stem-cells as a novel and translational model for studying brain serotonin. Our findings 

indicate that that these cells, derived from human skin biopsies, can be differentiated into 

serotonin neurons that create ambient and complete networks and enable serotonin 

transmission with the same characteristics as observed in vivo. Thus, we present a 

candidate brain model, capable of replicating the in vivo environment and providing a 

personalized platform for studying human brain chemistry. 

4.2 Abstract 

Diseases of the brain are a profound and growing world health problem. These 

illnesses are difficult to study, and hence difficult to diagnose and treat. It is not generally 

not possible to chemically probe the human brain for investigative or diagnostic purposes 

and biological samples from the periphery, such as blood or urine, do not mirror the 

brain’s chemical environment. In this work, we introduce a novel model system to 

investigate chemicals, specifically serotonin, in the brain. We utilize human induced 

pluripotent stem cells (hiPSCs), derived into serotonin neurons (5-HTNs) and apply a 

host of methods to investigate the biophysical and neurochemical characteristics of the 

differentiated cells. We present a) morphological, functional and chemical evidence of 

volume transmission of serotonin release from 5-HTNs, b) evidence that serotonin 

released from these cells is taken up by multiple monoamine transporters and c) data 
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showing that serotonin transporters on 5-HTNs respond to acute escitalopram exposure 

by rapidly internalizing. These three findings represent mechanisms that are conserved 

between 5-HTNs and in vivo. Our findings strongly suggest that 5-HTNs, sourced from 

the periphery, may provide a translational approach for probing the human brain and 

studying and diagnosing brain disorders. 

4.3 Introduction 

What is the difference between diseases of the body and disorders of the mind, 

that drives the stigma of psychiatric disease? One difference arises because we 

understand the chemistry of diseases of the body much better than those of the brain. It is 

generally facile to measure chemical biomarkers of peripheral disease in the blood for 

diagnosis and treatment. Unfortunately, chemical concentrations in the blood do not 

reflect those in the brain because the blood-brain barrier regulates chemical traffic in and 

out of the brain. Additionally, it is not generally possible to biopsy or sample the human 

brain for diagnosis of psychiatric disease. Therefore, accurate chemical diagnostics for 

mental illnesses have presented a formidable challenge.   

Were we able to provide a model system to probe the chemistry of mental illness, 

which marker should be targeted? Our group has a long-standing interest in the chemistry 

of depression as defined by serotonin, or 5-hydroxytryptamine (5-HT). Alterations in 

serotonin signaling are widely hypothesized to underlie the behavioral phenotypes of 

depression1-4 and as such the most popular antidepressants inhibit serotonin reuptake.5-9 

We are deciphering the roles that serotonin plays in depression and antidepressant 

activity in vivo in mice using a variety of analytical methods. This work in animals is 
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highly informative and we now seek to apply our knowledge of in vivo brain serotonin in 

mice to the human periphery as a means to translate between the two. There are many 

aspects of the periphery worth exploring; an interesting avenue are induced pluripotent 

stem cells derived from human tissue skin biopsies (hiPSCs). These stem cells have the 

ability to differentiate into many different types of cells, including hiPSC-derived 

neurons with an innate drive to build and maintain functional networks. This drive to 

create ambient networks ultimately facilitates the formation of brain organelles 

containing brain region-specific sub-structures.10,11 Somatic cells obtained from skin 

biopsies as well as hiPSCs can be differentiated into serotonergic neurons.12-14 In this 

article we ask if these neurons function in a similar way to the serotonin neurons in the 

brain? The answer could open a translational window into brain function. 

Here, for the first time, we hypothesize that the biophysicality and neurochemistry 

of human stem cell-derived serotonin neurons mimic those of in vivo serotonin neurons. 

We confirm that the majority of the differentiated cells develop into serotonergic neurons 

via expression of phenotype-specific proteins and uptake and release of serotonin and 

monoamine-specific fluorescent dyes. We verify that these neurons are chemically 

functional utilizing a combination of optical and electrochemical tools. We show that the 

evoked voltammetric signals respond to stimulation intensity and tryptophan loading. 

Importantly, the signals resemble in vivo signals found in mice, verified by fitting the 

data with an in vivo computational model that incorporates multiple reuptake mechanisms 

and autoreceptor control. Finally, following administration of escitalopram (ESCIT), a 

selective serotonin reuptake inhibitor (SSRI) we chemically and microscopically show 

dose dependent serotonin transporter (SERT) internalization (a key feature of the in vivo 
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response to SSRIs). Our data point towards stem cell technology as a potential diagnostic 

tool in neuroscience research. 

4.4 Results 

4.4.1 Characterization of Human Stem Cell - Derived Serotonin Neurons    

 

Figure 4.1. Generation of hiPSC-derived serotonin neurons. (A) Schematic overview 

of differentiation protocol, showing starting days of individual stages and supplements 

for culture media.  (B) PCR profile for brain region-specific transcription factors 

expressed by differentiating cells after posterization. (C) PCR profile for Nkx2.2 and 

Mkx6.1 during the stem cell (SC) and first three stages of serotonergic differentiation. 

(D) Immunofluorescence analysis for both transcription factors show that prior 5-HT 

specification, 40% of the progenitors are either Nkx6.1- or Nkx6.1/Nkx2.2-positive (ii). 

Exemplary staining is shown in (I), scale bar: 50 µm. (E) The PCR analysis of 5-HT 

phenotype-specific proteins during differentiation stages; SC: hiPSC, 7: end of 

posterization; 14: end of ventralization; 21: end of specification; M: 28 days after start of 

neuronal maturation. (I): (B) Microscope image of 5-HTNs on day 28 after induction of 

neuronal maturation. (F) (I) The majority of Nestin-positive progenitors were positively 

stained for FoxA2 and 5-HT lineage transcription factor Lmx1b. Isl1 and Olig1 

immunostaining was only observed in a small number of cells. Scale bar: 25 µm. (ii) 
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graph shows the respective partitions found.  (H) The PCR analysis of 5-HT phenotype-

specific proteins during differentiation stages; SC: hiPSC, 7: end of posterization; 14: end 

of ventralization; 21: end of specification; M: 28 days after start of neuronal maturation. 

(I): (B) Microscope image of 5-HTNs on day 28 after induction of neuronal maturation. 

(G,H) Microscopy-based analysis of 5-HTN 28 days after the start of neuronal 

maturation. (G) On left: exemplary image of 5-HTN culture, scale bar: 100 µm; on right: 

immunostainings for the somatodendritic marker protein Map2a and the axonal marker 

protein Tau indicate neuronal maturity. (H) (i) TPH2-positive and 5-HT-positive neurons 

can be found in clusters of Map2a-positive neurons; scale bars: 25 µm. (ii) Quantification 

of neuronal phenotypes found inside clusters built by Map2a-positive neurons. 

We generated serotonin neurons based on a protocol established by Lu and 

colleagues, that we modified here, for hiPSC-derived serotonin neurons (5-HTNs). 12 

This in vitro differentiation protocol, based on small molecule signaling, comprises four 

stages: posterization, ventralization, specification and maturation (Figure 4.1A 

illustrating the different stages and accompanying cell culture supplements). We first 

generated neuronal precursor cells, progenitors, which express hindbrain markers (Figure 

4.1B) (Stage 1). By activation of sonic hedgehog signaling, these neuronal progenitors 

were turned into serotonergic progenitors (Stage 2). At the end of 

ventralization, serotonergic progenitors were found to express NKX2.2 and NKX6.1 

(Figure 4.1C-D), essential transcription factors that initiate early differentiation towards 

serotonergic fate (Stage 3). By giving specificity for serotonin neurons via FGF-4 (a 

growth factor) signaling activation, we found high serotonergic differentiation efficacy. 

Specifically, 77 ± 6% of Nestin-positive progenitors expressed the serotonin lineage-

specific transcription factors LMX1B and 67 ± 6% FOXA2 (Figure 4.1F), while 

motoneuron-specific transcription factors ISL1 and OLIG2 were only found in a small 

number of cells (less than 1%).   

We found that during differentiation, prior neuronal maturation expression for 

serotonin lineage-specific transcription factors FEV, GATA2, GATA3 and LMX1B were 
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upregulated, in addition to transcripts for tryptophan hydroxylase-2 (TPH2) and the 

SERT (Figure 4.1E). 28 days following Stage 3, hiPSC-derived neurons were found to 

have established extensive TAU-positive axonal networks, while the cell bodies and 

neurites inside the clusters were predominantly MAP2a-positive, indicating neuronal 

polarity (Figure 4.1G). During this Stage 4, immunofluorescence analysis for serotonin 

phenotype markers revealed that the majority of cells inside the neuronal clusters 

expressed TPH2 and were also positively stained for serotonin (Figure 4.1H). Indeed, 

our quantification revealed that 75 ± 9% of the neurons inside clusters displayed a 

serotonin phenotype, 13 ± 9% neurons were tyrosine hydroxylase (TH)-positive, the 

remaining neurons were found to be either of GABAergic or others, such as 

glutamatergic or motoneuron phenotype (Figure 4.1H).  

4.4.2 Serotonin Release from 5-HTNs 

To test the chemical functionality of the mature 5-HTNs we found presynaptic 

active zone scaffolding proteins, required to establish and maintain the presynapse,15-17 

localized in the cell bodies and neurites of the 5-HTNs (Figure 4.2A). Electrical 

stimulation caused uptake of the synaptic vesicle marker FM1-43 into vesicles 

(counterstained for Bassoon, a primary scaffold presynaptic protein) (Figure 4.2B). To 

demonstrate that electrically evoked serotonin release is vesicular, 5-HTNs were loaded 

with fluorescent false neurotransmitter (FFN) 511 (Figure 4.2C). Electrical stimulation 

causes significant loss of FFN511 fluorescence due to vesicular release: intensity levels 

dropped from 26 ± 9 to 7.7 ± 1.3 (p = 0.0399; n = 3 independent experiments (Figure 

4.2D)).  
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Figure 4.2E (top) shows an experimental fast scan cyclic voltammetry (FSCV) 

set up via a bird’s eye photographic image of the positions of the stimulating and carbon 

fiber microelectrodes (CFMs) in a cluster of 5-HTNs. The surface of a CFM was imaged 

with scanning electron microscopy and atomic force microscopy in the bottom panel of 

Figure 4.2E. A significant level of optimization was required to make FSCV 

measurements in the cell media. The conventional cell culture medium was found to 

significantly poison the CFM surface thus modifications to the medium were necessary to 

enable FSCV. The results of the optimization can be found in Appendix A. Figure 4.2F 

compares in vivo (red), in beaker (grey) and in vitro (purple) measurements side by side. 

i) shows representative color plots, with serotonin oxidation event (pink/green) and 

reduction events (blue). The corresponding representative CVs are shown in (ii), with the 

addition of an in-beaker CV superimposed over the cell CV for comparison. Signature 

electrochemical serotonin responses appear following the stimulation at 0.7 V; oxidation 

events are denoted via a star and the reduction peaks (around 0 V) are highlighted with a 

cross. Concentration vs. time traces, averaged from four stimulations in one cell 

preparation or one animal (in vivo) are in (iii), extrapolated from the horizontal lines in 

the color plots in (i). 
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Figure 4.2. Visualization of synaptic and extrasynaptic 5-HT release. (A) 
Localization of the presynaptic scaffold protein Bassoon (BSN) was detected on neurites 

of 5-HTN. Top: exemplary image of 5-HTN network identified by betaIII-Tubulin 

(bIIITub) and SERT immunostaining; scale bar 25 µm. STED microscopy revealed that 
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BSN-positive neurites (BSN-STED) also contain Piccolo-positive structure (PCL-STED). 

Scale bars: 2. (B) Uptake of the synaptic vesicle dye FM1-43 is triggered by electrical 

stimulation of 5-HTN. Without stimulation (-stim) no FM1-43 uptake into BSN positive 

structures is observed. Electrical stimulation of 5-HTN (+stim) induced FM1-43 uptake at 

BSN-positive actives zones on neurites and cell bodies. Scale bar: 25 µm, STED images: 

2 µm. (C) Evoked 5-HT release was visualized using FFN511. Images show an 

exemplary 5-HT cluster (i) before and (ii) after stimulation. Cellmask staining was 

applied to determine ROI for quantification of FFN511 release. The Orange Hot LUT bar 

(NIH ImageJ) indicates pixel intensities. Scale bars: 100 µm. (D) Electrical stimulation 

significantly reduced the amount of detectable FFN511 in 5-HTN (***, p<0.01) (E) (top) 

Experimental set-up: the CFM is lowered onto the cell cluster and two stimulation pins 

electrically evoke serotonin release. (Bottom) A scanning electron microscopy image of 

the carbon electrode surface (scale bar: 10 µm). An atomic force microscopy image is 

inset (scale bar: 1 µm), and the color bar is beneath (0 V to 0.04 V). (F) In vivo (red), in 

vitro (purple) and in beaker (grey) FSCV (i) color plots (ii) cyclic voltammograms and 

(iii) concentration vs. time traces. (G) FSCV current response with respect to stimulation 

intensity, a function of i) stimulation amplitude ii) frequency, and iii) number of pulses. 

(H) FSCV concentration vs. time traces collected following the addition (n = 10) or 

omission (n = 3) of TRP to the cellular media 24 hours before analysis. Release averages 

(nM) are inset showing significant increase in release (***, p<0.001) following addition 

of TRP.  

 

FSCV experiments illustrate that serotonin release is dependent on stimulation 

parameters as shown in Figure 4.2G. A stimulation paradigm was tested on three 

different cell lines whereby the stimulation parameters, frequency, amplitude and pulse 

number were randomly applied in different combinations. Each simulation scenario is 

labeled (A-M on Figure 4.2G). We arbitrarily assigned a numerical value of 1- 4 to each 

variable (frequency, amplitude and pulse number) and added these values together to 

reach a sum (3-12) representing the overall strength of the stimulation (Table A.1 in 

Appendix A shows breakdown of parameters). It was found that the amplitude of 

serotonin release depends on overall stimulation strength. Serotonin release is also 

dependent on tryptophan (TRP) loading. In 10 cell preparations TRP was added to the 

culture medium 24 hours before analysis, resulting in a maximum release of 3.7 ± 0.3 

from the purple concentration vs. time curve (TRP+) in Figure 4.2H. When compared to 
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the green trace (maximum release = 1.9 ± 0.3) from 3 cell preparations where TRP was 

omitted (TRP-), the addition of TRP increases the release event amplitude by 97.8%. The 

maximum current response between the two groups was compared (inset histogram), and 

a two-tailed student's t-test was used to confirm significance (p = 0.00069). This result 

was confirmed by the mathematical model (simulations shown in Figure A.2 in 

Appendix A), where when external tryptophan was increased from 40 µM to 140 µM (as 

in the cell experiments) vesicular serotonin doubled.  

4.4.3 5-HTN Serotonin Reuptake  

The fluorescent monoamine transporter substrate, ASP+, enabled us to visualize 

the uptake capacity of functional plasma membrane monoamine transporters and to also 

determined SERT’s contribution to transporter mediated ASP+ uptake (Figure 4.3A-C). 

After uptake, ASP+ localized to mitochondria thus ASP+ fluorescence was found in cell 

bodies and neurites (Figure 4.3A). Quantitative confocal laser scanning microscopy 

determined how SERTs participate in ASP+ uptake (Figure 4.3B). To this end, cell 

preparations were treated with 1 and 10 µM ESCIT to inhibit SERT-specific uptake. Our 

analysis shows that both doses of ESCIT significantly decreased ASP+ uptake to 59.6 ± 

1.6 % and 62.2 ± 1.1 %, respectively of control values (Figure 4.3C). 

We previously modeled evoked serotonin in vivo in mice in the context of 2 

reuptake mechanisms, Uptake 1 (SERTs) and Uptake 2 (DATs, NETs and OCTs) and 

prolonged autoreceptor control (seen as a dip below baseline after stimulation). Here we 

modeled the curves from the 5-HTNs in a similar manner; the model is shown by the 

dotted trace in Figure 4.3D, superimposed over the experimental data. Like we 

previously found in vivo, serotonin release from 5-HTNs followed a two reuptake and 
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prolonged autoreceptor profile. To investigate which Uptake 1 and 2 transporters are 

responsible for the dual reuptake profile from 5-HTNs, we performed RNA analysis, 

which revealed transcripts for NETs and SERTs in all differentiated cells, and DATs in 

some trials. OCT3, but not OCT1 and OCT2, were detected in terminally differentiated 5-

HTN (Figure 4.3E).  

Figure 4.3. Transporter Mediated Serotonin Uptake. (A) Representative projection of 

a confocal z-stack, scale bar: 50 µm. Cellmask staining was applied to select ROI for 

quantification of ASP+ uptake. (B) Randomly picked z-projections of control and 

escitalopram-treated 5-HTN. Fire LUT bar (Image J) displays pixel intensities; scale bars: 

50 µm. (C) Compared to control fluorescence intensities, both escitalopram 

concentrations significantly diminished uptake of ASP+ by 5-HTN (n = 3 independent 

experiments; ***, p<0.001). (D) Representative FSCV current vs time trace collected 

from control 5-HTNs (purple) (n = 10 independent experiments) and the dotted curve 

predicted by the mathematical model (red). (E) PCR profile of 5-HTN cultures for 

monoamine transporters shown to contribute to ASP+ uptake: examples for a (i) 

differentiation in which DAT and NET mRNA, and (ii) only NET mRNA was detected. 

(iii) In all differentiations made, OCT3 mRNA was detected, but not the transcripts for 

OCT1 and OCT2. 5-HTN take up the monoamine transporter substrate ASP+.  

4.4.4 Real-time Chemical Verification of SSRI Induced SERT Internalization  

Immunostainings in Figure 4.4A revealed cell surface-located SERTs along 

neurites and soma of 5-HTNs after 4 weeks of terminal differentiation. We previously 

observed ESCIT-induced SERT internalization in murine stem cell-derived serotonin 

neurons 18 and sought to establish whether this phenomenon holds for hiPSCs. We 
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restricted the SERT internalization experiments here to traceable neurites because these 

5-HTNs are localized in dense clusters, and this limits the spatial resolution of antibody-

complex emitted fluorescence.18 Three concentrations of ESCIT (0.1, 0.5, and 1 µM) 

were administered to three independent terminally differentiated cell preparations. After 

two hours, fluorescence intensity was evaluated (Figure 4.4B). Treatment with 0.1 µM 

ESCIT caused reduced fluorescence intensity (82 ± 8%, p = 0.0221 of control 5-HTNs) 

indicating significant SERT internalization. This internalization was dose dependent (50 

± 4% and 52 ± 4% respectively for 0.5 and 1 µM ESCIT, compared to control 5-HTNs, p 

< 0.0001 for both treatment conditions).  

FSCV was used to determine the chemical consequence of this internalization in 

Figure 4.4C. Three ESCIT concentrations, 0.1, 0.5, and 1 µM, were each added to three 

separate groups of cell preparations. The control (before drug) concentration vs. time 

traces (purple) are displayed with traces 2 hours after ESCIT (black). Reuptake rate of 

extracellular serotonin is decreased after 5-HTNs were treated for 2 hours at all doses 

administered, and serotonin did not return to baseline.  We mathematically modeled the 

experimental data in Figure 4.4C (indicated by dotted trace). To fit the post - ESCIT 

curves, we first chose parameters so that the computed extracellular serotonin curve 

matched the control. In the three cases, the parameters were almost identical. Then Vmax 

of SERT fit was 80% of normal for 0.1 µM, 50% of normal for 0.5 µM, and 50% of 

normal for 1 µM, representing 20, 50 and 50% SERT internalization respectively. 

Serotonin concentrations reached a new steady state after the stimulation. To fit this data, 

the model hypothesized that the stimulation must cause further, rapid internalization of 
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the SERTs, specifically 55, 55 and 91% internalization respectively for the three 

increasing doses. 

 

Figure 4.4 ESCIT-mediated SERT internalization. (A) Immunofluorescence analysis 

of 5-HTN for SERT distribution. SERT signals can be found on Map2a-positive cell 

bodies and neurites as well as on Map2a-negative axons extending from the cluster. Scale 

bars: 50 µm. (B) Exemplary sum projections made from confocal stacks of ROIs 

acquired for SERT cell surface measurements. The Fire LUT bar (NIH ImageJ) indicates 

pixel intensities recorded on SERT-positive neurites, ranging from 0 (black, no emission) 

to 255 (white, overexposed). Scale bars: 10 µm. After acute ESCIT exposure, SERT cell 
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surface density significantly decreased for all concentrations tested (*p < 0.05 and *** p 

< 0.001 compared to control neurons (0 µM escitalopram); 803 ROIs on neurites were 

quantified in 3 independent experiments). FSCV concentration vs. time traces of 

serotonin reuptake (C) in vivo and (D) in 5-HTNs. Control curves for in vivo (red) and in 

5-HTNs (purple) vs. acute escitalopram (black) at 3 doses, 1 mg/kg, 3 mg/kg, and 10 

mg/kg, and 0.1 µM, 0.5 µM and 1 µM, respectively. In each of the 6 panels in C and D 

there are two curves predicted by our mathematical model labelled by small circles. The 

parameter choices and the information therein are discussed in the text. All calculations 

were done with the model described in Methods.  

Data collected in vivo in the CA2 region of the hippocampus in different cohorts 

of male mice that received 1, 3 and 10 mg/kg (n = 4 per dose), respectively is shown in 

Figure 4.4D. The ESCIT caused dose dependent increases in the t1/2 of the serotonin 

clearance (8.7 s control, 15.7 s 1 mg/kg, 18.2 s 3 mg/kg, and 10 mg/kg did not reach half 

amplitude within the 30 s file). These data were also modeled (indicated by the dotted 

trace).  As in the case of the cell culture experiments, for each ESCIT experiment, we 

first chose parameters so that the computed extracellular serotonin curve matched the 

control. In the three cases, the parameters were almost identical. To fit the ESCIT curves, 

the Vmax of SERT fit was 80% of normal for 0.1 µM, 60% of normal for 0.3 µM, and 

40% of normal for 1 µM, representing 20, 40 and 60% SERT internalization respectively.  

4.5 Discussion 

There is great importance for measuring chemicals in the intact human brain, 

however there are no established routines to probe a human brain for investigative 

purposes unless a patient is already undergoing surgery. For example, FSCV has been 

performed in the brains of human Parkinson’s disease patients undergoing surgery for 

deep brain stimulation, measuring dopamine while patients participate in decision making 

tasks.19 There are several challenges with this type of measurement however, including 

little control over the positioning of the electrode, ambient and electrode noise, and 
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limited opportunity to chemically verify the identity of substrates necessitating post hoc 

analysis algorithms. Additionally, because these patients are suffering from a severe 

neurological condition, and are at different stages of disease progression, it is very 

difficult to compare data between patients. Taken together, these issues (that are 

commonplace for clinical measurements) make it very attractive to seek an alternative 

and well controlled model that mimics the human brain, while maintaining the patient 

specific aspect of clinical measurements. Our interests in a substitute model are in the 

context of understanding and ultimately establishing biomarkers of psychiatric disease, 

such as depression.  Our work is highlighting strong correlations between serotonin and 

depression and this is not surprising since this messenger has long been known to play a 

central role in neuromodulation of mood circuits.20-23 Thus, we sought to establish a 

model system to investigate serotonergic transmission. 

In this work, we ask can hiPSCs (a readily available, well controlled, patient-

specific source for generating human serotonin neurons ex vivo) provide a 

neurochemically functional model for assessing serotonin dynamics ex vivo? To answer 

this question, we ask the following sub-questions: 

1. Can hiPSCs be differentiated into serotonin neurons that mirror the biophysicality 

and neurochemistry of in vivo serotonin neurons?  

2. Does serotonin release dependent on factors known to enable serotonin volume 

transmission in vivo, for example establishing extrasynaptic and presynaptic 

release sites? 

3. Is serotonin cleared from the synapse via multiple reuptake mechanisms as found 

in vivo? 
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4. Are adaptive mechanisms, specific to the in vivo environment, conserved in stem 

cell-derived serotonin neurons? 

5.5.1. Differentiated 5-HTNs have In Vivo Biophysical Features  

Previously we generated and characterized mouse embryonic stem cell-derived 

serotonin neurons expressing human SERTs.18 Here we sought to do the same with 

human biopsy-derived stem cells. We modified a previously established protocol to 

generate hiPSC-derived 5-HTNs,12 which correspond to dorsal and median raphe nuclei 

serotonergic neurons.24-27 The key novelty in our modified protocol are additional cell 

passages during the differentiation Stages 1-3 and replacement of original recombinant 

protein with small signaling molecules, while being able to maintain WNT signaling with 

CHIR concentration shown to provide the optimal yield of 5-HTN. This modification is 

more cost effective because it does not involve recombinant proteins yet yields mature 

cells with at the least the same efficiency as the previously established protocol. For 

example, the values representing % neuronal phenotypes resulting from our modified 

protocol (Figure 4.1H) are comparable to those reported in the original protocol.12 5-

HTNs may also be obtained from somatic cells via direct conversion into induced 

neurons.13,14 Compared to small molecule-based differentiation protocols, direct 

conversion of somatic cells into serotonin neurons is similarly efficient.   

A critical new finding here is that the differentiated cells contain key biophysical 

features of in vivo DRN cells. First, 5-HTNs display neuronal maturity (Figure 1G) 28 

days into Stage 4. Specifically, we observe defined somatodendritic and axonal 

compartments, constituting a general in vitro neuroarchitecture as a prerequisite for the 

neuronal functionality and connectivity. Furthermore these 5-HTNs express key serotonin 
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selective proteins; TPH2 and SERT, localized on cell bodies, dendrites and axons 

emerging from cell clusters, as found in vivo.28,29 The axons and somatodendritic 

compartments house serotonin-containing vesicles (Figure 1G), again as would be 

expected in vivo.24,25,29 

4.5.2. 5-HTNS are Neurochemically Functional 

In vivo serotonin release is thought to occur predominantly at axonal and 

somatodendritic varicosities with no requirement for opposing postsynaptic structures 

(i.e. volume transmission).30,31 In Figure 4.2 we present five pieces of evidence for 

serotonin volume transmission in 5-HTNs.  

I. Morphological Evidence. We observe in vivo–like localization patterns of 

presynaptic scaffolding Bassoon and Piccolo proteins and SERTs in 5-HTNs (Figure 

4.2A). This localization is similar to that previously observed for extrasynaptic active 

zone-like release sites in dopaminergic neurons, required for volume transmission.32 

Thus, our localization studies indicate that 5-HTNs have the molecular prerequisites 

to enable volume transmission. 

II. Functional Evidence for Neurotransmitter Release. In Figure 4.2B, we verify the 

ability of these sites to release neurotransmitter by uptake of the synaptic vesicle dye 

FM1-43FX. FM dyes are well established fluorescent markers to identify active 

synaptic vesicle pools and have previously been employed to quantify serotonin 

release from the soma of leech neurons.33,34 These studies show that FM dyes are 

taken up at extrasynaptic sites during electrically evoked, calcium-dependent 

serotonin release. As in these previous studies, FM dye is perfused over the 5-

HTNs before electrical stimulation of the cells.  Subsequent confocal microscopy 
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visualizes this fluorescent dye on cell bodies and neurites of 5-HTNs, verifying 

stimulation-dependent uptake of this dye by 5-HTNs. To test whether FM uptake 

occurred at presynaptic structures, we counterstained for Bassoon proteins and found 

that FM dye-containing vesicles are distributed in accordance with Bassoon 

localization. This specific distribution indicates extrasynaptic release sites without 

opposing postsynaptic neurons.   

III. Functional Evidence for Monoaminergic Release. We monitor monoamine release 

from our 5-HTNs using fluorescent false neurotransmitters (FFNs; Figure 4.2C). 

FFNs are fluorescent monoamine analogues, which we perfused over the 5-HTNs. 

These compounds have previously been shown to be selectively taken up by vesicular 

monoamine transporter 2 (VMAT2), exclusively expressed in monoamine 

neurons.35,36 Henke and colleagues first utilized 2-photon microscopy to visualize 

FFN-labelled serotonin-containing vesicles in slice preparations of rodent DRN 

serotonin neurons.37 Recently, we adapted this method for a confocal microscope set 

up and visualized FFN release from serotonin neuron-like cells in vitro.38 Here, we 

repeated this experiment and found, using confocal microscopy, FFN signals on the 

cell bodies and neurites, providing evidence for VMAT2 facilitated monoamine 

uptake into neurotransmitter-releasing vesicles in 5-HTNs. Furthermore, we found 

that electrical stimulation results in FFN release from cell bodies and neurites of our 

5-HTNs.  

IV. Chemical Evidence for Serotonin Release. FM dyes and FFNs are an indirect, 

optical tools to assess neurotransmission. However, one cannot directly translate the 

behavior of these dyes with specific neurochemistry. To chemically verify the 
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functionality of these cells, we utilized FSCV. FSCV is an extremely robust and 

sensitive tool for chemical verification of neurotransmitters in dynamic systems.39 

This method is routinely performed in cell and slice preparations including 

measurements of catecholamines in chromaffin cells,40 2,8-dihydroxyadenine in 

endothelial cells,41 dissolved oxygen in pheochromocytoma cells,42,43 and other 

analytes in rodent organotypic slice culture preparations.44-50 Serotonin release has 

been measured from cells51,52 and caudate-putamen, DNR and substantia nigra 

reticulata (SNr) tissue slice preparations.53-56  All these FSCV models involved 

evoking transmitter release via electrical stimulation. Thus we adopted a similar 

approach by positioning a stimulating electrode around a cluster of mature cells. For 

the first time we verify that 5-HTNs do indeed release serotonin in response to 

stimulation (Figure 4.2F). This verification is evidenced by the characteristic position 

of oxidation and reduction peaks from FSCV color plots and CVs, that we have 

previously found in vivo9,57-59 and add here for comparison (Figure 4.2F i and ii) The 

concentration of serotonin release from the 5-HTNs (3.7 ± 0.3 nM, n=13) was much 

lower than serotonin release found in vivo in mice (35 ± 3 nM in males, n = 17 and 32 

± 4 nM in females, n = 18 respectively)59 (Figure 4.2F iii). This finding explains the 

(seemingly) lower signal-to-noise ratio of the cell signals compared to the in vivo 

signals (bigger error bars on cell data). The lower serotonin response in these cells is 

not surprising since we expect release sites in 5-HTN cultures to be less numerous 

compared to release sites in vivo. 

V. Functional Evidence for Serotonin Release. It is well-established in the FSCV 

literature that stimulation strength significantly influences the dynamics of 
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neurotransmitter release. For example, stimulation dependent alterations in 

neurotransmitter release are routinely found in vivo.17,60,61. This phenomenon extends 

to adrenal46 and neuronal tissue slice preparations.53,55,62 Here we investigated the 

consequences of increasing stimulation strength on serotonin release from 5-HTNs. 

Stimulation strength was altered via random combinations of stimulation frequency, 

amplitude, and pulse number generating a ranking system to determine stimulation 

strength (Figure 4.2C).  5-HTNs respond to stronger electrical stimulations by 

releasing more serotonin, showing that stimulation sensitive excitatory mechanisms 

(found in vivo) for release are conserved in 5-HTNs.60 Another important aspect for 

validating functionality is the impact of precursor availability. For example, mast 

cells pre-loaded with TRP release more serotonin when stimulated than those not pre-

loaded with TRP.51 In vivo, Stamford and Wightman were able to induce serotonin 

release from dopaminergic neurons by first depleting dopamine with α-methyl-p-

tyrosine, and then preloading with 5-HTP.63 In accord with these studies, here in 5-

HTNs serotonin release amplitude increased almost two-fold (97.8%) by TRP pre-

loading (Figure 4.2D). This indicates that the 5-HTNs possess 5-HTP sensitive 

metabolic pathways (including tryptophan hydroxylase and 5-hydroxytryptophan 

decarboxylase). The presence of this pathway is not unexpected of course since the 

fluorescence staining in Figure 4.1H also verifies the presence of TPH2 within 5-

HTNs.   

4.5.3. 5-HTNs Mimic In Vivo Reuptake Mechanisms 

To investigate reuptake processes in the 5-HTNs, we first utilized the fluorescent 

monoamine transporter substrate ASP+ (4-(4-(dimethylamino)-styryl)-N-
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methylpyridinium). ASP+ can be employed to monitor and quantify monoamine 

transporter function in live cell imaging experiments. Previously, ASP+ was shown to be 

taken up by DATs, NETs,64,65 SERTs38,66 and OCTs.67,68 Here, we performed live cell 

imaging experiments to verify that effective reuptake mechanisms exist in the 5-HTNs. 

(Figure 4.3C). In line with previous observations,38,66 ASP+ uptake into 5-HTNs is dose 

dependently reduced in the presence of ESCIT, a selective SERT inhibitor (Figure 4.3D 

and E). Even at the highest dose of ESCIT, there is still active ASP+ reuptake. This may 

be due to incomplete SERT inhibition via ESCIT or due to multiple reuptake mechanisms 

for serotonin, that are seen in vivo. 

Multiple mechanisms for serotonin reuptake were first discussed by Shaskan and 

Snyder in 1970.69 Since, two classes of transporters have been identified that govern each 

uptake mechanism. Uptake 1 is classified as high affinity, low efficiency clearance and is 

mediated by SERTs, and Uptake 2 is classified as low affinity, high efficiency clearance, 

controlled by a combination of other monoamine transporters including NETs, DATs64,65 

and OCTs.70-74 

Previously we provided in vivo FSCV evidence for these two reuptake 

mechanisms in different brain regions. Specifically, most FSCV serotonin clearance 

curves comprise two distinct slopes, which can be fitted with two discrete Michaelis-

Menten kinetic parameters that match the kinetics of Uptake 1 and 2. By computationally 

modeling the FSCV data using these kinetic parameters, we were able to ascertain the 

contribution of Uptake 1 and 2 to the clearance of serotonin around the implanted 

electrode.75 In this paper, we use a similar approach to verify the presence of these two 

reuptake mechanisms in 5-HTNs. 
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In Figure 4.1 we found evidence of SERTs on 5-HTNs, thus is not surprising that 

our model captured Uptake 1 processes. To investigate whether the same proteins that 

regulate Uptake 2 in vivo are responsible for the second uptake slope in 5-HTNs (DATs, 

NETs and OCTs), we utilize RNA analysis. This analysis indeed verifies transcripts for 

DAT, NET, and OCTs. Thus, in addition to in vivo serotonin release mechanisms being 

conserved in 5-HTNs, we now confirm that reuptake mechanisms are also conserved. 

4.5.4. SSRI Induced SERT Internalization: A Response Conserved Between In Vivo 

and 5-HTNs 

Previously we differentiated mouse embryonic stem cells into mature, functional 

serotonin neurons mimicking in vivo mouse DRN serotonin neurons.18 A novel finding 

with these cells was their dose-dependent response to SSRI treatment, which resulted in 

rapid (approx. 4 hrs) SERT internalization. Our hypothesis for this observation was that 

SERT internalization marks the onset of clinical SSRI efficacy in vivo. Indeed, a PET 

study using equimolar doses of citalopram isomers or ESCIT showed less SERT 

availability in various human brain regions.76 However, the rapid internalization response 

in vitro is not compatible with the slower (up to several weeks) response in the clinic.77,78 

The reason for this discrepancy is likely based on the difference in dosing between our in 

vitro experiment and clinical regimens. For example, in vitro, the drug is present during 

the entire exposure and is unlikely to be metabolized. In vivo in clinical practice, the drug 

is released slowly and consistently; with only a small fraction going across the blood-

brain barrier where it is prone to metabolism.  

Here, under control conditions, SERTs are localized ubiquitously in 5-HTNs 

(Figure 4.4A). As in our mouse model, acute ESCIT treatment induced internalization of 



www.manaraa.com

 

 

133 

SERTs in a dose-dependent (0.1, 0.5 and 1.0 µM) manner (Figure 4.4B). SERT 

internalization is also apparent in these 5-HTNs via FSCV (Figure 4.4C). Here the same 

3 doses of ESCIT were perfused onto cell cultures and serotonin release was evoked 

electrically. With all three doses, the serotonin released does not return to baseline. We 

applied the computational model to these data and found that the model necessitates 

modification to fit the data. Specifically, the model requires incorporation of an 

internalization component. We extended this idea to data collected in vivo in the mouse 

hippocampus after the mice were exposed to 3 doses of ESCIT i.p. and indeed found that 

the larger doses given in vivo necessitate incorporation of SERTs internalization in the 

model. A novel finding here, importantly, is that it appears that SERTs in 5-HTNs are 

sensitive to the large electrical stimulation, and, as the model hypothesizes, also 

internalize during the stimulation; this is evidenced by the signal not returning to baseline 

after stimulation, showing that a new steady state in ambient serotonin is reached. This 

effect is apparent to a lesser extent in the in vivo curves, likely because of the difference 

in the nature of how the 5-HTNs are exposed to the ESCIT. When the ESCIT is added to 

the culture, it is done so as a rapid and consistent bolus. This cell exposure is 

fundamentally different than a i.p. injection in vivo, where only a small fraction of ESCIT 

goes across the blood-brain barrier in a more diffuse concentration profile and is 

metabolized rapidly once in the brain.79,80  

This rapid internalization phenomenon is very interesting to us for several 

reasons. It implies that the mechanisms responsible for SERT internalization can act 

quickly. Indeed, there is recent evidence for rapid SERT shuttling between cell surface 

and intracellular compartments 81,82. Thus, we speculate here that acute ESCIT interferes 
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with the constitutive shuttling of SERT molecules and enhances retrograde trafficking via 

this rapid process. SERT internalization has not previously been observed with FSCV in 

tissue slice preparations53,54,83,84 where serotonin clearance is much more rapid than in 

vivo or in 5-HTNs, even under large SSRI doses. We hypothesize that a high level of 

connectivity is lost in tissue slice preparations. This hypothesis insinuates that SERT 

internalization mechanisms necessitate functional networks, and that 5-HTNs possess 

independent and complete neuronal organizations that are paramount for in vivo 

compensatory mechanisms. Indeed, hiPSC-derived 5-HTNs obtained by small molecule-

based differentiation established axonal projections to the cerebellum, hindbrain and 

spinal cord after being transplanted into the brain of mouse’s offspring.85  

We therefore provide evidence in this study that human stem cell-derived 5-HTNs 

comprise key morphological and biochemical features of intact in vivo serotonin neurons. 

Our findings may provide a suitable representation of in vivo serotonin dynamics from a 

peripheral source, helping to bridge the translation between basic research in rodent 

models and the clinical human phenotype. 

4.6 Methods 

4.6.1 Solutions 

All chemicals were used as received and solutions were at room temperature.  For 

FSCV characterizations, cell media (Neurobasal, ThermoFischer Scientific, USA) was 

used without any additional components.  HEPES buffer was prepared by dissolving 20 

mM HEPES (Sigma Aldrich, USA), 130 mM NaCl (Fisher Chemical, USA), 5 mM 

CaCl2 (Sigma Aldrich, USA) in DI water and pH adjusted to 7.4. D-glucose monohydrate 
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(Millipore, USA) was dissolved into this HEPES buffer to a final concentration of 2.5 

mM.  Escitalopram oxalate (Sigma Aldrich, USA) was also dissolved into the HEPES 

buffer to final concentrations of 0.1, 0.5 or 1 µM.  Serotonin HCl (Sigma Aldrich) and l-

tryptophan (Sigma Aldrich) were dissolved into HEPES buffer. 

4.6.2 Generation of hiPSC-derived serotonergic neurons 

The differentiation protocol is adopted from the recently published generation of 

5-HTN by Lu and colleagues.12 We have introduced additional mechanical cell passages 

to promote cluster formation of 5-HTN for fast scan-cyclic voltammetry recordings. The 

differentiation of hiPSC cells into 5-HTN started from a nearly confluent culture, which 

was split using trypsin in a ratio of 1:4 before starting the differentiation protocol. First, 

stem cell culture medium was replaced with neuronal induction medium containing 2 µM 

SB431542 (Miltenyi Biotech, Bergisch Gladbach, Germany), 2 µM DMH1 (Seleckchem, 

Houston, United States), and 1.4 µM CHIR 99021 (Cell Guidance Systems, Cambridge, 

United Kingdom) to generate hindbrain neural stem cells (NSC). At day 3, NSC were 

mechanically splitted 1:3 and replated on poly-L-lysin/laminin-coated dishes (Sigma 

Aldrich, St. Louis, United States). On day 7 culture medium was additionally 

supplemented with 1 µM SAG dihydrochloride (Selleckchem, Houston, United States) 

and 0.5 µM purmorphamie (Cell Guidance Systems, Cambridge, United Kingdom) to 

trigger ventralization and promote the differentiation of NSC into rostral hindbrain NSC. 

Again, cells were split 1:3 at day 10 of differentiation. To prime rostral hindbrain NSC 

into 5-HT progenitors, 10 ng/mL FGF-4 (Miltenyi Biotech, Bergisch Gladbach, 

Germany) were added to culture medium starting day 14. At day 17, cells were split 1:3 

on poly-L-lysin/laminin-coated 15mm glass coverslips for fast scan-cyclic voltammetry 
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and immunofluorence analysis, or in 3.5cm Ibidi imaging chambers (Ibidi, Munich, 

Germany) for live cell imaging experiments. Terminal neuronal maturation was induced 

by withdrawal of growth factors. To promote neuronal maturation and survival, the 

culture medium was supplemented with 5 ng/mL BDNF, 5 µM DAPT (both Cell 

Guidance Systems, Cambridge, United Kingdoms), 30 nM ethanolamine and 100 µM L-

ascorbic acid (both Sigma Aldrich, Houston, United States). 

4.6.3 RNA profiling of 5-HTN: 

For RNA isolation, cells were harvested at hiPSC stage and the end of each 

differentiation stage (day 7, 14, and 21) and at day 28 after induction of terminal 

differentiation. After washing 3 times with 1x PBS, cells were resuspended in 1 mL 

TriFast (PeqLab, Erlangen, Germany). Cell lysates were processed as recommended by 

the manufacturer to isolate RNA using single step liquid phase separation. After RNA 

isolation, pellets were dried at room temperature and resuspended with 20 µL H2O-

DEPC. Prior cDNA synthesis samples were treated with DNaseI (protocol according to 

manufacturer, Sigma Aldrich, Houston, United States) and 500 ng RNA were applied for 

reverse transcription using the iScript cDNA synthesis kit (protocol according to 

manufacturer, Bio-Rad, Hercules, United States). The remaining RNA was stored at -

80°C, the cDNA was stored at -20°C. Primers applied for PCR and PCR conditions are 

listed in the supplement data. 

4.6.4 Immunofluorescence analysis and SERT cell surface density measurements: 

If not otherwise stated, all chemicals were obtained from Sigma-Aldrich. Prior 

immunostainings, cells were fixed in 1% paraformaldehyde at room temperature for 10 

min and washed 3 times in 1x PBS. Permeabilization was performed according to 
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antibodies applied (see supplementary data), using either 0.1% triton-X in 0.1% sodium 

citrate or 0.1% saponin in 1xPBS containing 10% horse serum (Life Technologies, 

Germany). Blocking solution (BS) contained 0.01% saponin and 10% horse serum. After 

1 h of blocking, primary antibodies were incubated at 37°C for 45 min. Then cells were 

washed 3 times with BS before secondary antibodies were incubated at room temperature 

for 60 min. Finally, cells were washed 3 times with 1x PBS and once with ddH2O before 

being embedded in fluorescent mounting medium (DakoCytomation, Glostrup, 

Denmark).  

Immunostainings for SERT cell surface density measurements were performed as 

described previously.18 Briefly, cells were incubated in detergent-free BS for 1 hour at 

room temperature after fixation in 1% paraformaldehyde. Primary antibodies targeted 

against an epitope on the second extracellular loop were applied at 37°C for 1 hour. After 

washing 3 times in BS, cells were permeabilized using 0.1% saponin in BS before TuJ1-

antibodies were applied. After washing steps, cells were incubated with Alexa Fluor-

conjugated secondary antibodies at 37°C for 45 minutes. Finally, cells were washed 3 

times with 1x PBS and once with ddH2O before being embedded in fluorescent mounting 

medium. Before immunostaining, samples were blinded during the application of ESCIT 

and assigned random codes (000-500). Samples were decoded after image processing. 

4.6.5 Fluorescence, bright field microscopy, and image processing: 

Confocal laser scanning microscopy images were acquired on a Leica TCS SP5 

(Leica Microsystems, Mannheim, Germany) attached to a DM IRE2 microscope 

equipped with an acusto-optic beam splitter and a HCX PL APO 63× oil planchromat 

lens. Excitation lasers were either an argon ion laser (488 nm), a DPSS laser (561 nm) or 
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a helium neon laser (633 nm). Conventional fluorescence images were acquired using a 

Leica (new microscope features), equipped with objectives ranging from 5x to 40x and 

suitable dichroic mirrors for excitation and emission of applied secondary antibody 

conjugates. Phase contrast and brightfield images were acquired using a Cell Discoverer 

7 imaging system (Zeiss, Jena, Germany). 

For SERT cell surface measurements, image frames were exclusively selected 

based on TuJ1-Alexa568 immunostainings without exciting SERT-Alex488 fluorescence. 

Control SERT-Alexa488 samples were used to adjust laser settings for acquisition of 

unsatured pixel values. SERT-TuJ1-stacks were acquired with sections taken every 

0.5µm. All images were exported to TIFF format, imported to NIH image (version 1.45s; 

National Institutes of Health, USA) and background corrected. Z-stacks of the TuJ1 

immunostainings were used to determine the region of interests (ROIs) on neurites (see 

supplementary data). Then, the ROIS were imported into the SERT-Alexa488 channels 

and the integrated fluorescence intensity recorded for SERT-Alexa488-antibody 

complexes were quantified using the plugin Multi Measure. 

Live cell imaging experiments using the fluorescent monoamine transporter 

substrate ASP+ (Sigma Aldrich) and fluorescent false neurotransmitter (FFN511; Abcam, 

Cambridge, United Kingdom) were performed using a Leica TCS SP5 equipped with an 

Ibidi heating system for imaging chambers (Ibidi, Munich, Germany) to keep cells at 

37°C. Images were acquired using a 20x or 63x objective; z-sections were acquired every 

0.5 µm. For ASP+ live cell image, cells were loaded with 50 µM ASP+ in FSCV buffer 

for 1 min and subsequently washed with dye-free buffer 3 times. For visualization of 

FFN511 release, cells were loaded with 10 µM FFN511 in FSCV buffer for 10 min and 
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subsequently washed with dye-free buffer 3 times. Then, neurons were stained using a 1x 

working solution of Cellmask Deep Red plasma membrane stain (Life Technologies, 

Carlsbad, United States). In case of FFN511 live cell imaging, 5-HTN were stimulated to 

release 5-HT using the electrical parameters applied for FSCV. Image raw data was 

imported into NIH ImageJ to generate z-projections and quantify fluorescence intensities 

before and after electrical stimulation using the Multi Measure plugin. ROIs for 

quantifications were defined in the channel acquired for Cellmask staining. 

4.6.6 Statistical analysis 

Fluorescence intensities measured using ImageJ were imported into 

GraphPadPrism software (GraphPad Software Inc., USA) to generate graphs and perform 

statistical analysis (variance analysis and post hoc-comparison or Student’s t-test) of the 

raw data. P values < 0.05 were considered significantly different to control values. The 

results on the graphs are displayed as means ± SEMs. For SERT cell surface density, a 

total of 803 ROI were measured in 3 independent experiments. Regarding live cell 

imaging experiments, for each fluorescent substrate at least 50 ROIs were measured. Raw 

values were normalized to control values after statistical analysis. FSCV results are 

averaged as error bars are depicted as SEMs. 

4.6.7 Carbon fiber microelectrodes 

Carbon fibers of 7-10 µm in diameter (T-650, Goodfellow, Coraopolis, PA, USA) 

were aspirated into glass capillaries (4 mm internal diameter, 0.6 mm outer diameter, A-

M Systems, Sequim, WA, USA).  A vertical pipette puller (Narishige Group, Tokyo, 

Japan) was employed to create a carbon-glass seal, and the resulting exposed carbon fiber 

was cut under a microscope to 100 (±5) (5-HTNs) or 150 (±5) (in vivo) µm in length.  
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These electrodes were electroplated with Nafion (Liquion Solution, LQ-1105, 5% by 

weight Nafion, Ion Power, New Castle, DE, USA) as described previously. 57 

4.6.8 FSCV data acquisition and analysis 

FSCV data collection and analysis were performed using WCCV 3.06 software 

(Knowmad Technologies, LLC, Tucson, AZ, USA), a Dagan potentiostat (Dagan 

Corporation, Minneapolis, MN, USA), and a Pine Research headstage (Pine Research 

Instrumentation, Durham NC, USA).  The serotonin waveform was applied (0.2 V to 1.0 

V to -0.1 V to 0.2 V, with a scan rate of 1000 V/s and 10 Hz frequency, as described 

previously 57,59. A Cl-electroplated silver wire (0.01 in diameter, A-M Systems, Sequim, 

WA, USA) was as a reference electrode.  Electrically-evoked stimulation was performed 

using an insulated stainless-steel electrode (0.2 mm diameter, untwisted, Plastics One, 

Roanoke, VA, USA).  A biphasic stimulation was applied through a linear constant 

current stimulus isolator (NL800A Neurolog, Medical Systems Corp, Great Neck, NY) at 

60 biphasic pulses at 60 Hz, 250 µA each, 4 ms in width.  Stimulation polarity was 

switched between each file.  

4.6.9 FSCV cell measurements 

Coverslips containing TRP+ human serotonergic neuronal cell clusters were 

removed from media were placed into a 35 mm low wall imaging dish (ibidi GmbH, 

Martinsried, Germany) and covered with a room-temperature solution containing 2.5 mM 

glucose in HEPES buffer.  This dish was placed into a plastic holder covered with 

aluminum foil and connected to ground to act as a Faraday cage. The cell-containing 

Faraday cage was placed onto a Leica DM IL inverted microscope to enable visualization 

of cells and as electrodes were placed.  Carbon-fiber electrodes of 100 µm were 
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employed in all cell studies.   Micromanipulators (QUAD, Sutter Instruments, Novato, 

CA, USA) were employed to position the working carbon-fiber and stimulation 

electrodes.   

4.6.10 Animals 

In vivo animal experiments were performed using methods described previously 59 

in which a stimulating electrode was placed, in reference to bregma, in the medial 

forebrain bundle (MFB, AP: -1.58 mm, ML: +1.00 mm, DV: -4.8 mm), a working 

electrode was placed in the CA2 region of the hippocampus (AP: -2.91 mm, ML: +3.35 

mm, DV: -2.5 to -3.0 mm) 86, and a pseudo Ag/AgCl reference electrode was placed in 

the contralateral hemisphere.  Animal use followed NIH guidelines and complied with 

the University of South Carolina Institutional Animal Care and Use Committee (IACUC) 

under an approved protocol.  

4.6.11 Mathematical modeling 

In 2010, we created a mathematical model for 5-HT synthesis, storage in vesicles, 

release, reuptake by SERTs, and control by autoreceptors, which has been used by us and 

others to test hypotheses and explain experimental data.87 Our 2014 collaboration 

revealed that: (1) there are two reuptake mechanisms, the SERTs and uptake into glial 

cells by other transporters; (2) autoreceptor effects on release are not instantaneous and 

persist for many seconds after the extracellular concentration of 5-HT returns to normal 

75. We have therefore created an improved mathematical model for 5-HT release, 

reuptake, and control, that contains both uptake mechanisms and a detailed model of the 

mechanisms of autoreceptor function including the auroreceptors, coupled G-proteins, 

and regulators of G-protein signaling. This new model, based on a previous model,87 is 
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used for the simulations in this paper. A publication describing the new model is in 

preparation. The autoreceptor dynamics is the really new part of the improved model, so 

we describe it here. 

When stimulated in the Hashemi Lab, the 5-HT neurons release 5-HT into the 

extracellular space. The increase in extracellular 5-HT (eht) causes the concentration of 

autoreceptors bound to eht (bht) to go up. The increased binding stimulates the 

conversion of inactive G-protein (G) to its active form, G*. Then G* stimulates the 

conversion of the regulatory protein, T, to its active form, T*, which deactivates G*. This 

verbal description is instantiated in the following differential equations for bht, G*, and 

T*. 

 

Here b0, g0, and t0 represent the total concentrations of autoreceptors, G-proteins, and T-

proteins, respectively. It is the activated G-protein, G*, that inhibits synthesis of 5-HT 

and inhibits release from the vesicles into the extracellular space. The rate of release, 

R(t), is given by 

 

where fire(t) is the firing rate of the neuron and vht is the vesicular concentration of 5-

HT. The function inhib(G*) depends on G* and has the following form: 
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At equilibrium there is a tonic amount of inhibition of release. But, when G* rises above 

its equilibrium level the multiplicative factor inhib(G*) is lower so release goes down. 

The constants a1,…,a8 will likely vary somewhat between individuals.  This kind of 

model for autoreceptor dynamics was first presented for histamine H3 autoreceptor 

dynamics previously.88 
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CHAPTER 5 

RADICAL-INITATED ELECTROPOLYMERIZATION OF POLY-

GLUTAMIC ACID ON CARBON: IMPLICATIONS FOR BIOLOGICAL 

ANALYSIS4 

 

                                                           
4 Holmes, J.; Batey, L.; Hashemi, P.: “Radical-initiated electropolymerization of poly-

glutamic acid on carbon: Implications for biological analysis” – Under review – Journal 

of the American Chemical Society. 
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5.1 ABSTRACT 

Carbon materials are paramount for analysis of biological molecules of broad 

relevance. Biocompatibility makes carbon extremely beneficial for electroanalysis in 

biological systems; however, carbon surfaces are prone to electropolymerization by 

biological molecules, an effect that has been presumed to poison the electrode, 

deteriorating sensitivity. In this work, we find that exposure to in vivo brain tissue 

improves the sensitivity of carbon electrodes to dopamine with fast voltammetry. We 

hypothesize that glutamate, a ubiquitous neurotransmitter highly concentrated in the 

extracellular space, plays a key role because glutamate is known to electropolymerize on 

carbon electrodes with slow scan voltammetry. The polymerization mechanism is 

initiated electrochemically via formation of a radical and propagates to form poly-

glutamic acid (PGA), a polymer with an overall negative charge, that may serve to 

enhance sensitivity towards biological cations like dopamine via preconcentration. Here, 

we provide electrochemical, microscopic, and spectroscopic evidence of PGA growth on 

carbon microelectrodes. Film formation is visually verified via scanning electron 

microscopy and energy dispersive x-ray spectroscopy reveals similarities in the elemental 

profiles of PGA electrodes and electrodes implanted in brain tissue. Morphology is 

further analyzed with atomic force microscopy, indicating a nucleation and growth-like 

mechanism of PGA on carbon. The implications of PGA on electrochemical performance 

are assessed and compared to electrodes conditioned in vivo, both providing similar 

enhanced sensitivity and kinetic response time. Given the similarities between electrodes 

conditioned in PGA and in vivo, ambient glutamate is likely responsible for the majority 

of in vivo polymerization, and PGA is critical for enhancing sensitivity in vivo. 
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5.2 INTRODUCTION 

Carbon electrodes have been employed for many decades to study biological 

phenomena.1 Carbon is an excellent material for biological analysis because it is cheap, 

has excellent electron transfer properties, is biocompatible and easy to microfashion.1 

Carbon has been broadly applied in biological analysis to measure a multitude of 

biologically relevant molecules in sweat,2-4  tears,5-7 urine,8-10 breath,11  blood,12,13 and in 

several organs such as the gut,14,15 lymph nodes,16 and the brain.17,18 A facet of biological 

electroanalysis at carbon is that biological molecules can electropolymerize on the 

electrode surface. In general, it is thought that this polymerization constitutes fouling or 

poisoning of the carbon surfaces whereby electrodes become less sensitive to analytes. 

Biofouling is proposed to be the primary reason why most biosensors fail during in vivo 

measurements.19,20   

A particularly well characterized example of biological electropolymerization is 

during in vivo brain analysis. Studies have shown that the neurotransmitters dopamine 

(DA) and serotonin21-26 create multiple, unstable, intermediate oxidation products that 

rapidly polymerize on the electrode surface.  As such, steps have been taken to ‘clean’ 

electrodes in situ or prevent this type of fouling.  For example, the application of a high 

positive potential (around 1.3 V) to carbon fiber microelectrodes (CFMs) results in 

oxidation of the carbon surface, thereby etching the top-most layer and regenerating the 

electrode.27,28 An alternative approach is to utilize different types of carbon; several 

groups have shown that boron doped diamond is less susceptible to biofouling than other 

types of carbon electrodes.29-31 A third method to reduce fouling is to modify the 

electrode with polymer coatings, like the cation or size exchange polymer Nafion 



www.manaraa.com

 

 

159 

(NA).24,32-34 There has been some incoherence about a universal modification procedure 

using polymers to prevent the fouling.  

We began this work by analyzing the effects of brain tissue exposure on carbon 

with the goal of optimizing parameters for polymer modification of carbon. This work 

was initially performed under the rationale that exposure to brain tissue would decrease 

carbon’s sensitivity. Surprisingly, we found that the in vivo environment in the brain 

significantly increased CFM sensitivity to DA when measured with fast voltammetry. 

This led us to hypothesize that polymerization during in vivo measurements serves to 

enhance, not degrade, electrode sensitivity. We postulated that glutamate, an excitatory 

transmitter, is a key player in these polymerization processes because a) this species is 

ubiquitous and highly concentrated in the brain (in vivo studies utilizing various 

techniques report 1-30 µM35) and b) poly-glutamic acid’s (PGA) overall electronegative 

charge is controlled by pH, and may enhance sensitivity to DA and other positively 

charged analytes at biological pH via preconcentration.36,37 Additionally, glutamate 

electropolymerizes to form PGA via conventional cyclic voltammetry in a mechanism 

initiated by the generation of a radical cation when a sufficiently positive potential is 

applied.38 The amine group on glutamate covalently grafts to carbon39,40 and propagation 

is governed by a chain growth reaction.39,41 As such, PGA has been employed broadly 

across biomedical and bioanalytical applications, including as a biocompatible 

encapsulation method for drug delivery,42,43 a hydrogel for in vitro tissue engineering,44-46 

and as a polymer coating for electroanalytical detection.47-49   

Here, in support of the idea that glutamate polymerizes on the electrode, we 

showed evidence of in situ PGA formation on CFMs for the first time with fast-scan 
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cyclic voltammetry (FSCV). The resultant PGA film was imaged via scanning electron 

microscopy (SEM), and elemental analysis with Energy Dispersive X-Ray Spectroscopy 

(EDX) identified the film’s chemical composition. Atomic force microscopy (AFM) 

further revealed the morphological character of PGA on the CFM surface, implying a 

nucleation and growth mechanism. Finally, the analytical performance (sensitivity and 

response time) of PGA-modified CFMs was compared to electrodes that had been 

conditioned in vivo. Like the in vivo electrodes, PGA modified electrodes displayed 

increased sensitivity compared to electrodes conditioned in PGA-free buffer. 

Furthermore, the PGA and in vivo CFMs exhibited significantly improved response 

times. Given the analytical and morphological similarities between in vivo and PGA 

electrodes, we conclude that the majority of in vivo polymerization is likely due to 

glutamate and that this polymerization is actually critical for facilitating in vivo 

measurements of amines in brains of mice. 

5.3 RESULTS AND DISCUSSION 

5.3.1 PGA electropolymerizes onto CFMs with FSCV 

Biological environments are rich in proteins, ligands and many other redox active 

molecules. Carbon is generally hydrophobic and more resistant to the fouling effects of 

these agents than other common electrode materials.29,50 Nonetheless, even the carbon 

surface is altered when implanted into the brain. The interaction of biomolecules with the 

carbon surface is particularly problematic for low concentration measurements and/or 

analysis of rapidly fluctuating species, as is the case for in vivo analysis of the brain. 

There is a general notion that the sensitivity and/or response time of electrodes declines 

in vivo, raising issues for data interpretation since it becomes very difficult to deconstruct 
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physiological events from inherent facets of the analysis. Researchers have taken 

different approaches to this problem including in situ ‘cleaning’ of the electrode,28 post 

analysis corrections whereby the time aberrations of DA diffusion in vivo are modeled,51-

53 and modifications to the electrode surface, which is the method of choice in our own 

laboratory. A universal scheme for modifying CFMs with polymers to best enhance 

analytical performance, however, has not been agreed on. Researchers have found 

differing modification procedures or combinations of polymers to be the most 

successful.24,32-34  

We began this work by seeking to compare and contrast different CFM 

modification procedures in a bid to provide a universal modification scheme to the 

community. As a starting point, we sought to confirm the fouling effects on CFMs of the 

in vivo environment. A four-point calibration was performed on 4 electrodes in TRIS 

buffer (commonly employed in FSCV analysis because it has components that mimic 

amines and proteins in the extracellular matrix). these electrodes were then placed into 

the nucleus accumbens core region of a mouse brain where DA was monitored for 

roughly 3 hours with fast scan adsorption-controlled voltammetry (FSCAV). The 

calibration was repeated following the in vivo experiment (calibrations are labeled 

PRECAL and POSTCAL in Figure 5.1C). A representative color plot and cyclic 

voltammograms (CVs) from these experiments are shown in Figure 5.1A and 5.1B, 

respectively. Contrary to the general view than the in vivo environment is detrimental to 

electrode sensitivity, we found that the electrode sensitivity actually significantly 

increased post-calibration vs. pre-calibration. At the 500 nM calibration point, the current 
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response increased by an average of 156.6 % (p = 0.016). In our experiments, this effect 

persisted when FSCV is used (see Figure 5.4). 

A previous study displays similar results,54 where the current response to 

acetaminophen after in vivo measurements is larger than before the experiment, and 

another where the response change to DA is insignificant.55 However the majority report 

decreased sensitivity to DA after in vivo exposure. 33,56,57 We attribute our results to the 

differences in our experimental conditions, such as background buffer (HEPES vs tris), 

electrode type (disk vs cylinder), waveform (1.0 V vs 1.3 V potential limit), pretreatment 

before post calibration (overnight soaking in IPA vs no pretreatment post calibration), 

and animal model (rats vs mice). All in all, our results suggest that an unidentified aspect 

of the in vivo environment contributes to a surface alteration of carbon that improves the 

sensitivity of the electrode towards DA. 

When attempting to identify potential biological monomers that might 

electrochemically interact with carbon, one candidate that captured our interest was 

glutamate. Glutamate is a neurotransmitter that is ubiquitous across brain regions. While 

it is generally accepted that glutamate does not offer analytical electroactivity, glutamate 

electropolymerization is well established in the literature with conventional cyclic 

voltammetry.36,38,58 Thus, we asked whether glutamate electropolymerization occurs at 

fast scan rates. A triangular waveform was optimized and applied to CFMs with a wide 

potential window (-1.2 V to 1.3 V to -1.2 V at 400 V/s). Using flow injection analysis 

(FIA), a pulse of glutamate (0.1 µM) was delivered to 4 different electrodes and the 

response recorded. A representative color plot and CV of this response are displayed in 

Figure 5.1Di where the electropolymerization peak occurs at 1 V (denoted by the purple 
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circle). The first six injections in Figure 5.1D reveal the polymerization peak, with an 

average current response of 36.7 ± 2.9 nA. Successive injections of glutamate using 

FSCV show that this peak diminishes the over time (Figure 5.1Dii), decreasing to an 

average of 11.1 ± 1.0 nA, 30.2% (p = 0.0002) of the original amplitude. When the 

glutamate concentration was increased to 1, 20, and 100 µM, there was no significant 

change in amplitude. A representative color plot and CV from a 20 µM injection in 

Figure 5.1Diii show that the polymerization peak previously observed is greatly 

diminished and is indistinguishable from the switching peak (an artifact of the technique 

near the switching potentials). We believe the disappearance of this peak over several 

injections is due to fewer available sites for PGA attachment and chain length saturation. 

The formation of PGA on CFMs with a waveform that scans to 1.3 V is an interesting 

finding since application of 1.3 V is known to etch and renew the carbon surface thereby 

increasing sensitivity to DA.28 This effect has been attributed to overoxidation of the 

carbon surface, providing a clean surface for the next analysis and for creating oxygen 

moieties on the surface that pre-concentrate the DA cation prior to analysis.27,28 Here we 

suggest that, in vivo in mice, 1.3 V also facilitates the signal via PGA polymer formation 

(the polymerization peak at 1 V suggests that this process is actually dependent on the 

application of a positive potential at or above 1 V). In the following sections, we 

characterize this surface film.  
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Figure 5.1. PGA Electropolymerization on CFMs. (A) Representative in vivo FSCAV 

color plot and (B) cyclic voltammograms in DA (500 mM), before (red), after (blue), and 

during (purple) in vivo measurements. (C)  Pre and post calibration data from an in vivo 

experiment measuring DA in the mouse nucleus accumbens. Inset histogram depicts a 

156 % increase in current response to 500 nM (p < 0.05). (D) Varying concentrations 

(0.1, 1, 20, and 100 µM) of glutamate, are measured by 60 successive injections via FIA. 

Color plots and CVs from (i) 0.1 µM and (iii) 20 µM glutamate injections are inset. (ii) 

Every 4th CV of 0.1 µM glutamate is displayed. Error bars: Standard error of the mean. 
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5.3.2 PGA can be visualized on CFMs 

Given voltammetric evidence of PGA film formation in the previous section, film 

deposition was verified and characterized via micro- and nano-imaging and elemental 

analysis. SEM has previously been used to image PGA on different carbon surfaces 

including glassy carbon,38,59-61 carbon paste electrodes,62 carbon nanotubes,47,49,63,64 

graphite,65 and reduced graphene oxide,48,63 and other substrates such as Au 

nanoparticles,66 however there have been no reports of PGA deposition on CFMs. Here 

we imaged CFM surfaces with SEM and performed EDX to analyze the elemental profile 

of the carbon surface. In particular, we were interested in observing the effects of 

waveform application and modification (testing the importance of 1.3 V) on the CFM 

surface in the presence of glutamate.  

CFMs were treated using the triangular DA waveform for 10 minutes at 60 Hz 

and 10 minutes at 10 Hz with four different pre-treatment paradigms. SEM and EDX 

were performed on these electrodes within 24 hrs. 

A - PBS, 1.3 V. In Figure 5.2A, the CFM was treated in PBS with the triangular 

waveform with the 1.3 V positive potential limit. The carbon surface appears relatively 

smooth (Figure 5.2Ai) and the elemental analysis, primarily, shows carbon (Figure 

5.2Aii).  

B - Glutamate in PBS, 1.0 V. In Figure 5.2B the positive potential limit of the 

triangular waveform was 1.0 V; this waveform is not considered to overoxidized the 

carbon surface.27,28 When treated in 1 µM glutamate, CFMs did not show visible deposits 

on the CFM. This is because SEM does not have the resolving power to visualize the fine 
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deposits that occur with low glutamate concentrations (we visualize these with AFM in 

Figure 5.3 below). With 10 mM glutamate, significant deposits were visualized (Figure 

5.2Bi). EDX analysis revealed oxygen (Figure 5.2Bii). We believe that this oxygen on 

PGA-CFMs originates from glutamate molecule (since there is no oxygen peak in the 

absence of glutamate (Figure 5.2A). From glutamate, we also expect a nitrogen peak 

between the carbon and oxygen (0.4 keV), however the large carbon (0.3 keV) and 

oxygen (0.5 keV) peaks likely mask this nitrogen peak so that it cannot be resolved. 

Other elements detected via EDX include artifacts of the PBS buffer (Na, P, and Cl). 

Because a vacuum seal is required to perform SEM/EDX, we attribute this to salt ions 

becoming trapped in the pores of the PGA coating. This is not unexpected, as other 

groups have observed the presence of unexpected elements due to the fabrication process. 

For example, Ding et al. and Wang et al. observed Fe and Cl peaks on poly(2,5-bis(3,4-

ethylenedioxythienyl)pyridine) due to the addition of Ferric chloride as an oxidant during 

fabrication.67,68  

C - Glutamate in PBS, 1.3 V. In Figure 5.2C the positive potential limit of the 

waveform was increased to 1.3 V. The CFM has fewer deposits than the 1.0 V waveform 

(Figure 5.2Ci) but the EDX in Figure 5.2Cii is nearly identical to that in Figure 5.2Bii, 

detecting carbon, oxygen and PBS buffer artifacts. The lesser visual extent of deposition 

corresponds to a higher sensitivity to DA FIA (Figure 5.2Ciii where responses to 1µM 

DA are compared before and after CFM treatment in glutamate with 1.0 or 1.3V). From 

experiments in Figure 5.1D, we found that glutamate deposits at 1.0 V.  The SEM result 

here implies that having a positive limit of 1.0 V encourages too thick of a PGA layer that 

creates a diffusion barrier, problematic for the rapid acquisition rate of FSCV. Previous 
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reports show that ramping the potential to 1.3 V etches and regenerates the CFM surface. 

We postulate here that PGA is formed simultaneously as the carbon is etched, thus 

providing an optimal balance that maintains the PGA film thin enough not to act as a 

diffusional barrier, but rather a pre-concentration matrix.  

D - In Vivo, 1.3 V. In Figure 5.2D, the electrode was cycled in vivo for 

approximately 15 minutes. When imaged with SEM in Figure 5.2Di, there is a visible 

film on the electrode surface. Such deposits have been previously been seen after in vivo 

implantation, attributed to ‘debris and biomaterials’.33,69 Significantly, the elemental 

profile is similar to that of the CFMs exposed to glutamate (Figure 5.2Dii). 

Some conclusions we draw from Figure 5.2 are: (1) PGA formation can be visualized on 

CFMs (2) PGA coatings seem thinner with the 1.3V limit waveform (3) similar elemental 

surface profiles are associated with PGA-CFMs and in vivo-CFMs. Deciphering the 

mechanisms of PGA deposition on CFMs is critical for understanding the 

electrochemical underpinnings of the in vivo signals. One approach to investigating 

deposition mechanisms is to study the morphology of PGA coatings using AFM.  

5.3.3 PGA formation is governed by nucleation and growth 

AFM is a useful tool for studying the morphology of conductive coatings on 

electrodes. This technique could provide insights into how PGA is formed on electrodes 

in vivo. Using this rationale, we compared different PGA deposition paradigms to NA 

electropolymerization. NA is a perfluorinated and highly sulfonated conductive polymer 

often deposited onto carbon for biological analysis.24,32-34 We performed the following 

experiments to visualize the CFM surface following various modification protocols  
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Figure 5.2. PGA coating on CFMs. SEM (i) images (Inset: magnified in image of CFM 

surface) and EDX(ii) spectra of CFMs (A) bare, (B) treated for 20 minutes (10 min 60 

Hz, 10 min 10 Hz)  in [10 mM] Glutamate using the triangular DA waveform (to 1.0 V) 

and (C) using the extended DA waveform (to 1.3 V), (D) treated in brain tissue. A 

histogram is inset in (Cii) comparing the normalized current response of CFMs to 1 µM 

DA, cycled at 1.0 V and 1.3 V in PBS and 1 µM Glutamate.  
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designed to mimic an in vivo experiment (background matrix and time frame of in vivo 

experiment).  

A - 3 electrodes were imaged: 

i) bare  

ii) NA electroplated via holding a potential of 1.0 V for 30 s   

ii) PGA deposited by applying a triangular waveform. 

As previously observed with AFM, distinct striations are apparent on bare CFMs 

(Figure 5.3Ai).70 After deposition of NA (Figure 5.3Aii) or PGA (Figure 5.3Aiii) on the 

CFM (glutamate at low concentrations (1uM) in contrast to EDX experiment), a) the 

striations are shallower and b) the surface is significantly roughened, as seen 

previously.36,48,71,72  When comparing the NA coating to the PGA coating, differences in 

morphology are clear. NA is more uniformly deposited while PGA is deposited more 

sparsely with large patches of the surface devoid of polymer. Of particular interest is the 

feature denoted by the arrow in Figure 5.3Aiii. Here there appears to be heavy deposition 

along the vector of a single striation. This behavior implies that the deeper sections of the 

striations are a more favorable surface for PGA deposition. This could be because there 

are more ridges or imperfection sites where the polymer can nucleate and grow. 

Nucleation and growth, dependent on surface imperfections, are described in great detail 

for metals.73-75 This finding is not surprising since radical initiated polymers are formed 

via a chain-growth type mechanism.41,76-78 
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Figure 5.3. PGA Film Morphology. AFM images of CFMs modified (A) (i) by surface 

activation with extended DA waveform (cycled for 20 minutes (10 min 60 Hz, 10 min 10 

Hz)  in PBS), (ii) electroplated NA, and (iii) PGA coated with expanded DA waveform 

(cycled for 20 minutes (10 min 60 Hz, 10 min 10 Hz) in 1 µM glutamate). AFM images 

of CFM collected following a stability experiment (Figure 5.1) lasting around 2.5 hours 

(B). CFMs are modified with (i) Electroplated NA, (ii) PGA deposited over the course of 

the experiment via 1 µM glutamate added to the background buffer, and (iii) NA with 1 

µM glutamate added the background buffer. 

B - 4 electrodes were imaged after 2.5 hr analysis time (a time period mimicking 

an in vivo experiment).; 

i) NA  

ii) NA and PGA co-deposited with glutamate added to the background buffer  

iii) PGA with glutamate in the background buffer 
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NA coated electrodes are commonly employed for in vivo analysis, and it has 

been thought that the NA coating enhances the signal and the stability of the CFM over 

the time period of an in vivo experiment. While this may be the case when lower potential 

limits are applied (for example, 1.0V positive potential limit of the ‘Jackson’ waveform 

utilized for serotonin analysis), it does not hold for 1.3 V. It is seen that in Figure 5.3Bi, 

the rich surface roughness of the NA coating is substantially diminished in comparison to 

the freshly electroplated NA/CFM in Figure 5.3Aii. This shows that the NA coating is 

not stable after 2.5 hrs of analysis, likely because at 1.3 V the underlying carbon is etched 

away and via this process, a large portion of NA is removed. Given this information, it is 

interesting that NA-CFMs are still effective for in vivo experiments over several hours. 

This phenomenon suggests that another factor is facilitating in vivo stability. To test this, 

a bare CFM was treated for 2.5 hrs in a buffer with 1 µM glutamic acid (similar 

concentration to extracellular in vivo glutamate levels, Figure 5.3Bii) and, a NA coated 

CFM was treated for 2.5 hrs in the presence of glutamate (Figure 5.3Biii). It appears that 

PGA coated electrodes in Figure 5.3Aii and 5.3Bii both exhibit similar PGA surface 

features. From this data, we suggest that PGA, and not NA is the more abundant polymer 

on an electrode performing in vivo analysis. We are not able to gather meaningful AFM 

images of in vivo electrodes since the surface is highly contaminated with tissue and salts.  

AFM has previously been utilized to image the morphology of PGA on glassy 

carbon and reduced graphene oxide with similar surface features.36,48 In these studies 

deposition via conventional cyclic voltammetry produced a homogeneous coating (unlike 

our non-uniform coatings) with small pores that allowed migration of analytes through 

the film.36,48 We believe the different PGA morphology observed in these studies 
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compared to ours is due to differences in scan rate, with slower scan rates permitting 

significantly more time for deposition. We conclude from this data that 1) PGA 

deposition on carbon is initiated by a ‘nucleation’-like mechanism and polymerizes via a 

chain-growth reaction, 2) the application of a high potential limit allows PGA to deposit 

quickly and non-uniformly and 3) the NA surface film is detrimentally affected by the 

waveform, where the majority of the surface roughness observed in Figure 5.3Aii and is 

lost in Figure 5.3Biii. 

Electrochemical grafting of amines to carbon surfaces has previously been 

studied.40 The reaction mechanism involves the electrooxidation of the amine group, 

resulting in a radical cation. From this irreversible process, the carbon electrode surface 

and amine group are covalently bound, and the structure of the starting material is 

maintained.39 Additionally, offering a potential not only drives bond formation between 

aliphatic amine groups and carbon,40,79 but also facilitates polymerization of small amine-

containing molecules such as amino acids.39 Several aromatic and aliphatic amino acids 

are capable of electropolymerization, including aniline,80,81 histidine,82-86 threonine,87 

arginine,88 serine,88 glutamine,88 lysine,89 aspartic acid,90 and glutamic acid. PGA 

electropolymerization was first reported by Yu and Chen in 1997, where PGA was 

immobilized onto a glassy carbon electrode to detect hydrazine, a chemical found in fuel 

with toxic health effects.38 Yu’s method, and other derivative methods, have since been 

employed to coat PGA for electroanalytical detection of amoxicillin,59 alpha-synuclein (a 

protein involved in Parkinson’s Disease-related dementia),66 DA,47 ascorbic acid,58,62 

norepinephrine,62 tryptophan,49 glucose,60 gallic acid,48 and uric acid.58,62 All previous 

accounts of PGA electropolymerization were accomplished using conventional cyclic 
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voltammetry, applying a potential range of -0.8 V to 2.0 V at a scan rate of 100 mV/s. 

The application of a sufficiently positive potential limit results in a signal peak observed 

around +1.5 V,38 serving as electrochemical evidence of the formation of a radical cation 

that initiates free radical polymerization. Though the high potential (+1.5 V) required to 

initiate this reaction previously is not within the potential window of FSCV waveforms, 

we hypothesized that adsorption of glutamate to CFMs creates enough thermodynamic 

favorability to initiate PGA formation with FSCV. On a second scan, a propagation peak 

is observed at 1.25 V and increases with each subsequent cycle indicative of growth. 

Taken together the evidence of covalent grafting and polymer growth, we have 

constructed Scheme 1, depicting the mechanism of C-N bond formation, 

electropolymerization and structure of PGA.  

 

Scheme 1. PGA Electropolymerization Mechanism. 

5.3.4 Analytical Response is improved with PGA  

In Figure 5.1 we found that with FSCAV the electrodes were more sensitive after 

in vivo exposure and hypothesized that the PGA film facilitates this increase in 
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sensitivity. The structure of PGA, with an overall negative charge, provides more support 

since this negatively charged polymer could enhance preconcentration of cations, such as 

DA. Here we test whether this phenomenon holds for FSCV analysis by comparing 

various combinations of CFM modifications towards DA analysis with FIA 

(representative color plot and CV of 1 µM DA in PBS buffer are shown in Figure 5.4A). 

In Figure 5.4B, a histogram evaluates the maximum electrode response by averaging the 

response of 5 injections of 1 µM DA on 4 electrodes each of: 

1) Bare  

2) PGA pretreatment with glutamate in background buffer  

3) in vivo pretreatment  

4) in vivo pretreatment with glutamate in background buffer.  

All modifications facilitate increases in current compared to the bare CFM. A 

significant increase in sensitivity was observed after in vivo exposure (29.2 %, p = 0.02), 

were the CFMs were placed in the cortex of a rodent brain for 20 minutes and DA was 

immediately measured. Furthermore, when 1 µM glutamic acid is added to the 

background buffer for an in vitro experiment (denoted in Figure 5.4 with a (B)), an 

increase in current response to PGA is recorded (16 %, p = ns) with respect to bare. 

Additionally, a significant increase in in vivo CFMs (38 %, p = 4 x 10-5) is observed 

when 1 µM glutamate is added to the background buffer.  
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Figure 5.4. Sensitivity and Kinetic Response of modified CFMs. (A) Representative 

color plot and cyclic voltammogram (inset) of a 1 µM DA injection with FIA. (B) 

Histogram of FIA response to 1 µM DA on 5 different pretreated CFMS: Bare, PGA 

(glutamate in background buffer at 1 µM), in vivo pretreatment, and in vivo pretreatment 

with glutamate in buffer for analysis. (* p>0.05, **** p>0.001). (C) FIA rise curves of 

the first 3.5 s of a 1 µM DA injection on 4 different CFMs: Bare, PGA (glutamate in 

background buffer at 1 µM), in vivo pretreatment, and in vivo pretreatment with 

glutamate in buffer for analysis. Every third error bar is displayed. The slope of the linear 

portion of the curve is inset (0.4 - 1 s, R2 > 0.99).   

Thus far, we have demonstrated that glutamate polymerizes on CFMs and that the 

PGA film facilitates responses to DA both in vitro and in vivo. One concern with FSCV 

measurements at modified CFMs is whether the films on CFMs create a diffusional 

barrier that might induce kinetic limitations in the response.24 We tested whether any of 
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the modifications slowed down the FSCV response time via FIA in Figure 5.4C. The 

time axis depicts the first 3.5 seconds of the response of the various different modified 

electrodes. In contrast to the expectation that the presence of polymeric films slow the 

response time, we found by estimating the slope of the linear portion of the rise curve that 

all modifications improved the speed of response (in vivo - 28.6%, PGA(B) - 49.3%, in 

vivo(B) - 63.4 %) with respect to bare. 

PGA is composed of small glutamate units and likely does not sterically hinder 

DA’s adsorption. In fact, the overall negative charge, with partial positive and negative 

regions throughout the structure seems to be promoting DA’s electrostatic access within 

the PGA coating.  

5.4 CONCLUSION 

Carbon has served as a vital material for electroanalysis due to its favorable 

electron transfer properties and ease of fabrication. In particular, carbon probes are 

extremely beneficial for studying biological systems because they are biocompatible. 

Like other electrode materials, carbon is subject to surface fouling caused by 

electropolymerization of biological molecules. It is generally accepted that biofouling 

leads to decreased sensitivity, however in this work, we found via a pre- and post-

calibration that exposure to brain tissue in mice increased the electrode response to 

dopamine. We hypothesized that the ubiquitous neurotransmitter, glutamate, was the 

cause of this outcome, because glutamate electropolymerization with conventional 

voltammetry is well documented and results in a cation exchange polymer (polyglutamic 

acid, PGA) coating on the electrode surface.   
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Here, we utilized a multifaceted approach to provide voltammetric, microscopic, 

and spectroscopic evidence of PGA formation on carbon electrodes and analytically 

compared PGA electrodes to electrodes that have been exposed to the in vivo 

environment. Voltammetry revealed a PGA deposition peak, indicative of growth. SEM 

visualized the PGA coating and EDX uncovered similar elemental profiles between PGA 

electrodes and in vivo electrodes. Additionally, AFM was used to further characterize 

PGA morphology, revealing a non-uniform coating indicative of a nucleation and growth 

type mechanism of polymer deposition. Finally, both PGA electrodes and electrodes that 

have been exposed to brain tissue demonstrate similar improved kinetic response time 

with FIA, and improved sensitivity of 1 µM DA with respect to an untreated electrode. 

From these results, we conclude that ambient glutamate polymerizing on electrodes in 

vivo boosts electroanalytical sensitivity and kinetic response time. Furthermore, the 

partial positive and negative regions throughout the PGA structure and overall negative 

charge offers favorable analytical performance for DA measurements.  
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CHAPTER 6 

ENZYME-FREE GLUTAMATE SENSING USING FAST 

VOLTAMMETRY AT CARBON FIBER MICROELECTRODES5 

 

                                                           
5 Holmes, J.; Buchanan, A. M.; Witt, C. E.; Redden, B.; Wiskur, S.; Hashemi, P.: 

“Enzyme-free glutamate sensing using fast voltammetry on carbon fiber microelectrodes” 

– In preparation – Analytical Chemistry 
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6.1 ABSTRACT 

Glutamate is the major excitatory neurotransmitter in the central nervous system 

and plays an important role in healthy brain function. However, dysfunction can result in 

chronic excitotoxicity and has been linked to several neurological and neurodegenerative 

disorders. Although glutamate is implicated, the physiological mechanism behind these 

disorders is still unclear. For this reason, a glutamate sensor for in vivo analysis would be 

highly beneficial for deciphering glutamate neurotransmission in healthy and diseased 

states. Glutamate measurement strategies are analytically limited because glutamate 

readily electropolymerizes when a potential is applied to available electrochemical 

sensors. Additionally, glutamate release events are restricted to the synaptic cleft in most 

brain regions, making detection challenging with electrodes that are unable to target the 

synapse due to size restraints. This work details a two-fold approach for direct glutamate 

detection in vivo: 1) electrochemically avert the electropolymerization and 2) target a 

brain region with extrasynaptic glutamate transmission events. First, we develop a novel 

electrochemical method using fast-scan cyclic voltammetry on carbon fiber 

microelectrodes to directly detect glutamate. We evaluate the nature of the voltammetric 

glutamate signal, identifying adsorption as the detection mechanism and calculating the 

adsorption coefficient (Kads = 4.84 × 105). Additionally, interferences that may mask or 

disrupt the glutamate signal are then analyzed and a solution towards enhancing 

specificity with a glutamate specific ionophore is implemented. Finally, we place a CFM 

into the Purkinje layer of the cerebellum, a region known to participate in volume 

transmission, and are able to detect a signal resembling the signature glutamate response. 

This work provides evidence that glutamate can be directly measured with voltammetry 
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and characterizes the glutamate response. In the future, we plan to covalently attach the 

proposed ionophore, creating a selective glutamate sensor and to pharmacologically 

verify the in vivo glutamate signal. This innovative sensing platform will be useful for 

better understanding the neurochemistry of glutamate and the role glutamate plays in 

psychiatric disorders.  

6.2 INTRODUCTION 

Glutamate, a major excitatory neurotransmitter, participates in nearly all circuits 

in the developed central nervous system (CNS). Regulation of this transmitter is essential 

for normal brain function, and dysfunction can result in chronic excitotoxicity.1,2 

Additionally, the glutamatergic system has been implicated in neurological disorders 

including Alzheimer’s and Parkinson’s Disease.3-5 To better understand glutamate 

neurotransmission and signaling in health and disease, it is highly desirable to measure 

glutamate in vivo.  

Electroanalytical and physiological challenges make glutamate a difficult analyte 

to directly measure. Within the electrochemical sensing community, it is generally 

accepted that glutamate is not electroactive.6,7 Previous generations of glutamate sensors 

have relied on a chemical recognition agent, like glucose oxidase, however 

immobilization methods of enzymes to electrode surfaces leads electrodes to suffer from 

poor shelf life, stability, and catalytic efficiency.8 We have shown that glutamate, 

however, does offer measurable electrochemical properties. In Chapter 5, we 

demonstrated that at high positive potentials (1.0 V), glutamate will electropolymerize 

onto carbon preventing electrochemical detection. To overcome these electrochemical 

limitations, glutamates electrochemical properties must be further explored.  
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Physiologically, glutamatergic transmission is contained for the most part to the 

synaptic cleft. Many probes traditionally employed for in vivo analysis are limited by 

size, unable to penetrate the synaptic cleft and eliciting an immune response from tissue 

damage.9 In order to measure glutamate in vivo, an area of the brain where glutamate 

release is more loosely regulated must be targeted with a small probe capable of making 

sensitive and ultra-selective measurements. One area of promise is the Purkinje layer of 

the cerebellum where climbing glutaminergic fibers innervate this heavily GABAergic 

region. It is thought that in this region glutamate participates in volume transmission,10,11 

escaping the synapse where transmission events can be monitored in the extracellular 

matrix. 

Fast-scan cyclic voltammetry (FSCV) has traditionally been employed on carbon 

fiber microelectrodes (CFMs) to measure dopamine transmission events in vivo, however 

the scope of this technique has expanded significantly in recent years to include a suite of 

biologically relevant analytes, including serotonin,12,13 histamine,14,15 and melatonin,16 

among others.17-20 Here, we use a similar approach, introducing an enzyme-free 

voltammetric technique for direct glutamate detection that is suitable for in vivo analysis. 

In this work, we optimize a unique waveform for measuring glutamate while avoiding 

electropolymerization. Additionally, we explore the nature of the resultant 

electrochemical response in terms of sensitivity, selectivity, and response mechanism. 

Glutamate is structurally similar to other amino acids present in biological systems, 

which presents selectivity limitations. To overcome selectivity issues, we propose 

modifying the CFM surface with a covalently grafted ionophore demonstrating selective 

glutamate binding. Finally, we apply this method to glutamate detection in vivo in the 
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Purkinje layer of the cerebellum and find an in vivo response that resembles an in vitro 

glutamate signal. With this work, we showcase a novel, enzyme-free method for direct 

glutamate detection with great potential for assessing the glutaminergic system in vivo.  

6.3 RESULTS AND DISCUSSION 

6.3.1 Novel waveform offers detection platform for glutamate  

First, we employed flow injection analysis (FIA), delivering a pulse of 1 mM 

glutamate to the electrode, to optimize a novel waveform for direct glutamate detection. 

A resting potential limit of 0.2 V was selected because higher potentials have been shown 

with conventional and fast voltammetry to polymerize glutamate into poly-glutamic acid 

(PGA). Additionally, because glutamate possesses an overall negative charge, a positive 

resting potential aids in electrostatically attracting glutamate towards the electrode 

surface. The cyclic voltammogram (CV) collected, denoted by a yellow star in Figure 

6.1, exhibits a broad, reduction peak on the cathodic sweep and oxidation peak on the 

anodic sweep. The resulting color plot is represented in Figure 6.1. Throughout this 

work, we isolate and monitor the reduction peak, because it appears on the first sweep 

following the holding potential resulting in a higher current response. The current vs. 

time trace, marked with a blue star, displays favorable kinetic properties depicted by the 

sharp rise and decay of FIA curves. A linear calibration curve was generated with an R2 

value of 0.99 and the limit of detection (1.5 µM) was calculated. It is suggested that 

glutamate in the extracellular space is in the low micromolar range and the concentration 

estimated from FSCV of basal levels tend to be higher than those reported using other 

methods so we do believe that the LOD of this will be within the dynamic range.  
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Figure 6.1. Glutamate detection with FSCV. A triangular waveform scanning from 0.2 

V to -0.8 V at 400 V/s is optimized for glutamate detection. A representative color plot of 

1 mM glutamate is collected via FIA, and the calibration curve is inset. The generated CV 

is denoted with a yellow star and the current vs. time trace with a blue star.  

The broad redox peaks of the glutamate CV are unusual for FSCV measurements 

that typically possess more well defined redox peaks, like those for dopamine, serotonin 

and Cu(II).12,21,22 However, histamine when measured with FSCV produces a broad 

oxidation similar to the types of peaks associated with glutamate.15 Histamine’s oxidation 

mechanism is not known, however it is postulated that this molecules redox chemistry is 

governed by a charge transfer process. Due to the similar nature of these peaks, we 

hypothesize here that glutamate’s voltammetric response is also non-faradaic in nature 

and the result of charge transfer within the molecule. To further decipher the underlying 
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glutamate redox properties, we first evaluated the detection mechanism at the electrode 

interface. In Figure 6.2A, we systematically increased the scan rate and plotted the log of 

the scan rate vs. the log of the reduction current. The slope of this plot was found to be 

close to 1, signifying that the process is adsorption controlled.23 The resultant cyclic 

voltammograms are inset. Both peak separation and increasing current response with 

increasing scan rate is observed, as expected. A plateau following the last point plotted on 

the log v log plot and increased peak separation at higher scan rates led to the section of 

400 V/s as the optimal scan rate.  

 

Figure 6.2 Properties of glutamate-CFM interaction. (A) The log of scan rate is 

plotted vs. the log of current, producing a slope = 0.99. Inset are the superimposed CVs 

of 1mM glutamate at 200 – 800 V/s. (B) Langmuir adsorption isotherm (dotted line) fit 

with raw data (points). The linearized isotherm is inset. (C) Schematic representation of 

adsorption equilibria of glutamate adsorbed to the CFM or in bulk solution. (D) Table 

reporting the Kads and scan rates of several biological molecules detectable with FSCV.   
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The adsorptive properties of glutamate are further assessed by evaluating the 

thermodynamic favorability of glutamate adsorption to carbon. We previously reported 

adsorption isotherm profiles for several metal ions (Zn(II), Ca(II), Al(II), Mg(II), and 

Cu(II)) and monoamines (serotonin and histamine),15,24,25 which all agree with a 

Langmuir adsorption isotherm suggesting monolayer adsorption. To test whether this 

adsorption mechanism holds true for glutamate, we measured the adsorbed surface 

concentration (Γ) in response to the glutamate concentrations in bulk solution. We fit the 

data with a Langmuir adsorption isotherm (Figure 6.2B) and found that Langmuir’s 

theory holds true for glutamate adsorption. We used equation (1) and plotted the [Glu]/Γ 

vs. [C] (inset) to calculate the adsorption coefficient (4.84 × 105). Adsorption favorability 

of glutamate to carbon over bulk solution is depicted in Figure 6.2C. We then compared 

the Kads value to other biologically relevant analytes that have been monitored in vivo 

with FSCV in the table in Figure 6.2D. In analyzing these values, a trend presents itself 

between the optimal scan rate of each analyte and the Kads. Larger Kads values indicate 

more efficient adsorption processes and kinetic favorability, thus driving faster optimal 

scan rates.  

6.3.2 Glutamate waveform exhibits semi-favorable selectivity 

It is important for an analytical method to exhibit selectivity towards an analyte. 

The large broad peaks showcased in Figure 6.1 present challenges because other signals 

could overlap or mask the glutamate peak. Additionally, glutamate is an amino acid and 

its structure resembles several other amino acids and monoamines present in the body 

that may interfere with the signal. To test the selectivity of the optimized glutamate 

waveform, we selected several common biological molecules, neurotransmitters and ions 
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present in the brain that could interfere with the signal. Each interference was tested at 

biologically relevant concentrations and the resultant CV’s are presented in Figure 6.3.  

At -0.4 V, where the glutamate reduction peak appears, there is virtually no voltammetric 

response from any of the interferences tested here. Many of the neurotransmitters that are 

not traditionally considered electroactive, such as GABA, acetylcholine, choline, and 

histamine offer limited background currents. The electroactive neurotransmitters 

(dopamine and serotonin) and ions (Mg (II) and Ca (II)) produce significant background 

currents but do not possess any redox properties within the potential range of the 

waveform. While this is promising, there were some interferences with reductive 

properties on the cathodic sweep of this waveform that could prove problematic. The 

reduction peak of Cu(II) occurs at -0.6 V and overlaps with the broad glutamate reduction 

peak. Additionally, several precursors and metabolites of glutamate, such as aspartic acid, 

L-glutathione, and alpha-ketoglutarate, produce similar reduction peaks. This is not 

unexpected because these molecules are structurally similar. Given just the application of 

this waveform on a bare CFM, it is difficult to decipher between glutamate and it’s 

precursors or metabolites in vivo due to the complexity of the brain’s extracellular matrix. 

However, because FSCV is a background subtracted, only molecules whose 

concentrations fluctuate over the time scale of file collection (30 seconds) would 

interfere. Of these, there is no literature to suggest that glutathione and alpha-

ketoglutarate are present extracellularly and primarily exist intracellularly to the best of 

our knowledge.26,27 There is literature to suggest however that aspartic acid can be found 

in the extracellularly space, is vesicularly released, and aspartate receptors are present on 

postsynaptic neurons.28-30 Furthermore, D’Aniello et al. claim that aspartic acid acts as an 
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excitatory neurotransmitter,31 while Herring et al. report that the concentration of aspartic 

acid released is too low to be physiologically relevant.32 At this point, it is difficult to say 

whether aspartic acid will interfere when electrically evoking glutamate release in vivo. 

For this reason, we believe that a higher degree of specificity is essential for this method 

to be applied in vivo. 

 

Figure 6.3 Glutamate waveform selectivity. The CVs of glutamate and 14 

neurochemically relevant interferences, including neurotransmitters (serotonin, 

dopamine, GABA, histamine, acetylcholine, choline),  ions (Cu(II), Ca(II), Mg(II)) and 

glutamate precursors or metabolites (L-glutamine, oxoacetic acid, aspartic acid, L-

glutathione, α-ketoglutarate). Concentrations of each interference are listed, and the 

dashed lines denote where glutamate reduction occurs at -0.4 V.  

6.3.3 Glutamate specific ionophore improves selectivity 

In efforts to improve the selectivity of this method, we are exploring an approach 

involving surface modifications to the CFM. Previously when faced with insufficient 
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selectivity, we employed a modification protocol grafting an ionophore to CFMs for 

selective Cu(II) detection.33 In collaboration with the Wiskur group at USC, we designed 

an ionophore with 2 Cu(II) metal centers that trap and bind glutamate (Figure 4A). To 

test the binding capacity of the ionophore to glutamate, we first spiked the ionophore into 

to a stirring solution of PBS buffer. Figure 4B shows 3 CVs collected.  We observed a 

Cu(II) reduction peak at -0.75 V shown, denoted with a yellow star, originating from the 

Cu(II) ions within the ionophore structure. Systematically, glutamate was added to the 

spiking solution. Following each glutamate addition, the Cu(II)-ionophore peak 

decreased in amplitude due to glutamate binding. Upon the addition of 1 µM glutamate, 

both a glutamate peak at -0.4 V and the Cu(II)-ionophore peak at -0.75 V could be 

distinguished (blue star). At high glutamate concentrations, the Cu(II)-ionophore peak is 

indistinguishable and the glutamate peak is prominent, marked by a red star. In Figure 

6.4C, the concentration of glutamate added was plotted against current from both the 

Cu(II)-ionophore peak (light blue) and the glutamate peak (dark blue). The yellow, blue, 

and red stars correspond to the CVs shown in Figure 6.4B.  Inset, the ratio of the 

overlapping Cu(II)-ionophore and glutamate peaks are plotted against the concentration 

of glutamate added. With this method, we might be able to quantify lower concentrations 

of glutamate by using the Cu(II)-ionophore signal as an off-label. The next step for 

making this sensor suitable for probing biological systems is to graft this ionophore to the 

electrode surface.  In the future, we plan to employ a similar protocol to the Cu(II) 

ionophore surface modification procedure described in Chapter 3 to covalently attach 

the proposed glutamate ionophore to the CFM.  
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Figure 6.4 Voltammetric characterization of glutamate-ionophore binding. (A) 
Structure of glutamate and glutamate-specific ionophore containing two Cu(II) metal ion 

centers. (B) CVs containing Cu(II)-ionophore peaks at -0.7 V and glutamate peaks at 0.4 

V. The yellow star marks the CV of only Cu(II)-ionophore, the blue star marks the CV 

after 1mM Glutamate has been added and both peaks are observed, and the red star marks 

the CV after 2.5 mM Glutamate has been added and only a glutamate peak is observed. 

(C) Current vs. concentration plot of systematic addition of glutamate to a stirring 

solution of the synthesized glutamate ionophore. The amplitude of the Cu(II)-ionophore 

peak is plotted in light blue and the glutamate peak is plotted in dark blue. Inset: plot of 

Cu: Glutamate peak ratio vs. glutamate concentration. 

6.3.4 Glutamate-like signals are collected in vivo 

In the interest of using this method to measure glutamate transmission in vivo, it 

was imperative to collect preliminary measurements in live tissue. We placed the 

simulating electrode in the inferior olivary nucleus (ION) and applied a low intensity 

stimulation for 10 s. Stimulating the ION serves to electrically evoke glutamate release at 
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the cell bodies of climbing glutamate-mediated fibers that innervate within the 

GABAergic Purkinje cell layer of the cerebellum.34The working electrode is then placed 

within the Purkinje layer. In most regions of the brain glutamate signaling is restricted to 

the synapse, however in the cerebellum glutamate is released from the climbing fibers of 

the Purkinje layer, participating in volume transmission.10,11 Figure 6.5 presents 

preliminary data using the glutamate waveform on a bare CFM collected in vivo, with the 

color plot possessing a broad reduction event. 

 

Figure 6.5 In vivo glutamate detection. Representative color plot, CV (yellow star), and 

current vs time trace (blue star) when the glutamate waveform is applied in the Purkinje 

layer of the cerebellum in mice. A low intensity stimulation is utilized, indicated by the 

stimulation bar below the color plot. The glutamate CV is superimposed on the FIA 

collected CV for glutamate, and the reduction peak is highlighted with a pink circle.  

The CV collected in vivo is overlaid with the CV collected with FIA denoted by 

the yellow star, revealing similar broad reduction peaks around -0.4 V. The current vs. 

time trace is denoted by the blue star, with the dashed line representing the baseline. 

Because of the long, low intensity stimulation, glutamate signals for a longer period 

unlike the sharp spikes traditionally observed with dopamine and serotonin FSCV. It 
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should be reiterated here that in vivo data was collected on bare CFMs using the 

glutamate waveform. Though the CV resembles the signature glutamate peak, due to the 

selectivity issues preciously discussed, we cannot definitively confirm without a doubt 

that this signal originates from glutamate.  There are several strategies we plan to utilize 

to verify the chemical identity behind this signal, including the incorporation of 

ionophore-grafted CFMs and administering a pharmaceutical agent targeting the 

glutamatergic system. The appearance of a glutamate-like signal is extremely promising 

towards applying FSCV in this new region of the brain.  

6.4 CONCLUSION 

This chapter summarizes the development and characterization of an enzyme-free 

direct glutamate measurement platform. First, we introduce an optimized waveform for 

glutamate detection that prevents PGA formation via electropolymerization. With this 

waveform, glutamate produces a broad reduction peak at -0.4 V, exhibits a favorable 

kinetic response, and a calculated limit of detection of 1.5 µM. With this method, we 

further characterized the nature of the detection mechanism by plotting the logarithm of 

the scan rate vs. the logarithm of the current, and determined the mechanism is governed 

by adsorption. Data was then fit to a Langmuir adsorption isotherm and the adsorption 

coefficient was calculated (Kads = 4.84 × 105). When compared with other monoamines 

and biomolecules detectable with FSCV, a trend emerged correlating optimal scan rate 

with Kads, where larger adsorption coefficients allowed for faster optimal scan rates (i.e. 

more efficient adsorption). The selectivity of this waveform towards glutamate was 

assessed by testing several biologically relevant neurotransmitters, ions, precursors and 

metabolites. While the selectivity results were promising, the broad nature of the 
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glutamate reduction peak requires a selectivity-boosting strategy for application in a 

complex matrix like the brain. Here, we introduce a glutamate specific ionophore with 

two Cu(II) metal centers that serves as a signal-off when binding to glutamate molecules. 

Voltammetric evidence is provided of glutamate binding via both the reduction of the 

Cu(II)-ionophore label, and appearance of a glutamate reduction peak. Finally, we 

present preliminary in vivo data collected in the Purkinje layer of the cerebellum where 

glutamate is volume transmitted. Results reveal a similar voltammetric response in vivo 

as in FIA, a promising step towards the development of an in vivo glutamate monitoring 

protocol. In the future, the next step will be to covalently attach the ionophore to the 

CFM to allow for in situ monitoring, and pharmacologically verify the identity of the in 

vivo signal as glutamate by administering a drug targeting the glutaminergic system. 

Altogether, the development of a voltammetric method for direct glutamate detection is 

the first step towards an in vivo glutamate sensing platform. This innovative technology 

will be useful for studying glutamatergic neurotransmission and the role glutamate 

signaling plays in prevalent neurological disorders.  

6.5 MATERIALS AND METHODS 

6.5.1 Chemicals 

Experiments were performed at room temperature, standard pressure, and pH = 

7.4. Solutions were made by dissolving L-glutamic acid in 1x PBS buffer diluted from a 

10x premixed buffer. All chemicals were purchased from Sigma-Aldrich (St. Louis, 

MO). Glutamate ionophore was synthesized by the Wiskur group at the University of 

South Carolina and synthesis materials are not included in this chapter.  
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6.5.2 Electrochemistry, Data Acquisition and Statistics 

Electrode fabrication, electrochemistry, data acquisition, and FIA are performed 

as previously described in Chapter 4. The triangular waveform utilized throughout this 

work scans from -0.2 V to 0.8 V at 400 V/s. All error is calculated using the standard 

error of the mean.  

6.5.3 Adsorption Isotherms 

Surface Concentration was calculated using Faradays Law (Equation 1), where Q 

is the charge obtained from integrating the glutamate reduction peak, n is the number of 

electrons (n = 2 is assumed), and A is the surface area.  

(3) Γ����� =
	


��
   

Because glutamate follows monolayer adsorption, the data was fit to a linearized 

Langmuir adsorption isotherm, where [Glu] is the concentration of glutamate in bulk 

solution, and Γmax is the maximum monolayer adsorption coverage at the carbon surface. 

K represents the equilibrium constant (Kads) between glutamate adsorption to carbon and 

glutamate in bulk solution, reported in Figure 6.2C.  
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6.5.4 Animals 

Experiments were completing by performing stereotaxic surgery (David Kopf 

Instruments, Tujunga, CA) on a C57BL/6J mouse (Jackson Laboratory, Bar Harbor, ME) 

after administering anesthesia (urethane: 25% wt to volume in 0.9% NaCl solution, 

Mountainside Medical Equipment, Marcy, NY). Body temperature was sustained at 

around 37º C with a heating pad (Braintree scientific, Braintree, MA). Stereotactic 
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coordinates are taken in reference to bregma. A stainless-steel stimulating electrode 

(diameter: 0.2 mm, Plastics One, Roanoke, VA) was positioned in the ION by 

implantation though the brainstem.  Stimulation Parameters: monophasic, 5 Hz stim 

frequency, 150 µA amplitude, 75 stim pulses, 0.20 ms pulse width, 15 s event time. 

Working electrodes placed in the Purkinje layer of the cerebellum (-6.00:AP 0:ML). An 

Ag/AgCl reference electrode was implanted into the contralateral hemisphere. All 

handling and surgical procedures were performed in accordance with the IUCAC animal 

care protocol at the University of South Carolina. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE PROSPECTS

 Electrochemical sensors are an excellent platform for monitoring important 

analytes in the environment and in biological systems. The advent of microelectrodes has 

proven significantly beneficial because they can be submerged or implanted causing 

minimal perturbation of the system being probed, however the complexity of such 

systems calls for an analysis mode capable of sensitivity, selectivity, and real-time 

analysis. FSCV is a method that fulfills these criteria and more. Traditionally FSCV has 

been employed to measure dopamine neurotransmission in vivo. In this dissertation work 

we expand the scope of FSCV in cutting edge model systems that mimic brain chemistry 

with high integrity and beyond the brain to measure novel analytes. 

In Chapter 2, we identified a set of criteria necessary for an electrochemical trace 

metal speciation sensor that we coin the 6 S’s: sensitivity, selectivity, size, speed, 

stability, and safe materials. This chapter reviewed literature from the last 10 years that 

shows promise towards portable trace metal sensing devices, and highlighted the few 

available studies that are able to measure trace metals on-site and in situ. Finally, we 

introduced FSCV as an emerging technique capable on satisfying the 6 S’s and showing 

great promise towards on-site sensing. 

In Chapter 3, we fabricate ionophore-grafted CFMs coupled with FSCV to 

selectively detect Cu(II) metal ions.  The sensitivity of ionophore-grafted CFMs was 
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evaluated under various electrode lengths and ionic strengths, optimizing the ideal 

parameters for environmental analysis. Additionally, we defined the detection mechanism 

of Cu(II) on the ionophore-grafted CFM as monolayer adsorption and analyzed the 

effects of potential window on the electrode response. Finally, found that divalent metal 

interferences lower the electrode response in more complex matrices but do not obstruct 

the Cu(II) qualitatively and the sensitivity effects can be recovered to the original 

response.  

In Chapter 4, we measured serotonin in human serotonin neurons derived from 

iPSCs as a novel analysis model. We employed a suite of optical and electrochemical 

techniques to evaluate the biophysical and neurochemical characteristics of 5-HTNs. 

Chemical functionality is verified and electrically evoked serotonin release and reuptake 

from cells is characterized. Finally, we show that dose dependent alterations in reuptake 

following the administration of an SSRI resemble the pharmacological changes observed 

in vivo in mice.  

In Chapter 5, we utilized voltammetric, microscopic, and spectroscopic 

techniques in a multifaceted study characterizing glutamate electropolymerization on 

CFMs. First, a waveform is optimized for glutamate deposition and PGA is visualized on 

the CFM surface with SEM. Then, non-uniform morphology captured with AFM 

revealed a nucleation and growth like mechanisms of deposition. Finally, the analytical 

performance of PGA-CFMs and CFMs that have been exposed to brain tissue were 

evaluated, revealing similarities suggesting that improvements to in vivo-CFMs are a 

result of in situ electropolymerization of glutamate in the extracellular matrix.  
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In Chapter 6, we introduced a novel sensing strategy for glutamate detection. For 

the first time, we were able to directly detect glutamate on an enzyme-free CFM.  We 

first, optimized a waveform that evaded electropolymerization with FSCV, and 

characterized the voltammetric signal in terms on sensitivity, detection mechanism, and 

selectivity. Though we do not foresee any interferences when electrically evoking 

glutamate release, we proposed an ionophore to boost selective detection. Finally, we 

showed preliminary in vivo data of a glutamate signal in the Purkinje layer of the 

cerebellum.  

Our future plans for the continuation of this work are three-fold:  

1. Design a trace metal speciation sensor from ionophore-grafted CFMs that is 

portable and can make in situ measurements. 

2. Couple serotonin sensing in 5-HTNs as a diagnostic tool for depression and 

antidepressant screening. 

3. Develop a direct glutamate detection platform capable of in vivo analysis to assess 

glutamate’s physiological role in neurodegenerative diseases.  

Together, this dissertation showcases FSCV as a powerful method towards real-

time analysis for many different analytes and applications. These studies provide the 

groundwork towards sensor design to answer fundamental environmental and biological 

questions.  
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APPENDIX A 

HUMAN STEM CELL-DERIVED SEROTONIN NEURONS WITH IN 

VIVO BIOPHYSICAL AND NEUROCHEMICAL CHARACTERISTICS 

SUPPLEMENTAL INFORMATION6 

                                                           
6 Holmes, J.; Lau, T.; Saylor, R.A.; Hersey, M.; Keen, D.; Fernández-Novel, N.; Hampel, 

L.; Nijhout, H. F.; Reed, M. C.; Best, J.; Koch, P.; Hashemi, P.: “Human stem cell-

derived serotonin neurons with in vivo biophysical and neurochemical characteristics” – 

In preparation – Proceedings of the National Academy of Sciences of the United States 

of America. 
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A.1 STIMULATION PARADIGM 

The stimulation series applied to evoke serotonin release in 5-HTNs is shown above. An 

arbitrary ranking system, shown in the top panel, was utilized to assess stimulation 

strength with respect to frequency, amplitude and number of pulses, with 1 being the 

lowest and 4 being the highest intensity stimulation. For each parameter, the rank 

numbers are added to assign an overall stimulation strength between 3 and 12. The 

stimulation parameters applied in each trial (A-M) are displayed in the bottom panel, and 

the assigned stimulation strength for each trial can be found in Figure 4.2.  

Table A.1 Stimulation Paradigm. 

Rank Frequency Amplitude Number of Pulses 

1 20 150 20 

2 40 200 40 

3 60 250 60 

4 80 300 80 

Trial Frequency Amplitude Number of Pulses 

A 20 150 20 

B 40 150 20 

C 20 200 20 

D 20 150 40 

E 40 200 40 

F 60 200 40 

G 40 250 40 

H 40 200 60 

I 60 250 60 

J 80 250 60 

K 60 300 60 

L 60 250 80 

M 80 300 80 
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A.2 CELL MEDIUM OPTIMIZATION  

Cell culture media is comprised of a suite of growth factors, amino acids, 

vitamins, and nutrients among other components that facilitates cell growth however, 

often times complex matrices such as these lead to biofouling of the electrode surface. In 

Figure A.1A, the current response of 250 nM serotonin in various buffers are compared, 

including neurobasal cell culture media, HEPES, glucose (added to provide nutrient for 

the cells), and ESCIT (the SSRI drug administered). In vitro buffer conditions were 

optimized prior to electrochemical measurements in 5-HTNs on Nafion coated CFMs, 

trimmed to 150 µm via injecting serotonin (250 nM) into a stirred solution. The 

significant decrease in signal response (p<0.005) in the neurobasal media used for 

culturing cells with respect to each HEPES-based media is evidence of electrode surface 

fouling. The inset histogram shows the current response to 5 different concentrations of 

glucose added to the medium, and 2.5 mM glucose was selected. The addition of glucose 

and ESCIT do not significantly affect the voltammetric signal response at the 

concentrations used. Figure A.1B illustrates a representative color plot and inset cyclic 

voltammogram of spiked serotonin at 250 nM in the optimized media. 

Calibrations were completed in HEPES with 2.5 mM glucose, at Nafion coated 

CFMs trimmed to 100 µm in length.  Serotonin was introduced to the electrode via flow 

injection analysis in a custom-built flow cell described previously, 1,2 delivering in a 

rectangular 15 s analyte pulse in the indicated buffer. All FSCV data is converted from 

current to concentration using the calibration factor generated from the calibration curve 

in Figure A.1C.  
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Figure A.1 FSCV Electrolytic Buffer Optimization. (A) Comparisons of electrolytic 

medium for FSCV analysis including neurobasal media, HEPES, glucose and ESCIT (** 

P<0.005). Inset is various concentrations of glucose added to the media (ns).  (B) 

Representative color plot for selected buffer composition (2.5 mM glucose in HEPES) 

with cyclic voltammogram inset. 250 nM serotonin was used for all medium optimization 

experiments. (C) Calibration curve, concentration of serotonin in nM vs. current 

response. 

A.3 MODELLING EXTERNAL TRYPTOPHAN  

The mathematical model was used to compute how the steady state values of 

vesicular 5-HT (red curve) and extracellular 5-HT (blue curve) vary with external 

tryptophan. When external tryptophan varies from 40 µM to 140 µM, vesicular serotonin 

doubles consistent with the doubling of release as shown in Figure 4.2H. Extracellular 

serotonin varies less than vesicular serotonin because of the homeostatic effect of the 

autoreceptors.  
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 Figure A.2 External tryptophan affects vesicular and extracellular serotonin. 

Vesicular 5-HT (red curve) and extracellular 5-HT (blue curve) are modelled with respect 

to extracellular tryptophan. 

A.4 REFERENCES 

(1) Kristensen, E. W.; Wilson, R. L.; Wightman, R. M. Dispersion in flow injection 

analysis measured with microvoltammetric electrodes. Analytical Chemistry 

1986, 58 (4), 986. 

(2) Pathirathna, P.; Yang, Y.; Forzley, K.; McElmurry, S. P.; Hashemi, P. Fast-scan 

deposition-stripping voltammetry at carbon-fiber microelectrodes: real-time, 

subsecond, mercury free measurements of copper. Anal Chem 2012, 84 (15), 

6298. 
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APPENDIX B 

RADICAL-INITIATED ELECTROPOLYMERIZATION OF POLY-

GLUTAMIC ACID ON CARBON: IMPLICATIONS FOR BIOLOGICAL 

ANALYSIS SUPPLEMENTAL INFORMATION7 

                                                           
7 Holmes, J.; Batey, L.;Hashemi, P.: “Radical-initiated electropolymerization of poly-

glutamic acid on carbon: Implications for biological analysis” – Under review – Journal 

of the American Chemical Society. 
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B.1 EXPERIMENTAL SECTION 

B.1.1 Chemicals.  

Stock solutions were prepared at room temperature and neutral pH (pH = 7.4) by 

dissolving glutamic acid and dopamine (DA) hydrochloride (each prepared to a final 

concentration of 1 µM) into 1x phosphate buffer (PBS) that was diluted from a 10x 

premixed buffer. All chemicals were purchased from Sigma Aldrich (St. Louis, MO) 

unless otherwise specified. Liquion (LQ-1105, 5% by weight NafionTM) was purchased 

from Ion Power Solutions (New Castle, DE, United States). 

B.1.2 Electrochemistry.  

Voltammetry was performed on a 2-electrode system. Carbon fiber 

microelectrodes (CFMs) were hand-made in house as previously described.1 Briefly, 

CFMs are fabricated by vacuum-aspirating 7 μm radius carbon-fibers (Goodfellow 

Corporation, PA, USA) into a glass capillary (1.0 mm external diameter, 0.5 mm internal 

diameter, A-M Systems, Inc., Sequim, WA). The glass capillary is then pulled with a 

vertical micropipet puller (Narishige, Tokyo, Japan) to form a carbon-glass seal. The 

exposed length of the carbon fiber is trimmed to 100 μm under an optical microscope. Ag 

wire (A-M systems, WA) was electroplated with Cl- for 30 s in 0.1 M HCl at 5 V to 

create a pseudo Ag/AgCl reference electrode.  

B.1.3 Fast-scan Cyclic Voltammetry (FSCV).  

Waveforms were generated using a USB-6431DAC/ADC (National Instruments, 

TX, USA) device. The working electrode was scanned using a triangular wave form at 
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400 V/s, from -0.4 V up to 1.0 V or 1.3 V, and then back down to -0.4 V. This waveform 

was cycled at 60 Hz for 10 minutes and 10 Hz for 10 minutes before analysis.  

B.1.4 Fast-scan Controlled Adsorption Voltammetry (FSCAV).  

FSCAV was performed as previously described2 using a CMOS precision analog 

switch, ADG419 (Analog Devices) to control application of the waveform. The 

waveform (-0.4 to +1.3, scan rate = 400 V/s) was applied at a frequency of 100 Hz for 2s, 

then held at a constant potential of -0.4 V for 10 s, followed by reapplication of the wave 

form for the remainder of the total file collection time of 30s.  

B.1.5 Flow Injection Analysis (FIA).  

FIA was performed in a system custom built in-house. CFMs were inserted into 

flangeless short 1/8 nuts (PEEK P-335, IDEX, Middleboro, MA) exposing a small 

portion of the tip (2 mm) outside of the nut. An HPLC union (Elbow PEEK 3432, IDEX, 

Middleboro, MA) was modified such that the nut containing the microelectrode was 

fastened to one end. The out-flowing stream of the FIA buffer was fastened to the other 

end of the elbow union. Two holes were drilled into the union for the incorporation of the 

reference electrode and for the ‘waste’ flow stream. A syringe infusion pump (KD 

Scientific, Model KDS-410, Holliston, MA) was used to maintain the flow. The analyte 

was introduced into the flow stream for 10 seconds via a six-port HPLC loop injector 

(Cheminert Valve, VICI, Houston, TX) as a rectangular plug. 
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B.1.6 Data Acquisition, Analysis, and Statistics.  

FSCV was performed using a Dagan Potentiostat, (Dagan Corporation, 

Minneapolis, NM, United States), National Instruments multifunction device USB-6341 

(National Instruments, Austin, TX), WCCV 3.06 software (Knowmad Technologies 

LLC, Tucson, AZ, United States) and a Pine Research headstage (Pine Research 

Instrumentation, Durham, NC, United States). Data filtering (zero phase, Butterworth, 2 

kHz low-pass) and signal smoothing were done within the WCCV software. Cyclic 

voltammograms (CV) were used for DA identification. With FSCAV, the first CV after 

reapplication of the waveform with a signature DA peak (third CV overall) between 

approximately 0.45 and 0.9 V was integrated to determine charge (pC). Pre-calibrations 

were performed before in vivo experiments and post-calibrations were performed within 

24 hours after in vivo experiments where charge (pC) was plotted vs. [DA] (nM). All data 

were averaged over at least 4 electrodes and the standard error of the mean was 

calculated (represented by error bars). A two-tailed student’s t-test was utilized to 

determine significance between two points (p < 0.05).  

B.1.7 Animals.  

In vivo animal experiments were performed modifying methods described 

previously by Saylor, Hersey et al.3 To induce anesthesia, 25% w/v urethane (Sigma–

Aldrich Co.) dissolved in 0.9% NaCl solution (Hospira) was injected i.p. (7µl/g of body 

weight). Body temperature was maintained using a heating pad (Braintree Scientific, 

Braintree, MA, United States) and stereotaxic surgeries (David Kopf Instruments, 

Tujunga, CA, United States) were performed with coordinates taken in refence to 
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bregma.  For FSCAV data (Figure 5.1), a NafionTM-coated CFM was lowered into the 

nucleus acumens core region of the brain (AP: +1.10, ML: -1.30, DV: -4.00).4 For FSCV 

data (Figure 5.4), a CFM was lowered until it was fully immersed in the cortex tissue 

(AP: -1.1, ML: +0.5)4 and the triangular DA waveform was cycled for 10 minutes at 60 

Hz and 10 minutes at 10 Hz. A pseudo Ag/AgCl reference electrode was placed in the 

contralateral hemisphere. Animal use followed NIH guidelines and complied with the 

University of South Carolina Institutional Animal Care and Use Committee under an 

approved protocol.  

B.1.8 Surface modifications.  

NafionTM was electrodeposited by dipping CFMs into solution for 30 s, while 

applying 1 V, as previously described by Hashemi et al.5 To deposit PGA, CFMs were 

dipped in 1 µM glutamate solution (in 1x PBS buffer) and cycled using a triangular 

waveform for 10 minutes at 60 Hz and 10 minutes at 10 Hz. Different variations of the 

triangular waveform applied for electropolymerization include: the expanded DA 

waveform (-0.4 V to 1.3 V),6 the original DA waveform (-0.4 V to 1.0 V), and a third 

triangular waveform with a wide potential window (-1.2 V to 1.3 V), all scanned at 400 

V/s.  

B.1.9 Scanning Electron Microscopy (SEM) / Energy Dispersive X-Ray 

Spectroscopy (EDX).  

Electrodes were prepared for SEM imaging and EDX elemental analysis by 

depositing PGA, employing both the expanded (1.3 V positive potential limit) and 

original (1.0 V positive potential limit) triangular DA waveforms, as described 
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previously. Electrodes were then transported to the SEM in a closed container. The 

capillary glass was cracked and the tip end of the CFM was secured onto a stage with 

double sided tape. SEM images were collected using a Zeiss Ultraplus Thermal Field 

Emission Scanning Electron Microscope with EDX capabilities. Images in Figure 5.2 Ai, 

Bi, and Ci were magnified on the Zeiss software and the image in Figure 5.2Di was 

digitally magnified. 

B.1.10 Atomic Force Microscopy (AFM).  

Electrodes were prepared for AFM imaging by depositing PGA or NA the day of 

analysis. Electrodes were transported to the AFM in a closed container, and mounted on a 

glass slide, with the electrode tip flat to the slide surface. AFM images were collected 

using a Digital Instruments Dimension 3100 AFM (Veeco Metrology Group) with a 

NanoScope IIIa Controller and a non-contact tip.  
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