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STUDY OF LOW NOISE HIGH THROUGHPUT MICROCHIP DEVICE FOR 

ELECTROCHEMICAL MEASUREMENT FROM SINGLE CELLS 

Jia Yao 

Dr. Kevin Gillis, Thesis Supervisor 

ABSTRACT 

We developed transparent multi-electrochemical electrode arrays on microchips 

in order to automate measurement of quantal exocytosis of the oxidizable transmitter 

from individual vesicles. In order to achieve low noise recording to resolve miniature 

current signals, I measured the current noise power spectral density (SI) to understand the 

physical basis of dominant noise sources. My results demonstrate that the current 

standard deviation is proportional to the square root of the area of the working electrode, 

increases ~linearly with the bandwidth, and varies somewhat with electrode material with 

Au ≈ carbon fiber > nitrogen-doped diamond-like carbon > indium-tin-oxide. Microchip 

electrodes have a noise performance that is comparable, and in some cases superior, to 

that of traditional “gold standard” carbon-fiber microelectrodes. 

I also developed a process to integrate two materials into electrochemical 

electrode arrays in order to improve the performance of the device. Nitrogen-doped 

Diamond-Like-Carbon (DLC: N) is an electrode material with excellent electrochemical 

properties and noise performance, is transparent and promotes cell adhesion. Parylene C 

is a widely used insulating material with excellent dielectric properties that is 

biocompatible and transparent. Therefore I integrated DLC: N and parylene C to develop 

a low-noise and biocompatible chip device. A key component of the process was that a 
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SiO2 film was deposited in between the DLC: N film and parylene C layer to act as a 

protecting layer during the parylene C etching step.  

            Whereas patterning hundreds of electrodes in a small area is straightforward using 

photolithography, easily making connections between hundreds of electrodes and 

external amplifiers remains a bottleneck. We found a simple multiplexing approach using 

multiple fluid compartments that can potentially reduce the number of external 

connections by ~100-fold. In this approach the set of electrodes in every fluid 

compartment are wired in parallel and connected to external amplifiers.  Cell recordings 

are made from the set of electrodes in one fluid compartment at a time. Measurements 

demonstrate that this approach attains current noise levels as low as that obtained with 

individual electrodes. The new device will enable high-throughput studies of quantal 

exocytosis that can be combined with fluorescence microscopy. 
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CHAPTER 1 

INTRODUCTION 

 

1.1     Electrochemistry in single cell analysis 

          Electrochemical analysis of single cells requires methods for quantitative detection 

of analytes from small volumes with high sensitivity and selectivity. Numerous analytes 

ranging from small amino acids and neurotransmitters to large proteins and subcellular 

organelles have been quantified in single cells. 

          Single-cell level electrochemistry to observe the dynamics of cellular processes and 

the changes in the chemical composition of the intra- and extracellular fluid is a growing 

field. The field of cell secretion has traditionally been concerned with studies at the 

population level, but new appreciation for the importance of cellular heterogeneity has 

driven the development for individual cell study. Individual cells differ in genetic 

composition, physiology and biochemistry, all of which are masked by the averaging 

effect of studying pooled samples. Furthermore, population level study cannot resolve 

fast dynamics of a cell secretion event nor the release from individual vesicles.  

          Single-cell studies serve as a straightforward and more controlled experimental 

model system for examining complex biological processes. For instance, the adrenal 

glands of cattles and rats provided the first model secretory cells for electrochemical 

detection of exocytotic events at the single-vesicle level (Leszczyszyn et al., 1990; 

Wightman et al., 1991; Chow et al., 1992). It successfully captured the neurotransmitter 
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oxidation current with high temporal resolution and high sensitivity. Compared to 

neurons which have real synapses, nonsynaptic cell models are preferable for this type of 

study because the release site on the cell is accessible to electrochemical microelectrodes.  

          Additional successful demonstrations of single cell electrochemical measurements 

have been performed in both primary cells prepared from animal tissues and cell lines. 

Examples include neurotransmitter detection such as catecholamine from adrenal 

medullar cells (Pihel et al., 1996) and rat PC12 (pheochromocytoma) cells (Chen et al., 

1994), 5-hydroxytryptamine and histamine from mouse mast cells (Marszalek et al., 

1997), insulin from pancreatic β cells (Barnett et al., 1996), metabolic molecules such as 

nitric oxide and hydrogen peroxide from endothelial cells from heart, skin, macrophage 

and in vivo brain studies including brain slices or whole organs (Amatore et al., 2008).  

 

1.2     Exocytosis 

          Exocytosis is an important cellular signaling mechanism which mediates 

neurotransmitter release from neurons and hormone release from endocrine cells. During 

the process, membrane bounded vesicles containing transmitters fuse with the plasma 

membrane and release their content to the extracellular space. Exocytosis can be divided 

into two categories including constitutive exocytosis and regulated exocytosis (Kelly, 

1985). Constitutive exocytosis is constant while regulated exocytosis is mediated by 

specific extracellular or intracellular signals such as cytoplasmic messengers including 

Ca
2+

, cAMP, cGMP etc. In excitable cells, it is Ca
2+ 

that triggers exocytosis of the 

transmitter. Vesicle assembly begins in the endoplasmic reticulum where lipids and 
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proteins are synthesized followed by vesicle packaging in the Golgi apparatus. The 

vesicles will be transported to the vicinity of the release sites and dock at the plasma 

membrane in an ATP dependent process. As illustrated in Fig. 1.1.A, upon a stimulus, 

cell membrane depolarization occurs and opens the voltage-gated Ca
2+

 channels. The 

resulting Ca
2+

 influx elevates the intracellular Ca
2+

 concentration which causes the fusion 

of the vesicles with the outer membrane of the cell and release of the hormone or 

neurotransmitter. The formation of SNAREs (soluble N-ethylmaleimide sensitive fusion 

protein attachment receptors) complexes presents an important step in vesicle fusion 

(Sudhof, 1995; Neher, 1998; Burgoyne and Morgan, 2003; Sørensen, 2005; Jahn and 

Scheller, 2006). Then the membrane will be recycled in the process of endocytosis. Each 

of the vesicle fusion events results in the discharge of a discrete package of 

neurotransmitters, therefore exocytosis is quantal in nature. As illustrated in Fig. 1.1.B, 

the darkly stained vesicle core contains a high density of neurotransmitter molecules.  

          In regulated exocytosis, the most extensively studied cell types include neuronal 

synaptic preparations, adrenal chromaffin cells and its tumor counterpart PC 12 

(pheochromocytoma) cell line, insulin secreting pancreatic β-cell, hemopoientic cells 

such as mast cell, platelets and neutrophils that participate in phathological immune 

responses (Burgoyne and Morgan, 2003). Our study focuses on chromaffin cells which 

originate in the medulla of the adrenal gland. They secrete catecholamines, mainly 

adrenaline, noradrenaline and dopamine (Fenwick et al., 1978). Norepinephrine and 

dopamine act as neuromodulators in the central nervous system and as hormones in blood 
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circulation. In situations of stress or danger etc., catecholamine levels are elevated as part 

of the sympathetic nervous system (Hoffman et al., 1999).   

 

 

 

 

 

 

 

Fig. 1.1 Exocytosis of neurotransmitter is a fundamental mechanism for cell-to-cell communication. A. 

Upon stimulation, the elevated intracellular Ca
2+

 concentration triggers vesicle fusion. B. Transmission 

Electron Microscope (TEM) image showing exocytosis process (Perry and Gilbert, 1979). 

(Reproduced/adapted with permission from The Company of Biologists Ltd: Journal of Cell Science, 1979, 

39: P267, copyright 1979) 

 

          Exocytosis-related problems could lead to various neurological disorders. The 

information about the dynamics of the secretion event provides a better understanding of 

neuron communication mechanism and guidance in designing drugs to treat diseases 

related to abnormal secretion. In Huntington’s disease, the amount of catecholamine 

secretion from each vesicle significantly diminishes although the number of secretion 

events remains at the same level (Johnson et al., 2007). In Parkinson’s disease which is a 

neurodegenerative disorder, there is a significant loss of dopaminergic neurons in the 

substantia nigra par compacta (SNpc) and abnormal aggregation of α-synuclein. Studies 

also show that an increasing level of α-synuclein could lead to other diseases such as 

A B 
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dementia with LBs, Alzheimer’s disease and multiple system atrophy (Kim and Lee, 

2008). Symptoms of Parkinson’s disease can be reduced using L-DOPA, a dopamine 

precursor, which increases the amount of dopamine packaged in each vesicle (Mosharov 

et al., 2003). 

          A long-standing debate in the exocytosis field is the hypothesis of “all-or-none” 

release of the vesicle contents versus the “kiss-and-run” release hypothesis. The classical 

“all-or-none” hypothesis refers to the phenomenon where rapid and full release of vesicle 

contents occurs upon vesicle fusion. “Kiss-and-run” hypothesis (Ceccarelli and Hurlbut, 

1980) states that vesicle fusion is transient, thus incomplete release of vesicle content 

may be possible. This allows vesicles to be rapidly refilled with transmitter and recycled 

to the membrane preparing for further exocytosis (Wightman et al., 1991; Chow et al., 

1992). While evidence of both supporting and opposing the existence of kiss-and-run 

accumulates, further questions on the release mechanism are still needed to be answered, 

such as whether the full fusion or kiss-and-run mechanism depend on the type of stimulus 

(Fulop et al., 2005), whether different vesicle contents are released using the two 

mechanisms, and how each mechanism involves interaction between proteins and lipids 

and the functional role of Ca
2+

 ions etc. (He and Wu, 2007). 

 

1.3     Detection of exocytosis 

          Since the amount of transmitter released from an individual vesicle is small and 

occurs in milliseconds, measuring the released neurotransmitters requires rapid and 

sensitive detection. There are two most commonly used techniques to monitor quantal 
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exocytosis. One is the electrophysiological method (patch clamp technique), and the 

other one is an electrochemical method (carbon fiber amperometry). As demonstrated in 

Fig. 1.2, a carbon fiber electrode is brought to the surface of a chromaffin cell (shown in 

the upper left corner) while a glass pipette is sealed to the cell in the whole-cell 

configuration. 

 

Fig. 1.2 Experimental configuration with combination of carbon fiber amperometry and patch clamp 

electrophysiology. The upper left probe electrode is a carbon fiber while the transparent probe is a glass 

pipette used for patch clamp recording (Chow and H. Von Ruden, 1995). (Springer/Kluwer Academic 

Publishers Single Channel Recording, 1995, page 263, Electrochemical detection of secretion, Robert H. 

Chow, Ludolf von Ruden, Figure 8, copyright, with permission of Springer Science and Business Media). 

  

          The patch clamp technique was developed by Dr. Erwin Neher and Dr. Bert 

Sakmann in the late 1970s and recognized by the Nobel prize in 1991 (Neher and 

Sakmann, 1976). A glass pipette was pressed tightly against the cell membrane to form a 

highly resistive contact between the rim of the pipette tip and the membrane. It can be 

used to monitor the capacitance change of the cell membrane due to the vesicle and 

membrane fusion in exocytosis. It allows direct measurement of currents through single 
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ion channels with sub-millisecond resolution using a glass micropipette to record from a 

small patch of the cell membrane. It also controls the potential and the composition of the 

solution on both the intracellular and extracellular sides. This technique is the gold 

standard screening process for studying the interaction between drugs and ion channels 

required by the Food and Drug Administration for new drug discovery research. This 

powerful technique has enabled studies on coupling of intracellular Ca
2+ 

concentration, 

regulatory mechanisms in endocytosis, and the role of specific proteins in exocytosis in 

chromaffin cells. However, one of the limitations is that it shows only the capacitance 

change which could be induced by other membrane processes (Borges et al., 2008). Some 

studies (Horrigan and Bookman, 1994) show that recovery of Na
+
 channel from 

inactivation could lead to membrane capacitance changes as well. It also does not directly 

measure release of transmitter. For example, fusion of an empty vesicle will produce the 

same signal as fusion of a transmitter-containing vesicle. 

          Amperometry measures the current due to the oxidation of the released transmitter. 

Due to the quantal nature of exocytosis, each current spike corresponds to a single vesicle 

fusion event and is a direct measurement of the transmitter release. Wightman group 

(Leszczyszyn et al., 1990; Travis and Wightman, 1998) and Chow group (1992) first used 

carbon fiber amperometry to detect the secretion of catecholamine in chromaffin cells. 

Potentially detectable chemicals include adrenaline, noradrenaline, dopamine, histamine 

and serotonin. Carbon fiber electrodes are used in measuring the quantal release of 

transmitter because they are mechanically rigid, chemically stable, and highly conductive 

(Schulte and Chow, 1996). By holding a carbon fiber electrode at a constant potential 
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(typically 700 mV) which far exceeds the redox potential of the transmitter released from 

the cell, a current can be recorded and the number of electroactive molecules along with 

the frequency of firing could be known as shown in Fig. 1.3. In the oxidation process, 

each catecholamine molecule loses two electrons to the electrode. Multiple steps involved 

in transmitter release including fusion pore formation and pore expansion are evidenced 

from the foot signal and rising phase of the current spike. 

 

Fig. 1.3 Amperometry in single cell quantal exocytosis measurement. A carbon fiber electrode is manually 

brought to the cell surface and the neurotransmitter will be oxidized on the electrode surface which is held 

at a certain potential. The corresponding oxidation peaks in amperometric recordings indicate multiple 

steps involved in vesicle fusion event.  (Evanko, 2005) (Reprinted by permission from Macmilan 

Publishers Ltd: Nature Methods, 2005, 2(9): P650, copyright 2005) 

 

          As further demonstrated in Fig. 1.4, several parameters can be elicited from the 

collected amperometric spikes. In Fig. 1.4.A, the maximum oxidation current Imax gives 

the maximum flux of neurotransmitters released during a vesicle fusion. Half-width t1/2 

which is determined at 50% of Imax describes how fast the molecules get released. The 

spike area which is charge Q indicates the total amount of molecules released during a 
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vesicle fusion event. Fig. 1.4.B depicts parameters of a typical pre-spike foot signal. The 

foot signal, first reported by Chow et al. (1992) provides information on the fusion pore 

geometry and lifetime since it reflects slow release of a transmitter through a ~2nm 

fusion pore before the pore dilates to lead to rapid release as indicated by the 

amperometric spike (Alvarez De Toledo, 1995; Lindau and Alvarez De Toledo, 2003). 

The parameter tfoot describes the lifetime of the pore; Qfoot describes the number of 

molecules released through the pore; and Ifoot describes the flux of neurotransmitter 

released and the percentage of spikes accompanied with a foot signal.  

          Amperometric recordings of quantal exocytosis have the resolution of down to a 

few tens of thousands of molecules if careful noise shielding and filtering are applied 

(Bruns and Jahn, 1995).  Researchers have been trying to improve carbon fiber electrodes 

used in amperometric measurement by reducing the electrode size in order to achieve a 

higher signal to noise ratio or to achieve a higher spatial resolution (Schulte and Chow, 

1998), or integrating nanoscale materials such as carbon nanotubes, nanoparticles, 

nanowires and graphene in order to achieve high sensitivity (Parpura, 2005; Wu et al., 

2005). 

           Patch amperometry, which is a combination of a patch clamp technique and 

carbon fiber amperometry, has been developed by the Lindau and Alvarez de Toledo 

group (Albillos et al., 1997). It incorporates a carbon fiber electrode inside a patch clamp 

pipette. It allows simultaneous measurement of membrane fusion capacitance and 

oxidation current of the neurotransmitter. By using this technique, researchers have found 

that the prespike “foot signal” was produced from the narrow restriction of the flux of 
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molecules (Dernick et al., 2003) and it is possible for the entire content of a granule to be 

secreted during the foot.  

 

 

 

 

 

 

 

Fig. 1.4 Major relevant quantitative and kinetic parameters from an amperometric spike. A. Parameters in 

the spikes including Imax, t1/2 and Q. B. Parameters in “foot signal” including Qfoot, tfoot and Ifoot. (Mosharov 

and Sulzer, 2005) (Reprinted by permission from Macmillan Publishers Ltd: Nature Methods, 2005, 2(9): 

P651, copyright 2005)  

 

          However, the above three techniques share one common major disadvantage: they 

are labor intensive and low throughput because they require manual positioning of the 

detecting pipette or electrode close to each individual cell.  

 

1.4     MEMS technology and applications 

          Micro-Electro-Mechanical systems (MEMS) are micro scale integrated systems 

initiated in the early 1970s made by microfabrication techniques adapted from the 

semiconductor and microelectronics industry. The commercial market size of MEMS has 

reached over trillions of dollars in 2002 (Madou, 2002). MEMS devices are popular 

because they can be fabricated by using batch fabrication processes so the cost per unit 

A B 
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will be significantly reduced. When used in biological and medical applications, MEMS 

devices provide an almost non-invasive way to penetrate the biological sample because 

they are small and consume very little reagents. Additionally, many MEMS devices are 

often disposable so they are suitable for biological and chemical applications with 

hazardous materials.  

          MEMS devices were first developed in mechanical applications but they are 

expanding into more information/communication-related or chemical and biological 

applications. Example applications include accelerometers, gyros, optical engineering 

such as micromirror arrays, fiber optic connectors, drug delivery devices, 

immunosensors, and DNA arrays. Some other well-developed examples include ink jet 

printer heads, radio frequency (RF) switching devices in cell phones and wireless 

communication devices, and optical switches for fiber-optics. The projected medical and 

biomedical applications of MEMS will reach over tens of billions of dollars in 2004 

(Madou, 2002). The major commercial products include drug delivery patches from 

Cygnus Glucowatch, hand-held blood analyzer, on-line monitoring of pressure from 

Motorola and Siemens, neural stimulating probes from the University of Michigan, 

pacemakers, genetic tests and therapy from Nanogen’s NanoChip
TM 

. 

 

1.5     BioMEMS in advancing cellular secretion study 

          With the aid of microfabrication techniques, researchers are focusing on 

developing microchip containing electrode arrays for high throughput planar patch clamp 
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electrophysiological measurements as well as electrochemical measurements on single 

cells.  

          Patch-clamp-on-a-chip technique offers unprecedentedly high throughput 

electrophysiological measurements. The critical problem with planar patch clamp devices 

is how to create the giga-ohm seal between the substrate and the cell membrane therefore 

different materials have been developed and optimized. Approaches to achieve this aim 

include small apertures in silicon nitride covered by silicon dioxide followed by chemical 

modification (Schmidt et al., 2000), hydrophobic pores in silicon dioxide (Pantoja et al., 

2004), small apertures in PDMS (Klemic et al., 2002), hollow silicon dioxide nozzles 

(Lehnert et al., 2002),  and submicron apertures in glass (Fertig et al., 2002). 

          Efforts in developing planar electrochemical electrodes for single cell studies of 

quantal exocytosis include (1) exploring various electrode materials, (2) chemically 

modified electrode surface, (3) multiple arrays in groups, (4) cell trapping and (5) cell 

targeting methods, (6) stimulation and (7) simultaneous detection of amperometry and 

fluorescence imaging. Researchers have used various electrode materials including gold 

(Chen et al., 2003), platinum (Hafez et al., 2005; Berberian et al., 2009), Indium Tin 

Oxide (ITO) (Amatore et al., 2006; Sun and Gillis, 2006), Nitrogen doped Diamond-

Like-Carbon (DLC: N) (Gao et al., 2008; Barizuddin et al., 2010), carbon based electrode 

on a Si substrate (Parpura, 2005),  and boron-doped nanocrystalline diamond (NCD) on a 

sapphire wafer (Carabelli et al., 2010). Spike parameters acquired on different materials 

have been compared to investigate how different electrode materials affect statistical 

spike analysis results as well as electrochemical sensing mechanisms (Barizuddin et al., 
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2010). Another focus was to modify the electrode surface in order to improve sensitivity 

and specificity of target analyte molecules. One example is the Au electrodes modified 

with Mercaptopropionic acid (MPA) have improved performance by having higher 

sensitivity and less electrode passivation (Spégel et al., 2007). Additionally, groups of 

electrodes (Dias et al., 2002) have been arranged in different geometric designs so that 

electrochemical measurement from an individual detection site could be utilized to 

extract spatial resolution. Amperometric measurement from a single electrode cannot 

separate the transmitter release time course from the molecule diffusion time course but 

the group arrangement of electrodes is able to resolve the diffusion time course. The 

Lindau group (Berberian et al., 2009) has shown a group of four microelectrodes, each of 

which is responsible for the releasing event at a specific location. Microfluidic approach 

automated for cell trapping and cell targeting (Gao et al., 2009; Dittami and Rabbitt, 

2010) has been demonstrated. An approach for targeting cells to electrodes using surface 

chemistry has been presented (Liu et al., 2011). Furthermore, electrical and optical cell 

stimulation mechanisms have been investigated and simultaneous detection of 

amperometry and fluorescence measurements has been demonstrated (Amatore et al., 

2006; Chen et al., 2007; Meunier et al., 2011).  

 

1.6     Objectives and overview 

          Our group and others have been developing microchip multi-electrode arrays in 

order to facilitate higher throughput measurements of exocytosis as well as to enable 

measurements that are not possible with carbon-fiber electrodes. Compared to fabrication 
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methods using carbon fibers, microchip fabrication approaches using photolithography 

have the potential for much better control of electrode areas as well as surface properties, 

and offer a wider choice of electrode and insulation materials and insulation geometry.  

Therefore, microchip approaches have the potential to not only offer higher throughput, 

but also higher performance measurements of quantal exocytosis compared to 

conventional carbon-fiber microelectrodes.  

          This research project addresses two current bottle necks of microfabricated 

electrode arrays: (1) understanding noise sources in order to improve the resolution in 

electrochemical measurements from chip electrode arrays, and (2) increasing the 

throughput of single-cell measurement on microelectrode arrays by using a multiplexing 

approach.  Therefore, in Chapter 3, I focus on investigating the noise source in the 

electrode arrays in order to guide the design of both the devices and the experiments that 

employ them. I found that the dominant noise source on electrochemical electrodes is the 

thermal noise which is related to the recording bandwidth, electrode area, and properties 

of electrode material such as surface roughness.  Nitrogen doped Diamond-Like-Carbon 

(DLC: N) was chosen to be the best material because of its good noise performance, 

unquestionable biocompatibility, low background current in electrochemical 

measurements, transparency and mechanical stability etc. In Chapter 4, I integrated 

Diamond-Like-Carbon electrodes with the insulating polymer parylene C to develop a 

low noise and biocompatible chip device. The SiO2 film in between the DLC: N film and 

parylene C layer acted as a protecting layer during the parylene C etching process. The 

spike analysis results from the single cell amperometric recordings are comparable to 
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previous results obtained from SU8 chip; therefore, the integrated device presents a 

superior combination.  Finally, in Chapter 5, I have presented a multiplexing approach 

where a large amount of electrodes could be easily addressed. It significantly reduced 

external connection wires while maintaining low noise performance comparable to 

conventional measurements from single cells.  
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1     Preparation of cells 

          Detailed protocol was previously described in reference paper from Gillis lab 

(Yang et al., 2007). Bovine adrenal glands were harvested and kept in a Ca
2+

 and Mg
2+

 

free buffer before preparation in a sterile hood.  First, fat was trimmed off by a scissor 

and buffer solution was injected into the glands through the portal vein in order to wash 

the blood out.  Gentle massaging on the glands was applied to help wash out the blood.  

Then collagenase type P was dissolved in buffer solution with a ratio of 1mg/ml and then 

the mixture was injected into the glands. The glands go through two digestion processes 

in the 37ºC water shaking bath. After digestion, the glands were cut opened by the edges 

and the medulla was peeled away from the cortex and placed in a culture dish containing 

buffer solution. After mincing into small pieces, the medulla mixture was filtered through 

a 70 µm nylon mesh. The filtered solution was then centrifuged at 1000 rpm for 10 min 

and then super high speed centrifuge in 16.2 ml of percoll and 1.8 ml of 10-fold 

concentrated buffer solution at 15000 rpm for 45 min at 18ºC. The separated layers after 

centrifuge will be cell debris in the top layer, norepinephrine and epinephrine cells in the 

middle layers and red blood cells in the bottom layer. The middle layers of cells were 

collected and mixed with 40 ml buffer solution and centrifuged at 1000 rpm for 10 min 

before the pellet was resuspended in 40 ml buffer. After another 10 min of centrifuge, the 
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pellet was suspended in a mixture of 20 ml buffer and 10 ml cell culture media. Then the 

pellet was suspended in 5 ml regular cell culture media and then run through another 

centrifuge at 1000 rpm for 5 min. Finally, the pellet was suspended in 3 ml hibernation 

culture media and seeded in a T25 flask and another 10 ml cell culture was added. Cells 

were stored in a refrigerator at 4ºC. The “high K
+
” solution used to stimulate exocytosis 

consisted of 100 mM KCl, 55 mM NaCl, 5 mM CaCl2, 2 mM MgCl2, 10 mM HEPES, 

and 10 mM glucose. All the reagents were from Sigma (St. Louis, MO, USA) except as 

indicated.  

 

2.2     Fabrication of electrochemical microelectrodes  

          Gold (Au) (~100 nm thick) was sputter deposited on top of a ~10 nm adhesion 

layer of Titanium (Ti), whereas nitrogen-doped Diamond-Like-Carbon (DLC: N) (~110 

nm thick) was sputter deposited on top of ITO in order to reduce the sheet resistance as 

previously described in reference paper from Gillis lab (Gao et al., 2008) (Barizuddin et 

al., 2010). 

          Indium Tin Oxide (ITO) coated glass slides (film thickness 15-30 nm with a sheet 

resistance of 70-100 Ω) were purchased from Sigma (St. Louis, MO, USA) or deposited 

using a magnetron sputtering system (ATC2000, AJA International Inc., North Scituate, 

MA, USA). The films of DLC: N and ITO are sequentially deposited in the ATC2000 

(AJA International Inc., North Scituate, MA, USA) without breaking the vacuum. A 

graphite sputter target (Williams Advanced Materials Inc., Buffalo, NY, USA) with 

99.99% purity and ITO target (In2O3/SnO2) (Williams Advanced Materials Inc, Buffalo 
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NY, USA) were used for deposition. All substrates were organically cleaned by soaking 

in acetone for 5 min and then rinsed by methanol, and then air dried. The two layers were 

deposited sequentially without breaking vacuum in between. ITO film was deposited at a 

radio frequency of 13.56 MHz, 180 W, with argon gas flow at 20 sccm to maintain the 

pressure of 4 mTorr. DLC: N was sputtered with 300 W DC power, Argon gas flow at 10 

sccm, Nitrogen gas flow at 10 sccm, chamber pressure of 2mTorr and substrate 

temperature at 200ºC or 400ºC.  

          Electrode materials were patterned using etching processes with S1813 photoresist 

(Rohm and Haas Electronic Materials, Philadelphia, PA, USA) as the masking material. 

First, the conductor-coated slides were cleaned by sonication in acetone for 10 min 

followed by exposure to air plasma (PDC-32G, Harrick Scientific Corp., Pleasantville, 

NY, USA) for 1 min at medium RF power level. S1813 photoresist was then spin coated 

(Laurell Technologies Corp., North Wales, PA, USA) onto the coated slide at 2500 rpm 

for 60 s to give a thickness of ~1.8 µm. The coated glass slide was then baked on a hot 

plate at 115°C for 2 min. It was then exposed to UV light through a high-resolution 

(20,000 dpi) transparency mask (CAD/Art services, Inc. Bandon, OR) for about 43 s 

(NuArc 26-1KS Exposure unit, 1000 W metal halide lamp, 5.4 mW/cm
2
) and then 

developed in M351 solution (Rohm and Haas Electronic Materials) for ~1 min. 

          ITO films were wet etched using a solution composed of 6 M HCl and 0.2 M FeCl3 

for 30 min. Au films were wet etched using Au etching reagent purchased from Sigma-

Aldrich for ~ 5 s. DLC: N films were etched using 10 min exposure to air plasma using 

the high power setting of the air plasma PDC-32G.  
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          Following removal of the S1813 with acetone, the conductive films were patterned 

into 36 stripes with widths of either ~40 µm or ~100 µm.  Each stripe leads to a 2 mm 

diameter pad at the edge of the chip to facilitate connection to a potentiostat. The stripes 

were insulated with photoresist (S1813 or SU82025) except for small openings that 

defined the area of each of the 36 working electrodes. 

          S1813 photoresist insulation was processed similar to the method described above, 

with hard baking at 150°C for 10 min in order to make a harder film.  When SU8 2025 

was used as the insulating material, it was first spin coated onto the device at 4000 rpm 

for 1 min to give a thickness of ~16 µm. Then it was baked on a hot plate at 65°C for 3 

min and then 95°C for 5 min. The SU-8 was exposed through the photomask for ~33 s 

and baked again at 65°C for 1 min and 95°C for 5 min. Afterwards, it was then developed 

in the SU8 developer for ~10 min. Finally it was hard baked at 150°C for 30 min to 

harden the film and seal cracks.   

          A polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland, MI, USA) 

gasket was sealed onto the device to hold the bath solution. A custom-built chamber was 

used to hold the microchip device and to facilitate connection of the potentiostat to the 

pads at the edge of the chip. A Ag/AgCl wire was immersed in the drop of bath solution 

to serve as the reference electrode.  

          Cleaning the working electrode was important to ensure an active surface. Before 

use, the device was rinsed with deionized water, air dried and then treated with air plasma 

at the medium power setting for 30 s to etch any photoresist residue on the electrode 
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surface. For the chip insulated with SU8, a 30 min incubation in 30% H2O2/1M KOH was 

applied followed by rinse in deionized water rinse and air drying.  

 

2.3     Admittance measurements 

          A software lock-in amplifier integrated within PULSE software (HEKA) was used 

to measure admittances. Attenuation and phase shifts introduced within the amplifier 

were corrected using a manual calibration procedure (Chen and Gillis, 2000; Barizuddin 

et al., 2010). A 40 pF capacitor was inserted into the headstage to serve as a 90° phase 

reference, and the phase offset and each test frequency was obtained. Admittance 

measurements were made with a stimulus sinusoid with an amplitude of 25 mV and with 

frequencies ranging between 5 Hz and 5 kHz at log intervals. The 5 kHz Bessel filter was 

used to low-pass filter the current, and the sampling rate was fixed at 20k samples/s. The 

constant phase element model parameters were obtained by fitting the admittance data 

using a Levenberg-Marquardt algorithm in Igor to minimize the sum of the squared error 

of the real and imaginary admittances. Electrode capacitance was measured using the 

software lock-in amplifier with the “Sine+DC” method (Lindau and Neher, 1988; Pusch 

and Neher, 1988; Gillis, 2000) with an amplitude of 25 mV sinusoid at a frequency of 1 

kHz. 

 

2.4     Current power spectral density (PSD) measurement 

          Current was measured using the EPC-10 two-electrode potentiostat (HEKA 

Electronik, Lambrecht, Germany). Except as indicated, noise measurements were 
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performed at the high gain range (50 GΩ feedback resistor) in order to minimize the noise 

contributed by the amplifier. The current signal was low-pass filtered with a 4-pole 

Bessel filter set to a corner frequency of either 3 kHz or 5 kHz and sampled at 20 k 

samples/s. The current power spectral density for 20s of sampled data was calculated 

using Igor software (Wavemetrics, Inc., Lake Oswego, OR, USA).  Data were processed 

with a segment length of 8192 samples and a square window to preserve low frequency 

information. In order to reduce line interference, devices were shielded and a Humbug 

instrument (Quest Scientific, North Vancouver, BC, Canada) was used in some 

experiments to remove 60 Hz and its harmonics from the signal. To further ensure the 

removal of line interference, a custom-developed Igor macro was applied to subtract 60 

Hz and harmonics obtained from a training portion of the signal. Five current recordings 

were made from each electrode and the resulting PSDs were averaged. 

 

2.5     Silicon dioxide (SiO2) deposition and etching protocol 

          To clean slides with patterned electrodes such as Au, ITO or DLC: N, samples 

were immersed in acetone for 10 min and then immersed in DD H2O for 10 min.  

          SiO2 was deposited in Precision 5000 (Precision 5000 Mark II, Applied Materials, 

CA, USA) by using the Plasma Enhanced Chemical Vapor Deposition technique with 

silane (SiH4) gas and oxygen (O2). The chamber temperature was kept at 60ºC and the 

substrate temperature was either 200ºC or 400ºC for a duration of 45 s. The resulting 

SiO2 film had a greenish blue or purplish blue color with a thickness of ~130 nm, and a 
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refractive index of 1.46 determined from ellipsometry measurement (JA Woollam Co, 

VB400/HS-190).   

          In order to pattern groups of cell-sized openings in SiO2, positive photoresist was 

patterned on top of SiO2 as the protective mask. Two layers of S1813 was spun at a speed 

of 2000 rpm for 1 min and then baked the slide at 115ºC for 3 min and exposed the 

photoresist for ~45 s (NuArc 26-1KS Exposure unit, 1000 W metal halide lamp, 5.4 

mW/cm
2
) for D=12 µm, ~42s for D=20 µm openings and developed for 1 min with 

agitation. Then the sample was put in air plasma (PDC-32G, Harrick Scientific Corp., 

Pleasantville, NY, USA) at medium power to remove the photoresist residue and then 

hard baked at 150ºC for 10 min.  

          SiO2 deposited at 200ºC can be etched uniformly at a controlled speed in Buffered 

Oxide Etchant (BOE) with mixing ratio of 7 parts of 40% NH4F to1 part of 49% HF with 

gentle agitation. Similarly, SiO2 deposited at 400ºC can be etched uniformly at a 

relatively slower controlled speed in Buffered Oxide Etchant (BOE) with a mixing ratio 

of 7 parts of 40% NH4F to1 part of 49% HF with agitation. The thickness of the 

remaining film was determined using a J.A. Woollam variable angle spectroscopic 

ellipsometer (V.A.S.E) (J.A. Woollam Company Inc. NE, USA). Further description and 

characterization is given in Chapter 4.  

 

2.6     Parylene C deposition and etching protocol 

          Before parylene C deposition, a layer of A-174 silane solution, which is a surface 

adhesion promoter, was applied to improve the adhesion between the substrate and 
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parylene film. The promotion solution was composed of 50 ml 95% isopropyl alcohol 

(IPA) and 41 ml DI water and 0.45 ml 0.5% A-174. The solution was stirred for 30 s and 

allowed to stand for 2 hours before use. The mixture has a short shelf life of 24 hours. 

The slides were submerged in prepared promoter solution for 15-30 min, then removed 

from the solution and air dried for 15-30 min. Then the slides were submerged in IPA for 

15-30 s. The basket of slides were agitated up and down several times. Upon removal, the 

slides were drained adequately for 30-60 s, then dried and coated within 30 hours. 

          In order to get a thickness of ~4 µm of parylene C, 7.5 g of di-para-xylylene C 

dimer powder (Specialty Coating Systems, Indiana, USA) was weighed and loaded into 

the boat of the chamber (PDS 2010, Special Coating Systems, USA).  The entire process 

included: sublimation of the solid parylene dimer (120ºC-150ºC, 10Torr), pyrolysis of the 

dimer into monomers (~700ºC, 0.5Torr) and final deposition of the parylene monomers 

(25ºC, 0.1Torr). The whole process took approximately 4 hours for a 4 µm thick parylene 

layer.   

          To pattern Parylene C, a layer of 12 µm thick of AZP4620 photoresist (AZP4620, 

AZ Electronic Material, NJ, USA) was used. The photoresist was spun at 3000 rpm for 1 

min, baked at 65ºC for 3 min, 95ºC for 3 min. The film was exposed for ~30 s, baked at 

95ºC for 30 s, developed in developer solution AZ400k (AZP4620, AZ Electronic 

Material, NJ, USA) for 20 min and then hardbaked at 150ºC for 10 min.  

          The patterning of parylene film was achieved by using oxygen plasma Reactive Ion 

Etch in P5000 (Precision 5000 Mark II, Applied Materials, CA, USA). The processing 

conditions were 50 sccm O2, 250 mTorr pressure, 300 W RF power with an etching rate 
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of 0.8 um/min. After 5 minutes of etching, the thickness of AZP4620 photoresist layer 

decreased to 9.25 µm.  
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CHAPTER 3 

QUANTIFICATION OF NOISE SOURCES IN ELECTROCHEMICAL 
ELECTRODE ARRAYS 

 

3.1     Introduction and goal 

           Measuring transmitter release from individual vesicles (quantal exocytosis) with 

high time resolution is essential to develop and test mechanistic models of exocytosis and 

endocytosis. A powerful technique for measuring quantal exocytosis is carbon-fiber 

amperometry, which measures spikes of current as the transmitter released from 

individual vesicles is oxidized on the surface of the electrode (Wightman et al., 1991; 

Gao et al., 2008).  Analysis of amperometric spikes reveals the time course of release and 

quantal content, and can resolve zeptomoles (Travis and Wightman, 1998; Hochstetler et 

al., 2000) of released transmitter with millisecond temporal resolution (Westerink, 2004; 

Borges et al., 2008). A feature of interest in amperometric measurement of exocytosis is 

the “foot signal” (as previously shown in Fig. 1.2.B) that constitutes the initial flux of the 

transmitter through a fusion pore (Chow et al., 1992; Alvarez de Toledo et al., 1993). It is 

desirable to resolve small changes in the amplitude of this ~ pA signal because it is 

related to fusion pore conductance. The lifetime of the foot is used as a measure of the 

lifetime of the fusion pore, but the onset of the foot signal is difficult to resolve, and is 

usually defined as the time when the current exceeds some multiple of the baseline 

standard deviation noise (Mosharov and Sulzer, 2005).  “Stand alone” foot signals have 
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been reported to result from fusion pore closure without full release (Alvarez de Toledo 

et al., 1993; Wang et al., 2006), but it is difficult to unequivocally identify these signals 

without the accompanying current “spike” because the signal-to-noise ratio is small. 

Therefore, measurement noise limits the information that can be extracted from 

electrochemical assays of quantal exocytosis. 

          Our group and others have been developing microchip multi-electrode arrays in 

order to facilitate higher throughput measurements of exocytosis as well as to enable 

measurements that are not possible with carbon-fiber electrodes (Dias et al., 2002; Chen 

et al., 2003; Hafez et al., 2005; Amatore et al., 2006; Sun and Gillis, 2006; Amatore et al., 

2007b; Chen et al., 2007; Spégel et al., 2007; Gao et al., 2008; Spégel et al., 2008; 

Berberian et al., 2009; Gao et al., 2009; Sen et al., 2009; Barizuddin et al., 2010; Dittami 

and Rabbitt, 2010). Compared to fabrication methods using carbon fibers, microchip 

fabrication approaches using photolithography have the potential for much better control 

of electrode areas as well as surface properties, and offer a wider choice of electrode and 

insulation materials and insulation geometry. Therefore microchip approaches have the 

potential to not only offer higher throughput, but also higher performance measurements 

of quantal exocytosis compared to conventional carbon-fiber microelectrodes. A 

thorough understanding of noise sources, however, is necessary to guide the design of 

both the devices and the experiments that employ them.   
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3.2     Device design and layout 

          Carbon-fiber microelectrodes, schematically illustrated in Fig. 3.1.A, were 

purchased from ALA Scientific (Farmingdale, NY) and were fabricated as described by 

Schulte and Chow (1996). Electrode measurements were always performed using freshly 

cut fibers. Noise measurements were also made from insulated carbon fibers immersed in 

the usual electrolyte solution before cutting in order to determine the “background” 

capacitance and noise. 

         Three materials of planar microelectrodes were studied here including gold (Au), 

Indium-Tin-Oxide (ITO) and nitrogen doped diamond-like-carbon (DLC: N). All of them 

were deposited by sputtering, a widely used method for film deposition on semiconductor 

wafers, for coating wear resistant surfaces, and for coating automobile parts etc. It is a 

physical process where atoms in a solid target material are injected into the gas phase due 

to the bombardment of the material by energetic ions from plasma. Sputtering provides a 

high deposition rate, controlled and uniform coating. Magnetron sputtering system 

incorporates magnets which provide a strong magnetic field to concentrate the ions. 

Therefore, a higher deposition rate can be achieved by higher density plasma. 

          As described in Chapter 2, thin metal films were deposited and planar 

microelectrodes were fabricated using photolithography on a glass slide substrate (25 × 

75 × 1 mm).  Indium-Tin-Oxide (ITO), Au, or nitrogen-doped diamond-like carbon 

(DLC: N) were used as the electrode materials. 

          The area of the working electrodes was varied using two approaches. In one 

approach square openings with dimensions of 5, 10, 20 and 50 μm were patterned using a 
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hard mask (Cornell Nanofabrication Facility, Ithaca, NY) as depicted in Fig. 3.1B(i).  In 

order to vary the electrode area over a larger range, devices were also fabricated where a 

variable width opening (~5 to 50 μm) in the photoresist that intersected the conductive 

stripes at a right angle (Fig. 3.1B(ii)). The area of each electrode was measured from 

photomicrographs. In some experiments the conductive film was completely covered 

with the insulating film (“mock electrodes”) in order to obtain background capacitance 

and noise values. 

 

3.3     Double layer capacitance at the electrode interface 

           If a metal electrode is placed in an electrolyte solution such as found in 

extracellular fluid, an interface will be formed. The charge is carried by ions in the 

electrolyte solution. 

          The simplest electrochemical system includes two electrodes, one working 

electrode and one counter electrode. The working electrode is the one of interest and the 

counter electrode is necessary to complete the circuit for charge conduction. In a three 

electrode system, there will be another reference electrode to define a reference potential. 

In voltammetric measurement, there is no current flow between the working and 

reference electrode so the reference electrode serves as a true reference for the working 

electrode. 

           There are basically two types of processes: non-faradaic process and faradaic 

process at the metal/solution interface. Non-faradaic process involves the accumulation 

of charges at the interface which will produce an electrical double layer capacitance. It  
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Fig. 3.1 Depiction of the electrochemical microelectrodes used in this study. A. Carbon-fiber 

microelectrode insulated with poly (acrylic−carboxylic acid) and glass and cut to yield a disk-shaped 

working electrode with a diameter of ~5 µm.  B. Planar electrodes fabricated from Au, ITO or DLC: N 

using photolithography on a glass substrate.  Openings in the SU8 photoresist insulation define the working 

electrodes. (i). Square openings with dimensions of 5, 10, 20 and 50 µm were used or (ii). A variable-width 

slot opening in the photoresist allowed electrodes of various areas to be tested.  
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resembles a capacitor and the value of capacitance depends on the solution composition, 

the roughness of the electrode surface, and the potential applied to the electrode. The 

non-faradaic process usually does not produce an analytical signal but it contributes to 

the background signal. On the other hand, faradaic process refers to oxidation or 

reduction of analytes at the interface between the working electrode and the electrolyte 

solution. Faradaic process includes reduction (addition of electrons to the analyte) which 

occurs at a negatively driven electrode or oxidation (loss of electrons from the analyte) 

which occurs at a positively driven electrode. 

           Helmholtz developed the concept and model of the double layer (Helmholtz, 

1853). Other researchers Gouy (1910), Chapman (1913), and Stern (1924) and later 

Grahame (1947) improved and extended the model to the metal electrode surfaces. There 

are excessive negative charge densities at the metal electrode interfaces under negative 

polarization. On the other hand, there is a deficiency of electron charge density at the 

metal electrode interfaces under positive polarization. So there will be an accumulation of 

cations or anions correspondingly at the solution side of the charged electrode. Also, 

some chemical species may adsorb to the solid electrode or polar molecules have a 

preferential orientation at the interface so these two will contribute to the charge 

separation. The Helmholtz region capacitance is dependent on electrode potential, the 

chemical characterization of the metal surface and the solvent ions in the solution. An 

equivalent representation of the capacitance of the double layer is  

  
     

 
    (Eq. 3.1) 
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Where εr is the electrolyte dielectric constant, ε0 is the dielectric constant of the vacuum, 

d is the effective thickness of the double layer which equals to the charge separation 

distance and A is the electrode surface area.  

          Electrodes can be sorted into two types: ideally polarizable electrode and ideally 

non-polarizable electrode.  Ideally polarizable electrodes have infinite dc resistance and 

can be modeled as a pure capacitor. No charge transfer occurs across the 

electrode/electrolyte interface except for oxidation/reduction reactions. No sustained 

current flow is required to support a large voltage drop at the electrode interface.  A 

polarizable electrode is not used as a reference electrode. Ideally non-polarizable 

electrodes have zero resistance such that there is easy flow of charge carriers between the 

electrode (electrons) and the electrolyte solution (ions). Ideally, there is no voltage drop 

across the interface. Non-polarizable electrodes are used as counter electrodes. A 

common counter electrode is formed from a metal and its soluble metal salt particularly 

silver-silver chloride (Ag/AgCl). It is small, compact and simple to fabricate. Under 

careful preparation, it is stable and reproducible. With the Ag/AgCl reference electrode, 

the following reactions occur (Merrill et al., 2005). 

           (reduction of silver ions)    (Eq. 3.2) 

            (dissolution of silver chloride)    (Eq. 3.3) 

Thus, the current carried by electrons in the Ag metal is readily converted to a current 

carried by ion in the electrolyte solution. 
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3.4     Confirmation of electrode sensitivity with cyclic voltammetry 

          Voltammetric measurements are usually operated in either a linear or a cyclic 

sweep mode. During linear sweep voltammetry, the potential applied to the 

electrochemical system changes linearly with time. The resulting oxidation or reduction 

current provides information on the specific oxidation/reduction potential of the target 

analyte, and the concentration of the analyte. During cyclic voltammetry, triangular 

voltage ramps are applied to the electrochemical system at a certain scanning speed. The 

cyclic voltammogram can be used both qualitatively and quantitatively in that the 

amplitude of the current peaks in the current-potential plot show the concentration, 

whereas the position of the peaks identifies the target analyte.   

          In amperometry or voltammetry, the current-potential characteristics are 

determined by two factors: the first is the mass transfer rate of the target analyte in the 

reaction onto the electrode surface, and the second is the charge transfer reaction at the 

electrode surface. The mass transfer is a complicated process including an ionic 

migration due to the electric potential gradient, a diffusion under a concentration 

gradient, and bulk transfer by convection (Bard and Faulkner, 2001). Diffusion of the 

analyte can be simply described by Fick’s law of diffusion. The current at an electrode is 

limited by diffusion when the rate of charge transfer at the electrode surface is relatively 

high. Under this condition, the concentration of the target analyte is approximately zero 

at the surface of the electrode. 

          In order to confirm the electrochemical activity of all electrodes, we performed 

cyclic voltammetry with the test analyte K3Fe(CN)6 (1 mM in 0.1 M KCl, pH=3.0) before 
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use with cells. Sample cyclic voltammograms are presented in Fig. 3.2.  The CFE 

electrode was ~10 µm in diameter whereas the planar electrodes were ~20 µm in 

diameter.  As the potential becomes more negative than ~0.15 V (versus Ag/AgCl), a 

sharp transition to an anodic current was evident as ferricyanide was reduced on the 

surface of the electrode. The sharp transition indicates the series resistance of the 

electrode was acceptable and there were no significant offset potentials.  For slow scans 

at anodic potentials the current reached a plateau (Ilim) that was determined by the rate 

that ferricyanide diffuses to the electrode surface.  For a disk electrode on an infinite 

insulating plane, the diffusion-limited current for monovalent electron transfer is given by 

(Bard and Faulkner, 2001): 

              (Eq. 3.4) 

where F is Faraday’s constant, D is the diffusion coefficient for ferricyanide (~7.2 ×10
-6

 

cm
2
•s

-1
), C is the concentration of ferricyanide (1mM) and r is the radius of the 

electrode.  Thus, Ilim can be used to confirm that the effective electrode size is as 

expected.  The predicted values of Ilim are ~1.4 nA and 2.8 nA for electrodes with 

diameters of 10 µm and 20 µm, respectively; therefore, the measured values confirm the 

effective sizes of the electrodes were roughly as expected and the insulating film was 

intact. Some electrode-to-electrode variability in Ilim and double-layer capacitance was 

observed presumably due to limitations of precision of our photolithographic equipment. 
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3.5     Capacitance per unit area is similar among the sputter-deposited materials 

           As described previously, Au, DLC: N and ITO were deposited on glass substrates 

using magnetron sputtering to yield atomically smooth electrodes verified using atomic 

force microscopy (Gao et al., 2008).  Electrodes of various areas were fabricated as 

described and the capacitance of each electrode was measured at a frequency of 1 kHz.  

The area of each electrode was also estimated using a microscope.  Fig. 3.3 is a plot of 

the background-subtracted capacitance versus area for the three materials whereas the 

line depicts the best-fit slope of 0.077 pF/µm
2
.  Note that the capacitance per unit area is 

roughly similar among the materials, which is consistent with a similar smoothness of the 

electrode surfaces.  Individual linear fits to data obtained from each material yielded 

slope of 0.094, 0.077 and 0.072 pF/µm
2
 for DLC: N, ITO and Au, respectively.  
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Fig. 3.2 Sample cyclic voltammograms with the test analyte. Electrodes fabricated from the various 

materials are demonstrated to be electrochemically active, are well-insulated and are approximately the 

expected area. The Au, DLC: N and ITO electrodes had a diameter of ~20 µm, whereas the CF electrodes 

had a diameter of ~10 µm. The scan rate was 10 mV/s. 

 

          It should be noted that larger capacitances will be obtained using lower test 

frequencies such as 1Hz or by using time-domain methods to measure capacitance 

because the impedance of electrochemical electrodes is best described by a Constant 

Phase Element model (described in Section 3.8) rather than an ideal capacitance. 
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Fig. 3.3 Plot of electrode capacitance versus area for planar electrodes fabricated from Au (squares), DLC: 

N (Xs) and ITO (triangles). 

 

3.6     Noise sources of electrochemical microelectrodes 

           The power spectral density (PSD) was computed for current recordings in order to 

understand how fluctuations vary with frequency. The PSD is a measurement of the 

signal power distribution in the frequency domain and is defined as the Fourier 

Transform of the autocorrelation of the time domain data. Use of the PSD also allowed us 

to unequivocally separate out line interference (60 Hz and harmonics in the US) from the 

intrinsic random noise of the electrode device. PSD is demonstrated as SI(f) and it has 

units of A
2
/Hz.  Integration of the power spectral density over all frequencies contained 

in the measurement yields the current variance (σI
2
).   

          A summary of common noise types is listed below.  
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3.6.1 Line interference 

            A common source of current fluctuations is line interference, i.e., capacitive 

pickup of AC signals from lights and other equipment.  This is a predictable interference, 

rather than random noise, and can, in principle, be eliminated through careful shielding of 

the experimental setup and subtraction of any residual periodic waveform from the 

signal.  Nevertheless, even when line interference is not readily apparent by inspection of 

the records, I have found that it is easy for this source to be the dominant contributor to 

the standard deviation of the current (σI).  In 2003, Chen et al. (2003) reported that I 

scales with area, rather than the square-root of area, but I now believe this is because 

periodic interference was not fully eliminated. Thus, in the present study power spectral 

analysis was used to analyze noise in order to clearly separate out periodic interference 

and reveal the frequency dependence of the random noise that constitutes the true 

resolution limit for amperometric measurements. 

 

3.6.2 Instrumentation thermal current noise caused by feedback resistor 

            Brownian motion was discovered by R. Brown in 1827. In 1906, Albert Einstein 

predicted that there will be fluctuations due to the Brownian motion of the free electrons 

inside metal. In 1928, J. B. Johnson observed the phenomena and H.T. Nyquist derived 

the theoretical relationship in the same year. The physical origin of this noise is the 

random motion of the free electrons inside conductive materials. It is a general property 

of material and is independent on the applied voltage, type of material or shape of the 

material. The PSD of thermal current noise is given by:  
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             (Eq. 3.5) 

where k is the Boltzmann constant, T is absolute temperature. In my experiment, I used a 

patch clamp amplifier which has an outstanding current noise performance. It uses an op-

amp with a feedback resistor Rf to serve as a voltage clamp and current-to-voltage 

converter. The thermal noise caused by Rf is often the dominant noise source of the 

amplifier (see section 3.6.4). 

 

3.6.3 Shot noise 

            Shot noise is produced by the independent passage of the charge carriers, i.e., it is 

due to the discrete nature of charge movement. It does not depend on temperature but 

only on the DC current through the device.  The current PSD of shot noise is given by: 

                   
        (Eq. 3.6) 

where q is the elementary charge =         C,  and Idc is the average current flowing 

through the device. We found it to be usually negligible compared to thermal noise. 

 

3.6.4 Enct noise due to capacitive loading of the amplifier 

            Capacitance on the input (Ct) is coupling with the input voltage noise of the op-

amp (en) and it will produce frequency-dependent current noise (Sigworth, 1995).  It is 

given by  

               
   

                (Eq. 3.7) 
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I used an EPC-10 amplifier whose en value is ~3-5 nV/Hz
1/2

 (Sigworth, 1995), which is 

equivalent to the thermal voltage noise of a 500 Ω–1.5 kΩ resistor (thermal voltage noise 

increases with resistance): 

                   (Eq. 3.8) 

Thus, the effect of the input voltage noise of the op-amp is the same as inserting a <1.5 

kΩ resistor in series with the electrode. Since the resistance in series with small 

electrodes in physiological extracellular solution is much greater than 1 kΩ, op-amp input 

voltage noise contributes a relatively negligible amount of current noise for our 

application. Later in Fig. 3.5, experimental results will be presented to support this 

hypothesis. 

 

3.6.5 Dielectric losses due to the insulation on the conductive film 

            The bulk of the conductive film on the electrode array must be insulated to reduce 

the area. Real world dielectrics used as insulating materials have a resistive part that 

introduces thermal noise. Thus, in order to determine if the noise of the working electrode 

is a significant noise source, I made current power spectral density measurements of 

microchip electrode arrays where I left some of the metal film “electrodes” completely 

covered with the photoresist insulation.  This yields the “background” noise of the chip 

device, i.e., the noise of the system in the absence of a working electrode. Details are 

shown in Fig. 3.4. 
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3.6.6 Thermal current noise of electrochemical microelectrodes 

            As an extension to what is discussed in section 3.6.2, a general expression for the 

current noise power spectral density due to thermal motion of charge carriers (SI) at 

equilibrium is given by the Johnson-Nyquist expression: 

                     (Eq. 3.9) 

where Re{Y(f)} is the real part of the complex admittance of the electrode.  For example, 

if a voltage sinusoid with amplitude V and frequency f is applied to the electrode, the 

resulting component of the current sinusoid in phase with the voltage (real part) has an 

amplitude VRe{Y(f)}.   

 

3.7     Noise originates from the working area of the electrode 

          In Fig. 3.4, background PSDs were measured for mock electrodes that lacked 

opening in the insulation in order to isolate the noise originating from the working 

electrode.  Background PSDs for such a mock planar electrode and a mock carbon fiber 

(CF) electrode are presented.  The background PSD for an EPC-10 (50 GΩ feedback 

resistor) with an open probe input is also shown for comparison.  In order to confirm the 

calibration of the PSD and the frequency response of the amplifier, measurements with a 

10 MΩ resistor attached to the amplifier probe input were carried out. The Johnson-

Nyquist thermal current noise of a resistor R has a PSD given by Eq. 3.5. Thus, Eq. 3.5 

predicts the current PSD for a 10 MΩ resistor is frequency independent (spectrally white) 

with a magnitude of ~1.6x10
-27

 A
2
/Hz at room temperature (dashed line).  It is evident 

from Fig. 3.4 that the measured PSD for a 10 MΩ resistor is in excellent agreement with 
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theory.  In addition, the background noise of the EPC-10 amplifier, when set to the high-

gain range, is well below the background noise of covered electrochemical electrodes; 

therefore, the amplifier is not the dominant noise source.  Note the background noise of 

the covered electrodes is similar despite the fundamental differences in fabrication 

methods. 

 

 

           

 

 

 

 

 

 

 

Fig. 3.4 Current Power Spectral Density (PSD) measurements indicate that the background noise of sham 

(insulation covered) electrodes is similar for photolithographically defined planar electrodes and carbon 

fibers electrodes.  The background noise of the EPC-10 amplifier when used at a high gain (50 mV/pA, 50 

GΩ feedback resistor is smaller than the background noise of the sham electrodes. The dashed line 

represents the theoretical PSD for a 10 MΩ resistor whereas the upper solid trace is the measured PSD for a 

10 MΩ resistor. 

 

          Fig. 3.5 presents sample PSDs for two planar ITO electrodes with areas of ~30 µm
2
 

and 400 µm
2
 and double-layer capacitances of 3pF and 33 pF, respectively.  Note that the 
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PSD increases with frequency for both electrode sizes, but the PSD for the larger 

electrode is an order of greater magnitude. Nevertheless, the PSD for the smaller 

electrode is still much larger than the covered sham electrode; therefore, the majority of 

the noise originates from the surface of the working electrode, as previously observed for 

CF electrodes by Schulte and Chow (1996). 

          The observations that the PSD scales with the area of the electrode and increases 

with frequency are consistent with the possibility that the noise is related to the double-

layer capacitance of the working electrode.  As described in section 3.6.4, capacitive 

loading of the potentiostat (Ct) is expected to lead to frequency dependent current noise 

PSD (SI,enCt) (Sigworth, 1995).  Fluctuations in the input voltage of the amplifier (en) are 

coupled to the capacitance of the working electrode, leading to frequency-dependent 

current noise power spectral density given by Eq. 3.7.  A low-noise amplifier has an en 

value of ~3-5 nV/Hz
1/2 

(Sigworth, 1995); therefore, application of Eq. 3.7 predicts that 

instrument input voltage noise is negligible because, over the frequency range of interest, 

it contributes a much smaller current noise than a µm-scale electrochemical electrode.  

          In order to confirm this experimentally, a 47 pF capacitor was attached to the probe 

input of the EPC-10 potentiostat and the current PSD was measured. The PSD showed a 

steep dependence on frequency as expected (Fig. 3.5, green trace), yet was smaller than 

the noise of an electrochemical electrode with a smaller capacitance (~ 33 pF, upper blue 

trace) over a frequency range up to several kHz. Therefore, the capacitance of an 

electrochemical electrode per se does not account for the dependence of current noise on 

the area of the working electrode. 
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Fig. 3.5 Larger electrodes have a larger current PSD, but the noise does not originate from capacitive 

loading of the potentiostat. Lower black trace is the open-input noise of the EPC-10 potentiostat (50 GΩ 

feedback resistor) whereas the green trace is the PSD when the input of the amplifier is loaded with a 47 pF 

capacitor. The upper blue trace is the PSD from a ~consistent with previous 33 pF ITO electrode whereas 

the lower blue trace is from a ~30 µm
2
, 3 pF ITO electrode. The 33 pF electrode has much higher noise 

than the 47 pF discrete capacitor which demonstrates that capacitive loading of the amplifier is not the 

dominant noise source. The dashed lines depict the theoretical thermal noise of 10 MΩ and 500 MΩ 

resistors for comparison. 

 

          The amplifier can also easily be a dominant noise source under certain conditions. 

The most appropriate amplifiers for low-current amperometric measurements of 

exocytosis are “patch-clamp” two-electrode potentiostats where the noise is ideally 

determined by the thermal noise of the feedback resistor, which is 0.5 GΩ for both the 
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NPI VA-10 and the HEKA EPC-10 when set to the intermediate gain range. Noise 

measurements were carried out using the high gain range of the EPC-10 (50 GΩ feedback 

resistor) in order to ensure low amplifier noise.  The dashed line in Fig. 3.5 denotes the 

theoretical thermal noise of a 0.5 GΩ resistor in order to allow comparison with the 

intrinsic noise of the electrochemical microelectrodes. It is clear that this value of 

feedback resistance could be the dominant noise source for small electrodes if the 

bandwidth of the measurements is small (Schulte and Chow, 1998). On the other hand, it 

is usually only possible to record a maximum current of ~200 pA without saturating the 

amplifier if a 50 GΩ feedback resistor is used. This suggests that a compromise value for 

the feedback resistor in the several GΩ range would be ideal for amperometric 

measurement of quantal exocytosis from neuroendocrine cells.  Nevertheless, even a 

high-gain amplifier can easily be the dominant noise source as electrodes approach 

diameters of several µm or smaller in diameter, particularly for bandwidths < 1 kHz. 

          The data from Fig. 3.5 demonstrate that the dominant noise source originates from 

the area of the working electrode and increases with frequency. I carried out experiments 

to determine if the noise is thermal in origin. If the frequency-dependent complex 

admittance of a circuit element is Y(f), a general expression for the current PSD due to 

thermal motion of charges (SI,thermal) at equilibrium is given by the Johnson-Nyquist 

expression similar to Eq. 3.9: 

                         (Eq. 3.10) 

where Re{Y(f)} is the real part of the complex admittance. Current PSDs from planar 

electrodes were measured as well as from CF electrodes. The admittance from the same 
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set of electrodes at frequencies ranging from 5 Hz to 1 kHz were measured and carefully 

corrected for phase shifts introduced by the amplifier (Gillis, 2000).   

          Fig. 3.6 presents data from the four microelectrode types plotting measured SI 

versus the real part of the admittance with the solid line indicating 4kT, i.e., the expected 

relationship if the current noise is thermal in origin as described in Eq. 3.10.  It is evident 

that the data follow the theoretical relationship from Eq. 3.10 very well over a wide range 

of frequencies. The relationship also holds over a range of electrode sizes, although 

deviations due to the background “noise floor” are evident for the smaller CF electrodes 

measured at low frequencies.  Similar results were obtained for DC potentials of either 

600 mV or 0 mV (data not shown). These results clearly demonstrate that the dominant 

source of current noise for both planar electrodes and CF electrodes is thermal in origin if 

the electrodes are carefully fabricated and shielded and low-noise amplifiers are 

employed. I next sought to identify an appropriate equivalent circuit for the electrode so 

that we can understand the determinants of the admittance, and thus the noise. 
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Fig. 3.6 Electrode noise is thermal in origin under careful recording conditions.  Plots of the current PSD 

versus the real part of the admittance measured using a sinusoidal voltage at the indicated frequencies with 

a dc potential of 600 mV.  The solid line is 4kT, the expected relationship if the noise is thermal in origin. 

The planar electrodes had various areas whereas the carbon-fiber electrode was 5µm in diameter. (A) Au 

electrode (B) DLC: N electrode (C) ITO electrode and (D) carbon fiber electrode.   
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3.8     The equivalent circuit for electrochemical microelectrodes consists of a 

Constant Phase Element (CPE) admittance with a series resistance 

           The admittance of the electrode / electrolyte interface can be empirically modeled 

as a “Constant Phase Element” (CPE) (Cole and Cole, 1941; Pajkossy, 2005) with an 

admittance given by: 

                    
    

 

       
           

                                             
              (Eq. 3.11) 

where CCPE is a constant related to the double-layer capacitance that scales with the active 

surface area of the working electrode, j is the imaginary unit (-1)
1/2

 and ω is the angular 

frequency = 2πf. The CPE exponent α reflects the surface characteristics of the electrode 

and has an ideal value of 1.0 for mercury drop electrodes and single crystal gold 

electrodes, whereas values as low as 0.5 are possible for highly porous electrodes 

(Pajkossy, 2005). Note that the phase of YCPE is α90 and does not depend on frequency, 

which is why it is called a constant phase element.  Because the α parameter sets the 

relative magnitude of the real admittance, it is a major determinant of noise with an ideal 

value of 1.0 in which case the real component of the admittance (and thermal noise) goes 

to zero. A number of physical processes at the electrode/electrolyte interface can produce 

an admittance that can be approximated by Eq. 3.11 including surface roughness or 

porosity, adsorption of ions or molecular heterogeneities on the electrode surface and a 

non-uniform current distribution on the electrode (Pajkossy, 2005).  The CPE admittance 

described by Eq. 3.11 can also be viewed as a frequency-dependent capacitance, so this 

phenomenon is also called “capacitance dispersion”.  In the time domain, a CPE model is 
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consistent with “capacitive” currents that decay with a complex time course ranging from 

microseconds to tens of seconds in response to a step change in electrode potential (Cole 

and Cole, 1941, 1942). 

          Microelectrodes also have a resistance in series (Rs) with the electrode admittance. 

The primary source of the series resistance of a microelectrode is that all the current must 

pass through a small volume of electrolyte solution near the microelectrode surface. For a 

circular disk electrode of radius a on an infinite, insulating plane, this “spreading 

resistance” is given by: 

   
 

  
    (Eq. 3.12) 

Where ρ is the resistivity of the solution, which is ~ 0.7 Ω-m for physiological 

(mammalian) extracellular solution.  Therefore, a disk electrode with a diameter of 10 µm 

has a spreading resistance of ~ 35 kΩ.  A poorly conductive electrode material or high-

resistance connection to the potentiostat also can increase the total series resistance. 

          Finally, the insulated area of the electrode in contact with the grounded electrolyte 

solution leads to a capacitance (Cins) in parallel to the series combination of Rs and YCPE. 

Ideally, Cins only contributes an imaginary component to the admittance of the equivalent 

circuit and therefore does not add any thermal noise.  In reality, the insulation will have a 

dielectric loss factor that will contribute a real admittance and noise. However, my 

measurements with sham (covered) electrodes (Fig. 3.4) demonstrate that this noise 

source is relatively small for the insulation materials used in this study.  I measured the 

admittance of Cins using sham electrodes and subtracted it from the electrode admittance; 

therefore, Cins is ignored in subsequent analysis. 
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          The series combination of Rs and YCPE results in a total admittance given by: 

  
         

             
     (Eq. 3.13) 

Under our common recording conditions ω
α
RsCCPE<< 1, in which case the series 

resistance contributes little to the total admittance and Eq. 3.13 is approximately equal to 

Eq. 3.11. In this case both the Real part and Imaginary part of the admittance are 

expected to increase in parallel with f
α
 where α is slightly less than 1. 

          Fig. 3.7 presents the real (circles) and imaginary (triangles) admittance as a 

function of frequency for Au, DLC and ITO planar electrodes as well as for CF 

electrodes. Each data point represents the average for five to seven electrodes of the 

indicated type.  The solid line is the real admittance and the dashed line is the imaginary 

admittance obtained from the least-square fit of Eq. 3.13 to the data yielding the value of 

α given in each panel.  The real axis (left) and imaginary axis (right) were scaled to 

illustrate how the ratio of the real to imaginary admittance, and thus the phase, was 

approximately constant over the entire frequency range.  It is clear from Fig. 3.7 that the 

CPE model is an excellent fit to the admittance of electrochemical microelectrodes 

fabricated from several different materials and it applies to both the CF electrodes and 

planar electrodes. 

          A comparison between the electrode materials reveals some differences between 

values of α, real admittance, and thus noise. The Au, DLC: N and ITO electrodes were all 

nominally the same area, yet the real admittance, and thus noise, is largest for Au and 

smallest for ITO. The α factors also support this trend, with ITO having a nearly ideal 

value of 0.96. The CF electrodes had a nominal area that was four times smaller than the 
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planar electrodes, and, as expected, the imaginary admittance was ~ 4x smaller.  On the 

other hand, the real admittance of the CF electrodes was comparable to the larger ITO 

electrode despite the large difference in area.  The α parameter determined from a fit to 

the data confirms that the CF electrodes have a larger thermal noise comparable to that of 

a Au planar electrode once the area is taken into account. Next examine the current noise 

standard deviation was examined to confirm these material differences. 

 

3.9     The standard deviation of current noise increases with the square root of the 

area of the working electrode and approximately linearly with the bandwidth of 

the recording 

          As demonstrated by the data of Fig. 3.7, series resistance contributes little to the 

admittance of electrochemical microelectrodes under our recording conditions.  Therefore 

the thermal current noise PSD is approximately given by: 

                        (Eq. 3.14) 

Integration of the PSD over all frequencies contained in the measurement yields the 

current variance (I
2
).  The standard deviation of the current noise (I) is the square root 

of the variance. If an ideal low-pass-filter is used to filter the measured signal with cutoff 

frequency (bandwidth) B, then: 

   
          

 

 
   (Eq. 3.15) 

Combining Eqs 3.14 and 3.15 predicts that I is given by: 

   
  

   

   
                   

       (Eq. 3.16) 
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Fig. 3.7 The impedance of electrochemical electrodes fabricated from a number of materials is well 

described by a constant-phase-element model. The real (circles, left axis) and imaginary (triangles, right 

axis) admittances are plotted versus frequency for Au, DLC: N and ITO planar electrodes with nominal 

areas of ~300 µm
2
 whereas the admittances for carbon-fiber microelectrodes had a diameter of ~ 10µm. 

The admittances represent average values from seven (DLC: N), six (Au) or five (ITO and CF) electrodes. 

The fits to the CPE model are the solid curve (real admittance) and dashed curve (imaginary admittance). 

Since fits were not very sensitive to Rs, Rs was set to a value of zero. The “background” admittance with 

electrodes covered with insulation was subtracted in each case.  
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and thus I is proportional to B
(a+1)/2

.  Since  is ~0.9, the current standard deviation is 

expected to increase approximately linearly with the bandwidth of the measurement. In 

addition, since the admittance is proportional to the electrode area, I is expected to be 

proportional to the square root of the area of the working electrode.  

          Fig. 3.8 A is a plot of I versus electrode capacitance for ITO electrodes of various 

areas.  Since electrode capacitance is proportional to area, the capacitance can be rescaled 

to area (top axis).  Clearly the data are better fit with a square-root relationship between 

current noise and area (dashed curve) than a linear relationship (dotted line).  When a 

general power law was used as the fitting function, the best-fit power was 0.56 (solid 

curve).  Similar results were obtained for electrodes fabricated from Au and DLC (data 

not shown). 

          Fig. 3.8 B plots I versus bandwidth for the three planar electrode materials and 

carbon-fiber microelectrodes with each measurement reflecting the mean value from five 

to seven electrodes.  The curves are not fits to the noise data, but rather the predicted 

noise based on application of Eq. 3.16 using fits to the admittance data depicted in Fig. 

3.7.  The noise data thus clearly support the hypothesis that current noise originates from 

the thermal noise of the electrodes as described by a constant phase element model.   

          Fig. 3.8 C is a plot of current noise normalized to the square root of area versus 

bandwidth to allow direct comparison of noise data between the various materials tested. 

The data support the prediction from the admittance data, that, for a given electrode area, 

ITO electrodes give the best noise performance, DLC: N gives an intermediate noise 

performance, and Au and CF electrodes give the poorest noise performance. 
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Fig. 3.8 The current noise standard deviation (σI) increases with the square root of electrode area and 

approximately linearly with the bandwidth of the recording. A. σI is plotted versus electrode capacitance for 

ITO electrodes where the areas were varied as depicted in Fig. 3.1. The top axis converts electrode 

capacitance to area using the slope of 0.077 pF/µm
2
 obtained from the data of Fig. 3.1. The bandwidth was 

1 kHz. B. I recorded at a potential of 600 mV is plotted versus bandwidth for Au, DLC: N and ITO planar 

electrodes with nominal areas of ~300 µm
2
 whereas carbon-fiber microelectrodes had nominal areas of ~80 

µm
2
. The bandwidth was set using digital filtering of data originally recorded with a bandwidth of 5 kHz. 

The curves are the predicted noise from Eq. 3.16 using values of α and CCPE obtained from fits of the 

admittance data presented in Fig. 3.7. The error bars represent SE and are in some cases smaller than the 

symbol size. C. The current noise normalized to the square root of electrode area is plotted versus 

bandwidth.  The mean area of each type of electrode was estimated by dividing the capacitance measured at 

1 kHz by 0.077 pF/µm
2
. 

 

3.10     The current noise of electrodes is not greatly affected by adherent cells 

          In order to measure quantal exocytosis with high temporal resolution, electrodes 

must be directly adjacent to cells (Jankowski et al., 1993).  Therefore, carbon-fiber 

electrodes are pressed gently to the surface of the cell whereas it is desirable for cells to 

tightly adhere to planar electrodes so they do not wash away upon solution exchange (Sen 

et al., 2009). Gleixner and Fromherz (2006) and Barizuddin et al. (2010) measured the 

sheet resistance (Rsheet) between adherent cells and a fibronectin-coated silica substrate to 

be ~10 M in physiological bath solution. If a disk electrode is covered by a 

hemispherical cell of the same diameter, then the additional series resistance introduced 

by the thin cell-substrate electrolyte film is Rsheet/8 (derivation not shown). Therefore, a 

tightly adherent cell is expected to introduce a series resistance of roughly 400 k. The 
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capacitance (measured at 1 kHz) of a cell-sized electrode is ~10 pF, yielding an electrode 

time constant of ~4 s. Thus, for frequencies in the kHz range, a
RsCCPE<< 1 and 

therefore Eq. 3.13 predicts the additional series resistance will not have a large effect on 

the thermal noise.  

 

 

 

 

 

           

 

 

 

 

Fig. 3.9 The baseline noise during amperometric measurement of quantal exocytosis from adherent cells is 

comparable to that of bare microelectrodes.  Amperometric spikes resulting from exocytosis were elicited 

from bovine chromaffin cells using a high K
+
 solution. Recording was carried out using a Au 

microelectrodes with a diameter of ~20 µm. The recording bandwidth is 1 kHz and the potentiostat 

feedback resistor was 500 MΩ. The standard deviation of the current between spikes is ~0.7 pA.  The inset 

depicts amperometric spikes within the rectangle on an expanded time scale. 

 

          Fig. 3.9 presents a sample recording of quantal exocytosis from a bovine 

chromaffin cell on a Au electrode with a nominal area of ~300 m
2
.  The baseline current 

standard deviation between amperometric spikes is 0.7 pA for a bandwidth of 1 kHz. This 
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value is similar to our previous measurements with bare electrodes. In order to determine 

if the adherent cell increased the noise, four paired recordings before and after adding 

cells were carried out. In each case the presence of a cell immediately adjacent to the 

electrode was confirmed by recording amperometric spikes with fast rise times in 

response to a high K
+
 solution.  The presence of the cell increased the current noise by 

1.0 ±3.9%; therefore, I concluded that cells immediately adjacent to electrodes do not 

appreciably increase the background noise for amperometric recordings. 

 

3.11    Discussion 

3.11.1 Dominant noise is not capacitive loading noise 

            My results show that capacitive loading of the amplifier (enC noise) is not the 

dominant noise source for ultramicroelectrodes under common recording conditions.  In 

particular, the experimentally measured enC noise with a discrete capacitor attached to 

the probe input is much smaller than that of an electrochemical microelectrode with a 

similar capacitance (Fig. 3.5).  This is not unexpected since a theoretical calculation, 

according to Eq. 3.7, suggests that enC noise should be small for audio-range frequencies 

compared to that found in electrochemical microelectrodes.  

            The current noise PSD is approximately linearly proportional to the electrode 

capacitance (traces of Fig. 3.5).  The PSD should increase with the electrode capacitance 

squared if enC noise dominates (Eq. 3.7).  Similarly, the current noise (standard 

deviation) scales with the square-root of area / capacitance rather than linearly with 

capacitance (Fig. 3.8.C). 



57 
 

            The current PSD of electrodes increases approximately linearly with frequency 

(Fig. 3.5) and the current standard deviation increases when the bandwidth is raised to a 

power slightly less than one (Fig. 3.9 B).  If enC noise is dominant then the PSD should 

increase with frequency squared (Eq. 3.7) and the standard deviation should increase 

when the bandwidth is raised to a power of 1.5 (combining Eqs 3.7 and 3.15). 

            Finally, the current PSD follows the Nyquist prediction for thermal noise (Eq. 

3.10) extremely well (Fig. 3.6).  This would not be the case if enC noise is dominant. 

            Nevertheless, enC noise can be dominant for electrodes much larger than those 

used in this study, when amplifiers with high input voltage noise are used (Long and 

Weber, 1988), or if very high bandwidths (10s of kHz) are desired. 

           Despite a previous suggestion (Neher and Chow, 1995), shot noise is unlikely to 

be a major source of noise for these measurements.  Shot noise produces a spectrally 

white (frequency-independent) current power spectral density proportional to the current 

(Idc) given by Eq. 3.6. Thus, currents greater than ~50 pA are necessary to produce shot 

noise with a magnitude greater than the thermal noise of a cell-sized electrode or a 1 GΩ 

feedback resistor of a potentiostat. Appropriate polarizable electrode materials, however, 

have small enough offset currents at the potential used for amperometric measurements 

(< 0.5 pA/ µm
2
) such that background shot noise is small compared to the thermal noise 

of the electrode surface. 

            The faradaic current that results from oxidation of the transmitter on the working 

electrode could be an additional source of thermal noise. The faradaic current results in a 

diffusional or “Warburg” impedance in parallel with the double-layer electrode 
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impedance (Bard and Faulkner, 2001). The Warburg impedance has a magnitude that 

scales with f~0.5 and a phase of ~45, i.e., it is a constant-phase-element with α= 0.5. The 

physical origin of the Warburg impedance is that small fluctuations in voltage at the 

working electrode lead to a change in the relative concentrations of the oxidized and 

reduced forms of the analyte at the surface of the electrode.  This, in turn, leads to 

changes in the faradaic current driven by diffusion from the bulk solution.  Under my 

recording conditions the voltage is held at an anodic potential far from the formal 

potential for the transmitter analyte in order to drive “all” transmitters reaching the 

electrode surface to the oxidized state to yield the amperometric current.  On the other 

hand, the surface concentration of the reduced form is essentially zero.  Under this 

condition, small changes in electrode potential will have little, if any, effect on the 

faradaic current, so the Warburg impedance should be very high and thus, contributes 

little to the thermal noise of the electrode. 

 

3.11.2 Strategies for reducing noise 

            Surface-patterned electrodes provide the opportunity to carefully control electrode 

geometries and select from a range of materials.  However, since the noise is similar 

among atomically smooth polarizable electrode materials, other considerations such as 

optical transparency (Amatore et al., 2006; Sun and Gillis, 2006; Chen et al., 2007) and 

ability to promote cell targeting to electrodes (Sen et al., 2009; Barizuddin et al., 2010) 

can drive material choices.  An important consideration is that the size of the electrode 

should be small to reduce noise, although further gains in noise performance are difficult 
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to achieve for electrodes smaller than several µm in diameter because the potentiostat or 

other noise sources will become dominant and smaller electrodes will detect fewer 

exocytosis events (Amatore et al., 2009).  Ideally, a potentiostat should be selected with a 

feedback resistor in the low GΩ range for amperometric measurements of exocytosis 

from neuroendocrine cells.  Finally, since the electrode noise is “blue” (increases with 

frequency) rather than spectrally white, it is particularly advantageous to limit the 

bandwidth of the recording to the minimum necessary to resolve spike features of 

interest. 

 

3.12     Conclusions 

           My results demonstrate that the limiting source of current noise originates from 

the working electrode surface, is thermal in origin and is well described by a constant 

phase element model. The experimental measurements also demonstrate that the source 

of the limiting noise is the same for probe electrodes and microchip electrodes despite 

major differences in the fabrication processes. 

           It is important to note that achieving the fundamental thermal noise minimum 

requires careful electrode fabrication and measurement.  The amplifier can also be the 

dominant noise source under some circumstances (Schulte and Chow, 1998). 

          My results also demonstrate that, despite previous suggestions (Long and Weber, 

1988; Neher and Chow, 1995; Hochstetler et al., 2000), capacitive loading of the 

amplifier (enC noise) is not the dominant noise source for amperometric measurements 

using microelectrodes as further discussed in Section 3.11.  Shot noise and thermal noise 
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due to the diffusional or “Warburg” impedance are also not important noise sources 

under common recording conditions. The cell measurements also demonstrate that the 

increase in series resistance resulting from an adherent cell does not lead to a large 

increase in the baseline noise. 

          Whereas the amperometric noise is lowest for ITO and highest for Au among the 

electrode materials tested, it is possible that there are also differences in the measured 

amperometric signals originating from exocytosis when different materials are used.  

Clearly the kinetics of electron transfer are faster on noble-metal electrodes compared to 

carbon-based electrodes, but the rate of release of transmitter from the vesicle matrix and 

diffusion to the electrode surface are much more likely to be the rate-limiting steps for 

measurement of quantal exocytosis using amperometry (Schroeder et al., 1996).  

Nevertheless, differences in spike areas have been noted between electrodes fabricated 

from ITO compared to other materials (Amatore et al., 2007b; Kisler et al., 2007). 

Therefore, further study is needed to determine which electrode materials offer the best 

signal-to-noise ratio. 

          Surface-patterned electrodes provide the opportunity to carefully control electrode 

geometries and select from a range of materials, and my data suggest that DLC: N and 

ITO electrodes are a good choice for low noise.  These two materials also offer optical 

transparency to easily image cells over the electrodes (Amatore et al., 2006; Sun and 

Gillis, 2006; Chen et al., 2007) and DLC: N has the further advantage that it promotes 

cell adhesion to electrodes (Sen et al., 2009; Barizuddin et al., 2010).  
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CHAPTER 4 

DEVELOPMENT OF A MICROELECTRODE ARRAY WITH DIAMOND-
LIKE-CARBON ELECTRODES AND PARYLENE-C INSULATION 

 

4.1     Overview and goal 

          Carbon materials have desirable properties including high mechanical strength, 

wide electrochemical potential window, low thermal expansion, and great 

biocompatibility. They have been used as biosensors in the forms of carbon paste, 

graphite (Tian and Zhu, 2002), porous carbon (Gavalas and Chaniotakis, 2000; Li et al., 

2004), glassy carbon (Li et al., 2004) and carbon nanotubes (Cai and Chen, 2004). A 

glassy carbon film is favorable for electroanalytical applications because of its 

mechanical strength and smooth surface and large electrochemical window. But it has 

disadvantages including a gradual loss of surface activity. Diamond has improved 

stability and its electrochemical background current in phosphate buffer is lower than Au. 

It can also be modified using n- and p-type doping to change its conductivity from 

insulating to semiconducting to metallic. The surface of diamond can be terminated with 

hydrogen (hydrophobic), oxygen (hydrophilic) and OH groups to optimize the 

performance in orthopedic, cardiovascular and other medical applications. However, for 

electrochemical measurements, undoped diamond films have high series resistance which 
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will lead to undesirable voltage drops. Therefore doping, e.g., with boron, is common for 

diamond to serve as an electrode (Amaratunga and Silva, 1996). 

          The goal of this project was to develop a new device that combines nitrogen-doped 

diamond-like carbon (DLC: N) as a transparent and highly biocompatible electrode 

material and parylene C as a biocompatible insulation material to enable visualization of 

cells with an inverted microscope while recording cell secretion. The device integrates a 

SiO2 film to protect the DLC: N film during the parylene C etching process. The cell-

sized microwells help trap an individual cell over each electrode, whereas diamond-like 

carbon (DLC: N) is a desirable electrochemical electrode material that promotes cell 

adhesion. Our research used parylene C as the thick film to pattern microwells because 

this material has excellent optical and electrical properties and unquestioned 

biocompatibility.   

 

4.2     Device design and fabrication methods 

4.2.1 Diamond-Like-Carbon 

            Diamond-Like Carbon (DLC) films consist of non-crystalline carbon with a high 

fraction of diamond-like bonds. There are two types of carbon bonds: near-planar trigonal 

sp
2
 in graphite and tetragonal sp

3
 in diamond. DLC is an intermediate containing two 

types of bonds. DLC is a family of materials whose properties can be tailored by adding 

additives like hydrogen, nitrogen, silicon, sulfur, tungsten, titanium or silver (Dearnaley 

and Arps, 2005).  
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            DLC demonstrates extraordinary mechanical strength, low friction and 

bioinertness as well as great biocompatibility (Schnupp et al., 1998). Additionally, thin 

DLC films are nearly transparent compared to metal electrodes so it could be possibly 

integrated into a combined platform where simultaneous electrochemical and optical 

measurements are possible.  It is widely used in coatings of implants in total hip and knee 

arthro-plastics. Previous studies have shown little cytotoxicity in cells cultured on a 

DLC-coated surface (Sen et al., 2009).  

            Among the wide variety of the deposition processes, Chemical Vapor Deposition 

(CVD) and Physical Vapor Deposition (PVD) are two commonly used methods. CVD is 

a process where the precursor materials are introduced into a heated furnace and the 

reaction occurs on the surface of the wafer and thus, leads to the addition of material. The 

CVD process usually involves low pressure conditions and an inert gas such as nitrogen 

in addition to the reacting species. DLC film prepared by CVD tends to have more 

hydrogen content which leads to more diamond-like structure and thus, higher resistivity. 

Optically transparent carbon electrodes/microelectrodes are usually produced using 

electron beam evaporation and sputtering, both of which are physical vapor deposition 

(PVD). Sputtering is a process in which chemically inert atoms such as argon are 

accelerated by an electric field into a target. Atoms from the target are then released by 

the heavy argon atoms and then reach the wafer. It is less directional than e-beam 

evaporation but tends to achieve faster deposition rates. DLC films prepared by 

sputtering using a pure source material leads to a more controlled deposition rate and 

better quality film. The surface of the metal source is heated with an incident electron 
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beam and the flux of the vapor atoms is then directed onto the wafer. Different sputtering 

methods and deposition parameters could lead to different microstructures ranging from 

graphite-like to diamond-like carbon which show different optical bandgap, resistivity, 

density and hardness (Qureshi et al., 2009). Depending on the applications, sp
2
 and sp

3
 

hybridization ratio may be adjusted and controlled to achieve desirable film properties. I 

used the magnetron sputtering technique because the Lorentz force by the magnetic field 

drastically increases the deposition rates of DLC.            

           There are also variations of DLC deposition methods available, including: direct 

ion beam deposition (Palshin et al., 1995; Liu et al., 1996), pulsed laser ablation 

(Voevodin et al., 1997), filtered cathodic arc deposition (Shi et al., 1996), magnetron 

sputtering (Peng et al., 2001), RF plasma activated chemical vapor deposition (Erdemir et 

al., 1999), and plasma source ion implantation and deposition (Anders et al., 1994).           

            Previous major applications of DLC film in electrochemical biosensors include 

glucose sensing and antibody-based biomolecule detection. The first type of glucose 

sensor includes the enzyme glucose oxidase which catalyzes the oxidation of D-glucose 

to form D-gluconolactone to produce an electrochemical signal. However, this sensor is 

limited by the instability of the enzyme. The second type of glucose sensor (Maalouf et 

al., 2006) uses immobilized glucose oxidase on DLC electrodes to detect hydrogen 

peroxide amperometrically, which is produced during enzyme-catalyzed oxidation of 

glucose by dissolved oxygen. Additionally, DLC films were used for detection of human 

immunodeficiency virus (HIV), human hepatitis B virus (HBV), and human hepatitis C 

virus (HCV) (Qureshi et al., 2009). DLC microelectrodes were also integrated into 
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commercial ELISA kits to test HIV antigens, HBV antigens and HCV antigens to prove 

that the boron-doped DLC material achieves good electrochemical sensitivity by 

demonstrating clear oxidative and reductive peaks in cyclic voltammetric analysis (Kim 

et al., 2009).  

            For electrochemical applications, we desire a low resistivity of the electrode film 

material because high series resistance in the working electrode leads to a potential drop 

within the electrode when a current is passed. Therefore, we need to increase the 

conductivity of the DLC film. Two common methods include high temperature annealing 

of the DLC film and nitrogen doping of the film. Nitrogen doping in DLC films widens 

the conduction band, or shift downward the Fermi level (Amaratunga et al., 1993a; 

1993b) and  leads to an increase in the density of states at the Fermi level and in the band 

tails during the process of sp
2
-bonded carbon clustering (Ronning et al., 1995; Gupta et 

al., 2002). These two things combined increase the conductivity of the films. After 

annealing, the film conductivity increases further because some of the nitrogen atoms 

substitute some of the carbon atoms due to thermal diffusion. The annealed DLC: N films 

have a sheet resistance of about 3.5   -2
 – 8.9    -2

 Ω (Zeng et al., 2002). But the 

annealing leads to a poor adhesion of the film to the substrate (Gao et al., 2008). 

            I applied nitrogen doping in-situ during the DLC: N film deposition and I also 

deposited a layer of ITO underneath which will maintain the transparency and 

significantly reduce the resistivity of the film. The DLC: N film by itself presents a sheet 

resistance of 4.48   4 
Ω while DLC: N film deposited on ITO presents a much lower 

sheet resistance of 126.8
 

Ω (Gao et al., 2008).
  

Sputtering DLC film at higher 
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temperatures will decrease the sp
3
 fraction and ordering of graphite clusters of sp

2
 sites 

and thus can further reduce the resistivity of DLC: N film (Chhowalla et al., 2000).  

            In order to investigate the electrochemical properties of DLC: N film, cyclic 

voltammograms were obtained with the electrodes immersed within 1 mM potassium 

ferricyanide, 0.1M KCl at pH=3. The potential of the working electrodes was varied over 

a certain range with respect to a Ag/AgCl reference electrode. As mentioned earlier in 

Chapter 3, cyclic voltammogram is a commonly used electrochemical test to examine the 

electrochemical kinetics of the Fe(CN)6
4-

/Fe(CN)6
3-

 redox couple reaction. In cyclic 

voltammograms, the important parameters include the current-potential profiles, peak-

potential separation (ΔEp) and diffusion limit current (Ilim).  Low values of ΔEp are 

indicative of fast electron-transfer kinetics on the electrode surface, with an ideal value of 

59 mV for reversible redox reaction (Nicholson, 1965). Under different scan rates, peak 

currents are inversely proportional to the square root of the scan rate and ΔEp increases as 

the scan rate increase. The anodic to cathodic current peak ratio, if close to 1.0, indicates 

that the redox couple is quasi-reversible and is not complicated by other side reactions 

(Zeng et al., 2002). For long term stable DLC film, reproducible redox peak potentials 

and currents are expected even after weeks of storage. As shown in Fig. 4.1, ΔEp is about 

0.2V which is consistent with a previous report from our lab (Gao et al., 2008). The value 

of ΔEp indicates relatively slower electron transfer on the DLC: N film and it is probably 

due to fewer electron transfer sites on the DLC electrode surface as the sp
2 

matrix is 

embedded into sp
3
 inert sites.  
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Fig. 4.1 Cyclic voltammogram of a ~1mm
2 

electrode fabricated from 40nm thick DLC: N  deposited at 

400ºC.  An ITO film is deposited underneath to decrease the resistivity. The concentration of the analyte 

K3Fe(CN)6  is 1 mM. Scan rate=1 V/s.  

 

            In Fig. 4.2, I compared the CV measurements acquired on ~20µm DLC: N 

electrodes deposited at 200ºC and 400ºC and found that the 400ºC film shows smaller 

ΔEp which is an indication of faster electron transfer. It has been reported (Chhowalla et 

al., 2000) that the Young’s modulus is dependent on the sp
3
 phase while the optical and 

electrical properties are influenced by the sp
2
 phase. The total sp

3
 fraction undergoes a 

sharp decrease at a transition temperature of 250ºC whereas sp
2
 sites show a gradual 

ordering into the graphitic clusters through the sharp bonding transition. The optical gap 

and resistivity show a similar gradual transition. Therefore, below the temperature of 

250ºC, the optical and electrical properties and the Raman characteristics associated with 

the sp
2
 sites gradually decrease.  
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Fig. 4.2 Comparison of cyclic voltammograms on microelectrodes fabricated from DLC deposited at A. 

200ºC and B. 400ºC. Film deposited at 400ºC shows a smaller ΔEp which is an indication of faster electron 

transfer. Scan rate=1 V/s. 

 

            Previously, DLC: N films were patterned using either a lift-off process (Gao et al., 

2008) or a reactive ion etching (RIE) process with oxygen plasma. The etching rate was 

about 7.86 nm/s (Barizuddin et al., 2010). Our lab used a less powerful air plasma (PDC-

32G, Harrick Scientific Corp., Pleasantville, NY, USA) to etch DLC: N film deposited at 

200ºC and 400ºC. Fig. 4.3 demonstrates that the etching rate is 11 nm/min for film 

A 

B 
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deposited at 400ºC and 13 nm/min for film deposited at 200ºC with a power of 10.5W. 

The etching rate increases to 14 nm/min for 400ºC film and 16nm/min for 200ºC film at a 

power of 18W.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.3 Etching rate of DLC: N deposited at 200ºC and 400ºC. A. low power=10.5W air plasma and B. 

high power=18W air plasma. The fitting lines indicate etching rates of 11 nm/min for 400ºC film and 13 

nm/min for 200ºC film with lower power and 14 nm/min and  16 nm/min respectively with higher power.  

 

 

 

A 
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4.2.2 Silicon dioxide 

            Under exposure to oxygen, a silicon surface oxidizes to form silicon dioxide 

(SiO2). Silicon dioxide (SiO2) is a primary high-quality dielectric layer used in the 

semiconductor industry to work as a barrier material during impurity implants, or 

electrical isolation of semiconductor devices to provide mechanical and chemical 

protection. It is also used as masking materials during wafer fabrication. It is amorphous 

structure with melting temperature of ~1600ºC. The refractive index is ~1.46 and 

dielectric constant is ~3.9.  

            A SiO2 layer can be grown by using dry oxidation (with oxygen gas) or wet 

oxidation (using water vapor). The advantage of dry oxidation is the uniform quality of 

the film while the wet oxidation approach offers a faster reaction rate.  A fast deposition 

rate and a dense film with high quality can be achieved by using Plasma Enhanced 

Chemical Vapor Deposition (PECVD). The major parameters to optimize the film 

include the plasma-sustaining RF power, gas composition and flow rate of the reactants, 

and wafer temperature.  

            SiO2 was deposited using the P5000 (Precision 5000 mark II, Applied Materials, 

CA, USA) by PECVD from the reaction of silane (SiH4) with oxygen described by the 

fundamental reaction of  

                     (Eq. 4.1) 

with substrate temperature 200ºC or 400ºC, chamber temperature 60ºC, at atmospheric 

pressure for duration of 45s. Depositing at higher temperature results in a denser film 

with lower moisture absorption. The SiO2 film shows a green-blue or purple-blue color 
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with a thickness of ~130 nm, refractive index (RI) of 1.46 from ellipsometry 

measurements.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 Etching rate of SiO2 deposited at 200ºC and 400ºC in 1:7 BOE etchant. The etching rate is 

~5.1nm/s for SiO2 film deposited at 200ºC and 2.6nm/s for SiO2 film deposited at 400ºC. 

 

            As plotted below in Fig. 4.4, SiO2 can be etched uniformly at a controlled speed 

in Buffered Oxide Etchant (BOE) with mixing ratio of 7 parts of 40% NH4F and 1 part of 

49%HF with agitation for 40s. The etching rate of SiO2 film deposited at 200ºC is 

approximately 5.1 nm/s and SiO2 film deposited at 400ºC is 2.6 nm/s. All thickness 

measurements are performed in ellipsometry. The discrepancy in etching rates of SiO2 

A 

B 
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films deposited at different temperatures is consistent with previous discussion that 

deposition at higher temperature provides a denser film.  

          In order to confirm if the BOE etching of SiO2 film is uniform on patterned 

features, we etched groups of ~20 µm holes. The SiO2 film was patterned with a layer of 

~2 µm photoresist S1813 with groups of ~20 µm holes. Photomicrographs in Fig. 4.5 A 

and B, by using Differential Interference Contrast (DIC) imaging, clearly show that the 

BOE etching creates uniform and well-defined areas of groups of ~20 µm openings in 

SiO2 layer.  
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Fig. 4.5 DIC images of 130 nm thick SiO2 deposited at A. 200ºC and B. 400ºC before etch and after etch 

following removal of the photoresist mask. The individual openings (20 µm) in dashed circle are shown in 

details in enlarged view. The patterned electrodes underneath the SiO2 film are ~60 µm wide. 

 

4.2.3 Parylene C polymer  

            Parylene, discovered by Szwarc in 1947, commercialized by Union Carbide in 

1965 following the process development of CVD (Szwarc, 1947; Gorham, 1966), is a 

generic name for members of a unique linear, noncross-linked polymer series. Parylene 

N, a basic member of the series, is poly-para-xylylene (PPX), a completely linear, highly 

crystalline material (Ramachandran et al., 2007). Parylene C is a chlorinated variant of 

PPX and was the second commercially available member. Parylene is physically stable 

and chemically inert, resistant to moisture. It has extraordinary properties such as low 

permeability to moisture and corrosive gases, is stress free, pinhole free, and forms highly 

conformal coating. It is commonly used in encapsulation of medical implants because it 

is highly resistant to corrosive body fluids, electrolyte, chemical, proteins, enzymes and 

lipids (Hassler et al., 2011). It also has superior electrical properties such as a very high 

resistivity and frequency-independent dielectric constant and dissipation factor; therefore, 

it is a very good insulation material for electrical components. 

            Parylene films can be deposited in a vapor deposition process by polymerization 

of para-xylene. The precursor is a dimer that is heated and vaporized to split into a 

monomeric gas. In vacuum deposition, the gas phase monomer condenses on the sample 

surface and form a conformal and pinhole free layer. Because it is deposited as a gas, it 

avoids problems associated with liquid deposition such as bridging, thin-out, pinholes, 
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puddling, run-off or sagging. The thickness of parylene layers typically ranges from a 

few hundred nanometers to several micrometers. Typical properties of parylene are 

summarized in Table 4.1 
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Table 4.1 Properties of parylene (Wadhwani, 2006) 

Property Parylene N Parylene C Parylene D 

Structure 
 

 

 

General properties 

maintain high 

dielectric 

strength and 

consistent 

dielectric 

constant with 

frequency 

change 

 

Parylene C, 

low 

permeability to 

moisture, 

chemicals and 

corrosives 

 

maintain 

physical strength 

and electrical 

properties even 

at high 

temperature 

Density, g/cm
3
 1.110 1.289 1.418 

Refractive Index 1.661 1.639 1.669 

Mechanical    

Tensile strength,MPa 45 70 75 

Thermal    

Melting point ºC 420 290 380 

Electrical    

Dielectric constant 

@1KHz 

2.65 3.10 2.82 

Dissipation factor @1KHz 0.0002 0.019 0.003 

Barrier    

Water absorption, % <0.1 <0.1 <0.1 
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            Parylene C (poly (dichloro-p-xylylene)) presents excellent electrical and barrier 

properties so it is the most widely used type in biomedical applications. The deposition 

process of parylene (as illustrated in Fig. 4.6) includes multiple steps such as 

vaporization of powdered dimer of Parylene C, pyrolysis of the dimer to form a reactive 

monomer, and then polymerization of monomeric xylylene on the surface of the substrate 

(Wadhwani, 2006).  

 

Fig. 4.6 Parylene deposition process. It includes steps of vaporization phase of the dimer, pyrolysis of the 

dimer and deposition of the polymer. (Reprinted by permission from Paint and Coatings Industry magazine, 

2006, 22, 32-44) 
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            One problem with parylene deposition is the poor adhesion between parylene and 

the substrate. Therefore, the surface of the sample needs to be modified in order to 

significantly promote the surface adhesion. I used Silane A-174 as an adhesion promoter 

(Wadhwani, 2006). The chemical identity of Silane A-174 is 3-(Trimethoxysilyl) propyl 

methacrylate with a linear formula of H2C=C(CH3)CO2(CH2)3Si(OCH3)3 (Sigma-

Aldrich, St. Louis,  MO, USA) 

 

Fig. 4.7 Structure of A-174 silane adhesion promoter.  

 

            Methods of patterning parylene include chemical etching, lift off, UV laser 

ablation, plasma etching (Callahan et al., 2003), reactive ion etching (RIE) (Yeh and 

Grebe, 1982) and deep reactive ion etching (DRIE) (Meng et al., 2008). Chemical 

removal by chloronaphthelene or benzolyl benzonate is difficult because parylene has 

limited solubility while lift-off of parylene is also difficult because parylene is highly 

conformal. Therefore, I used a dry etching approach of oxygen plasma etching. Oxygen 

plasmas are used to etch many polymers because of the presence of atomic O. In plasma 

etching, the chemically reactive gas is energized by a radio frequency electric field. It 

will then be excited by the high energy plasma in the chamber. Parylene N, parylene C 

have different etching mechanisms. In my study I focused on parylene-C etching. During 

the oxygen plasma etching of parylene C, abstraction of a hydrogen from the ethyl 



79 
 

carbons leads to formation of reactive sites on the ring. After abstraction of another 

hydrogen, the ring will eventually open. 

          In this method, I used the thick photoresist AZP4620 as the mask for parylene 

etching. According to previous literature, the etching rate of AZP4620 and parylene are 

comparable so I needed a much thicker layer of photoresist AZP4620 so that the parylene 

can be completely etched before the mask is lost (Meng and Gutierrez, 2009). To pattern 

parylene C, I used a layer of 12 µm thick of AZP4620 photoresist (AZ Electronic 

Materials, NJ, USA) as a protecting mask for etching of parylene in oxygen plasma. The 

processing conditions were 100sccm O2, 250mTorr pressure, 400W RF power. The 4 µm 

thick parylene was completely etched away in 5 minutes and the thickness of AZP4620 

decreased to 9.25 µm. The effectiveness of the plasma etching process can be controlled 

by RF power level and frequency, gas flow rate, and reactor pressure. The etching rate of 

parylene and AZP4620 could be increased by decreasing the pressure, decreasing the gas 

flow rate and increasing the plasma power (Meng and Gutierrez, 2009). 

Photomicrographs shown in Fig. 4.8 show groups of ~20 µm openings in the parylene C 

layer before and after the oxygen plasma etch. The AZP4620 layer remains on top of the 

parylene C layer. The openings in the parylene C layer are etched well. Table 4.2 

summarizes the maximum etching rates for parylene and AZP4620 under various etching 

conditions using various etch methods. 
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Table 4.2 Maximum etch rate of parylene and AZP4620  

(Meng and Tai, 2005) 

 Parylene AZP4620 

Oxygen Plasma (200mTorr, 400 W) 0.19 µm/min 0.29 µm/min 

RIE (100 sccm, 200mTorr, 400W) 0.56 µm/min 0.67 µm/min 

DRIE (60 sccm, 23mTorr, 800W) 0.77 µm/min 0.94 µm/min 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8 Picture of patterned AZP4620 on top of parylene C layer and SiO2 A. before parylene oxygen 

plasma etch and B. after parylene oxygen plasma etch. The ten openings are ~20µm in diameter.  

 

parylene+SiO2 with AZP4620 

on top before parylene etch 

parylene+SiO2 with AZP4620 

on top after parylene etch 

A B 
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4.3     Fabrication process 

          The fabrication process is depicted in Fig. 4.9.A. First, a layer of 40nm thick 

Indium-Tin-Oxide (ITO), a highly conductive and transparent electrode material, is 

sputter-deposited on a glass substrate followed by sputter-deposition of a layer of 40nm 

thick DLC: N (Sun and Gillis, 2006; Chen et al., 2007; Gao et al., 2008). The DLC: N on 

ITO film was patterned into 40 conductive traces with a width of ~60 µm using oxygen 

plasma etch of DLC: N followed by wet etch of ITO.  Next, insulation layers were 

deposited.  A SiO2 film was deposited by PECVD followed by deposition of a thick (~4 

µm) parylene C film. Microwells (~20 µm diameter) were etched through the insulating 

films to form both working electrodes and cell trapping sites.  

         Etching microwells in parylene C presents a challenge because the oxygen plasma 

also etches the underlying DLC: N electrode. Therefore, I developed a process to protect 

the electrode by depositing a 130 nm SiO2 film before depositing the thick (4 µm) 

parylene film.  Etching of the parylene film to make microwells was then followed by a 

wet etch of the SiO2 film, which does not damage the DLC: N microelectrode. The DIC 

images demonstrate that the microwells are uniformly etched and well defined after 

patterning.  

 

 

 

 

 



82 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.9 Process flow and image of actual device. A shows the process flow of making parylene C thick 

film  multi-electrode array chip. B. shows DIC images of a 10 microwell-electrodes microchip with DLC: 

N on ITO electrodes with parylene C and SiO2 film underneath as the insulation layer taken on Olympus 

FLUOVIEW FV1000.  

B 

A 
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4.4     DLC: N on ITO film remains intact after etching of parylene C with  

protection of SiO2 film 

          The challenge during the fabrication process is that DLC: N film is very likely to 

be damaged by plasma etch of the parylene C film if the etching time is not precisely 

controlled. Therefore a process of depositing a SiO2 film as a protection layer to avoid 

possible damage was developed. I characterized the electrochemical sensitivity of the 

microelectrodes by performing cyclic voltammetry using the test analyte K3Fe(CN)6.  It 

has been previously shown that DLC: N exhibits a larger separation voltage between 

oxidation and reduction peaks (ΔEp) compared to ITO (Gao et al., 2008). Therefore, if the 

plasma etch removes the DLC: N film I expect to see a smaller ΔEp. Fig. 4.10 

demonstrates that DLC: N film exhibits a smaller ΔEP=0.15V in devices without SiO2 

suggests damage of DLC: N during parylene etch.  

 

 

 

 

 

 

 

 

Fig. 4.10 Sample cyclic voltammograms from DLC: N on ITO electrodes after parylene C patterning and 

SiO2 etching: A with SiO2 protection layer, B without SiO2 protection layer.  ΔEP from (A) is around 0.25V 

while in (B) is around 0.15V which suggests that the DLC: N film remains after parylene etching if with 

protection of SiO2 film on top. Scan rate is 1V/s. 
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4.5     Amperometric recordings in single cells 

          As illustrated in Fig. 4.11, 60 µm wide conductive films are patterned on the glass 

substrates. Then groups of cell-sized openings are patterned in parylene C layer as well as 

in the SiO2 film. The 20 µm-diameter openings not only serve as the working electrodes 

but also act as microwells to trap single cells over each electrode. 

 

Fig. 4.11 Dashed circles indicate microwells in parylene layer for trapping single cells. There is one group 

of ten cell-sized microwells patterned in parylene C. The green dashed circles indicate the wells capturing a 

single cell. Cells are suspended in standard bath solution.  

 



85 
 

          After connecting one of the forty electrodes to the amplifier headstage, the 

reference Ag/AgCl electrode was placed into the cell bath solution. Then 50 µL of the 

cell suspension solution was loaded onto the chip for amperometric recordings. After 

waiting for 5 min for the suspended cells in the solution to fall into each individual 

microwell and settle down on the electrode surface, then 50 µL of the high K
+
 stimulation 

solution was added to the reservoir. The high concentration of K
+ 

solution elicits cell 

depolarization and thus, stimulates the cells to open the voltage gated Ca
2+ 

channels in the 

cell membrane and release catecholamine to the outside of the cell. Fig. 4.12 shows sixty 

seconds of amperometric recording of a chromaffin cell.  

 

Fig. 4.12 Quantal exocytosis from chromaffin cells recorded on DLC: N microelectrodes in 4µm deep 

parylene C microwells on top of 400ºC 40nm thick DLC: N electrode. Each spike indicates oxidation of the 

contents of an individual granule. Exocytosis was triggered by application of a high K
+
 solution.  
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4.6     Spike analysis and comparison 

          As mentioned earlier in Chapter 1, analysis of spike parameters provides 

information on the total content released during the membrane fusion, the rate of the 

transmitter release and the frequency of the release events. Spike amplitude Imax indicates 

the maximum rate of transmitter oxidation upon vesicle fusion. Spike area Q indicates the 

number of molecules released from a vesicle. The spike frequency indicates the rate of 

the vesicle fusion and the duration of the spike t1/2 indicates how long it takes for a 

vesicle to release its contents. The parameter tp indicates the rise time of the spike, which 

is a measure of increases with the distance between the release site on the cell and the 

electrode surface. 

          Fig. 4.13 depicts histograms of spike parameters obtained from recordings of 8 

cells with a total of 115 spikes. Several parameters was quantified from amperometric 

spikes. The mean values are 14.49 pA for Imax, 0.9 pC for Q, 43 ms for t1/2 and 13 ms for 

tp.  
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Fig. 4.13 Quantitative analysis results of the spikes of the amperometric recordings in parylene C 

microwells with 40nm thick DLC: N electrode on ITO. Histograms depict spike amplitude Imax, spike area 

or charge Q, duration that the spike exceeds the half-maximal amplitude t ½ and duration that spike reaches 

the peak. 

 

          The main parameters in Table 4.3, including Imax, Q and t ½, as well as  tp  on 

parylene C chip were compared with the ones acquired on DLC: N with control devices 

fabricated with SU8 insulation. I found that they are similar in spike amplitude and spike 

area as well as the spike kinetics. Therefore, as expected, the thin layer of SiO2 in 
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between parylene C and DLC: N film protects DLC: N film during Parylene C etching in 

oxygen plasma.  

Table 4.3 Summary of spike parameters 

Conditions  Imax (pA)  Q (pC)  t ½ (ms)  tp (ms)  

DLC+SU8  14.74  1.07  48.18  12.35  

DLC40 nm+Parylene C (SiO2)   14.49  0.90  43.54  13.80 

 

4.7     Conclusions and discussion 

          A transparent biocompatible microchip device was developed to measure quantal 

exocytosis from individual bovine chromaffin cells. The SiO2 layer in between the 

parylene C thick film and DLC: N on ITO electrode prevented damage of the DLC: N 

film during parylene C oxygen plasma etching process. Comparison of ΔEP in cyclic 

voltammograms obtained on devices, with and without SiO2 film protection demonstrated 

differences in intact DLC on ITO film and possibly damaged film. The cyclic 

voltammograms also demonstrated that the following wet etching step of SiO2 film 

provides uniform and a well-defined area of the working DLC: N electrodes. Spike 

analysis of the amperometric recordings obtained on the devices further verifies that the 

statistics of the spikes are similar on previous photoresist insulated devices and parylene 

C insulated devices. Therefore, depositing a SiO2 film in between the parylene C layer 

and DLC: N electrode material successfully prevents the potential damage of the 

electrode film. My integrated device presents a biocompatible and low noise approach for 

high throughput electrochemical measurements from single cells.  
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          In order to further minimize current noise in the amperometric recording, I would 

like to further reduce the area of the working electrode which is directly related to the 

current noise amplitude. Therefore, I would like to pattern an even smaller opening (~5 

µm) in the SiO2 film in the center of the 20 µm-diameter cell-trapping parylene C 

microwell. In order to get the smaller openings in SiO2 film, another photoresist layer 

S1813 will be deposited onto the device after parylene C patterning. After the photoresist 

layer is patterned with groups of 5 µm openings, BOE etchant will be used to etch the 

exposed SiO2 film to get the small openings. The device will be ready to use after the 

photoresist removal. This approach would require precise alignment of multiple 

photomasks during the SiO2 patterning process and more controlled UV exposure during 

the photolithography process. Additionally, I would like to increase the thickness of the 

parylene C layer to ~10 µm or 12 µm so that the trapping efficiency of single cells in the 

microwells could be significantly increased.   
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CHAPTER 5  

MULTIPLEXING APPROACH FOR HIGH THROUGHPUT 
ELECTROCHEMICAL MEASUREMENTS 

 

5.1     Goals and motivation 

          Due to heterogeneity in a population of cells, a large amount of data from single 

cells are needed for statistical analysis of effects on secretion due to an experimental 

manipulation such as the addition of a drug or toxin.  The traditional gold-standard 

carbon fiber detection method is labor intensive with a throughput of only 10-15 

recordings each day. As micro and nanotechnologies are rapidly expanding into single 

cell studies, researchers are focusing on developing microfabricated “Lab-on-chip” 

devices which enable potentially high throughput, high quality measurements by 

providing batch-produced parallel detecting electrodes.  

          The continuous advancement of the microfabrication technology enables even 

higher density electrode arrays by downsizing the working electrode area. Among many 

other applications, photolithography has enabled development of electrochemical 

electrode arrays that can be used, for example, for resolution of spatial gradients of 

analytes (Pei et al., 2001), measurement of multiple analytes in a sample (Wilson and 

Nie, 2006), or high throughput measurement of transmitter released from individual cells 

(Dias et al., 2002; Chen et al., 2003; Hafez et al., 2005; Amatore et al., 2006; Sun and 
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Gillis, 2006; Amatore et al., 2007a; Chen et al., 2007; Spégel et al., 2007; Gao et al., 

2008; Spégel et al., 2008; Berberian et al., 2009; Gao et al., 2009; Sen et al., 2009; 

Barizuddin et al., 2010; Dittami and Rabbitt, 2010; Liu et al., 2011). However, one 

limitation of developing high throughput electrochemical electrode arrays is that it is 

often inconvenient to make connections between external amplifiers and hundreds, or 

potentially even thousands, of electrodes on the device. This is particularly the case if the 

array device needs to be replaced regularly while performing assays in a high throughput 

manner. The feasibility of convenient connecting and addressing each working electrode 

on a miniature biochip device will become unmanageable if the electrode number or the 

fluid compartments exceeds ~100. 

          A similar connectivity issue occurs in other high-density microdevices such as 

charge-coupled-device cameras or digital memory chips and is resolved using “time-

division multiplexing” whereby data originating from multiple elements are sequentially 

read out using a relatively small number of data lines. In this way the number of external 

connections can be over a million-fold fewer than the number of elements to be read. 

Central to this approach are methods to address each data element.  For example, if the 

elements are arranged in a rectangular array, each element can be read using an address 

consisting of the row and column number of the element.  

 

5.2     Literature review 

          Time-division multiplexing of electrochemical electrode arrays has been 

implemented with off-chip multiplexers (Pei et al., 2001).  This reduces the number of 
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external potentiostats required, but the number of connections required to the array is still 

equal to the number of working electrodes.  True on-chip addressing of electrochemical 

electrodes was carried out by Fiaccabrino et al., using an NMOS analog multiplexer 

fabricated on a silicon wafer. (Fiaccabrino et al., 1994)  However, glass is often the 

preferred substrate for electrochemical electrode arrays because it is inexpensive, has a 

high shunt resistance and low stray capacitance, and is transparent to allow the 

combination of electrochemical and optical measurements.  

          Ino et al. (2011) recently reported an addressable electrochemical electrode array 

on a glass substrate where row and column electrodes are patterned in an interdigitated 

array to allow redox cycling to be activated at individually addressed sensing elements. 

(Ino et al., 2011) This device appears to be limited to applications using redox cycling.  

In addition, since the array is placed in a single fluid compartment, the effective area of 

the generator and collector electrodes is larger, and thus, the recordings are presumably 

noisier than if an individual set of microelectrodes is used. 

          Here I present a very simple approach to address electrode arrays using multiple 

fluidic compartments such as that found in widely used multi-well plates and demonstrate 

that amperometric noise levels are as low as found with individual electrodes. 

 

5.3     Description of prototype and principle of operation 

          A prototype device to test the electrode addressing approach is shown in Fig. 

5.1.A. The prototype electrode arrays were fabricated using photolithography and wet 

etching processes as previously described (Sun and Gillis, 2006). Twelve conductive gold 
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traces are patterned on a glass slide substrate. Most of the Au film is insulated with SU-8 

photoresist whereas six ~20 µm-diameter openings are patterned in each trace with each 

opening serving as a working electrode residing in isolated fluid compartments. The six 

fluid compartments were fabricated by sealing a poly (dimethysiloxane) (PDMS) gasket 

with six 1 cm in diameter openings on top of the device. Recordings are made from one 

fluid compartment at a time by inserting the reference Ag/AgCl wire electrode to 

complete the circuit.  

          Individual electrodes are addressed by making a “row” connection (conductive 

trace) and a “column” connection (fluid compartment selected with a Ag/AgCl reference 

electrode connected to ground). Working electrodes in inactive compartments are “turned 

off” (disabled) in two ways.  In the approach illustrated schematically in Fig. 5.1.B, 

inactive fluid-filled compartments contain Ag/AgCl reference electrodes that are set to 

the same potential as the working electrode (Vs) such that the potential difference 

between the working electrode and the electrolyte solution is zero. Alternatively, the 

potential of the reference electrode can be offset from Vs so that the potential of the 

working electrodes in inactive fluid compartments is fixed to any desired value. 

          A second method for disabling inactive compartments is simply not to fill them 

with electrolyte solution.  In this method different fluid compartments are selected by 

sequentially filling the active compartment with electrolyte and moving the ground / 

reference electrode to the active compartment. 

          Thus, as demonstrated in Fig. 5.1.A, with the prototype device, 72 electrodes can 

be addressed with 12 row external connections plus the one reference electrode.  In 



94 
 

general, if there are N row conductive traces and M fluid compartments, then N M 

electrodes can be addressed with N connections to the chip if the reference electrode is 

moved to select the active fluid compartment.  If the reference electrodes are instead 

patterned on the device, the number of external connections required is N+M.  For 

example, if N=16 electrodes are patterned in each well of a M=96-well plate, then 1536 

electrodes can be addressed with either 16 connections if the reference electrode is 

moved or with 112 external connections if the reference electrodes are patterned on the 

device. 

          In order for the device to function as intended it is important for the resistance 

between the fluid compartments to be very high so that they are electrically isolated from 

each other. Using a patch-clamp potentiostat with Ag/AgCl electrodes we typically 

measured DC resistances of > 1 GΩ between the PDMS fluid compartments.  Of course,  

the resistance can be expected to be even much greater if inactive compartments are dry. 

          For an initial test of the approach I performed cyclic voltammetry in four fluid 

compartments where the working electrode potential is scanned between -0.2 V and +0.5 

V relative to a Ag/AgCl reference electrode using a potentiostat connected to one of the 

conductive traces. The first compartment contained 0.5 mM of the test analyte ferrocene 

carboxylic acid (FCA) whereas the second and third compartments contained only the 

background electrolyte solution and the fourth compartment contained 0.2 mM FCA.  

The cyclic voltammograms obtained upon sequentially activating each fluid compartment 

are depicted in the lower part of Fig. 5.1.B. Note that the faradaic currents are of the 

appropriate magnitude for the two compartments containing FCA whereas no faradaic  



95 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 Photo of actual device and demonstration of principle of operation. A. Prototype multiplexed 

device with 6 fluid compartments and 12 conductive paths. B. Schematic illustration of the principle of 

operation with sample cyclic voltammograms (scan rate of 10 mV/s) obtained from four fluid 

compartments containing ferrocenecarboxylic acid at the indicated concentrations or background 

electrolyte solution. 

 

A 

B 
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currents are apparent when selecting the compartments with the background electrolyte 

solution. 

          As we examined the CVs acquired from the four compartments, the sharp 

transition to an anodic current was evident as ferrocenecarboxylic acid was oxidized on 

the surface of the electrode.  This indicates the series resistance of the electrode was 

acceptable and there were no significant offset potentials.  For slow scans at anodic 

potentials the current reached a plateau (Ilim) that was determined by the rate that FCA 

diffuses to the electrode surface.  For a disk electrode on an infinite insulating plane, the 

diffusion-limited current for monovalent electron transfer is given by (Bard and Faulkner, 

2001): 

              (Eq. 5.1) 

where F is Faraday’s constant, D is the diffusion coefficient for ferrocenecarboxylic acid 

(~5.6 ×10-6 cm
2
 s

-1
), C is the concentration of ferrocenecarboxylic acid (1 mM and 0.2 

mM) and r is the radius of the electrode.  Thus, Ilim can be used to confirm the effective 

radius of the electrode. The predicted values of Ilim for a 20 µm-diameter electrode are ~ 

1.4 nA for 0.5 mM FCA and 0.56 nA for 0.2 mM FCA.  Therefore, the measured values 

confirm that the effective sizes of the electrodes were roughly as expected and the 

insulating film was intact. The almost three fold difference in Ilim in Fig. 5.1.B confirms 

the independence of working electrodes in the multiple fluid compartments.  
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5.4     Noise of amperometric measurements 

          Ideally, amperometric measurements carried out using the multiplexing approach 

should be no higher in noise than recordings made from isolated electrodes without using 

multiplexing. In order to characterize amperometric noise, the current power spectral 

density (SI) of electrochemical microelectrodes was measured to understand how 

fluctuations in current vary with frequency (also see Chapter 3). Background SI was 

measured for mock electrodes that lacked openings in the insulation in order to isolate the 

noise originating from the working electrode. Fig. 5.2 demonstrates that the power 

spectral density of a 20 µm-diameter working electrode is essentially identical for the 

multiplexing approach compared to a conventional microchip electrode containing a 

single opening in the photoresist insulation if inactive compartments do not contain fluid. 

On the other hand, Fig. 5.2 demonstrates that the noise increases substantially when fluid 

was added to inactive compartments, even when these compartments are not connected to 

ground or Vs (i.e., they are “floating”).  
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Fig. 5.2 The current noise power spectral density for an electrode on a multiplexing device is similar to that 

of an electrode fabricated in a single fluid compartment.  However, if inactive compartments are filled with 

solution the noise increases even if the inactive compartments are not connected to ground (floating). 

 

          A set of experiments was carried out to understand why adding fluid to inactive 

compartments increases the current noise. It is well known that current noise of 

electrochemical electrodes is proportional to the electrode area (also see Chapter 3) . I 

measured the double-layer capacitance of a conductive path as a measure of the electrode 

area while varying the number of compartments that contained fluid. Fig. 5.3 

demonstrates that the capacitance and noise (SI) increased in proportion to the number of 

compartments containing electrolyte solution regardless of whether the additional 

compartments were connected to ground or left “floating”.  

          I normalized SI to electrode capacitance (Fig. 5.B.C) and found that normalized SI 

remains is independent of the number of compartments containing fluid. Therefore,  

adding electrolyte solution to additional compartments resulted in additional noise which 

is proportional to the electrode double layer capacitance. 

          It is not surprising that grounding multiple fluid compartments increases the 

capacitance and noise because the working electrodes area increases in proportion to the 

number of electrodes on a conductive path that are electrically connected in parallel. On 

the other hand, it is not obvious why fluid compartments lacking a direct connection to 

ground should contribute noise when they are filled with solution but not when they are 

dry.  This result is explained in Section 5.5 using analysis of the equivalent circuit.  
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Fig. 5.3 Adding fluid to additional compartments leads to proportional increases in capacitance and noise 

whether or not the additional compartments are grounded. A. Schematic of approach with additional 

compartments grounded or B. floating. C. The capacitance and noise power spectral density (SI) increase 

linearly with the number of compartments containing fluid.  The bottom chart plots SI normalized to 

capacitance to demonstrate that they increase in parallel upon fluid addition.  

 

A 

B 
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5.5     Analysis of the equivalent circuit explains why adding fluid to inactive 

compartments increases measurement noise 

          The electrolyte solution in adjacent compartments will add capacitively coupled 

pathways to ground as depicted in the schematic form in Fig. 5.4.A.  An analysis of the 

equivalent circuit for the device is useful to understand how this affects the 

measurements noise. As shown in Chapter 3, thermal current noise is proportional to the 

Real part of the admittance of the equivalent circuit (Eq. 3.10). Fig. 5.4.B depicts the 

equivalent circuit for a configuration of four conductive traces and three fluid 

compartments. Each rectangle represents the admittance (inverse of impedance) of the 

interface between the electrode surface and the electrolyte solution in each fluid 

compartment. Consider the case when all M compartments have fluid and only one 

“active” compartment is grounded with N electrodes in each compartment, the active 

impedance Z1 is in parallel with capacitively coupled impedances to ground in the M-1 

floating fluid compartments. In each floating compartment, there is an impedance Z1 in 

series with (N-1) parallel paths to ground with impedances of approximately 2 Z1. 

Therefore, 

           
    

   
   

 

     
   (Eq. 5.2) 

After algebraic manipulation, the equivalent admittance can be solved as  

            
          

     
      (Eq. 5.3) 

If N is large:  

           (Eq. 5.4) 
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Fig. 5.4 Equivalent circuit of a configuration of three fluid compartments and two conductive traces A. 

shows a schematic with three fluid compartments and two conductive traces configuration. If one 

conductive trace is connected to the amplifier and one fluid compartment grounded by reference Ag/AgCl 

electrode, the fluid in adjacent two compartments provide additional capacitive coupling pathway. B. 

shows the equivalent circuit of four conductive traces and three fluid compartments.  

 

          Thus, all electrodes on a conductive path that lie within a fluid compartment will 

contribute to the overall admittance as if they are in parallel if N is large. In other words, 

there is a low (ac) impedance “virtual” ground connected in each fluid compartment. This 

is consistent with the observed increase in measured capacitance and noise in Fig. 5.3. 

A 

B 



102 
 

          Note, however, that if each fluid compartment only contains a single electrode 

(N=1), then Eq. 5.3 predicts that the addition of floating fluid compartments will not lead 

to capacitance and noise increases because there is no capacitively coupled pathway to 

ground. 

 

5.6     One electrode configuration validates that “floating” unused compartments 

will not increase noise 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.5 If all conductive traces are connected together, adding fluid to additional compartments will not 

lead to proportional increases in capacitance and noise whether or not the additional compartments are 

grounded. A. Schematic of approach with all conductive traces connected together to the amplifier and 

additional compartments grounded or B. floating. C. The capacitance and noise power spectral density (SI) 

increase linearly with the number of compartments grounded.  But the noise level remains constant when 

the unused compartments are “floating”.  

A 

B 
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In order to test this prediction, I connected the 12 conductive pathways together to create 

a single large connector. Fig. 5.5 demonstrates that the addition of electrolyte solution to 

a second or third fluid compartment neither increases the measured capacitance nor noise 

if the additional fluid compartments are left floating. However, grounding the additional 

fluid compartments increases the capacitance and noise as expected. 

 

5.7    Noise increases can be reversed by solution removal 

          On chips with multiple conductive traces, current noise is proportional to the 

number of fluid-filled compartments, regardless if they are grounded or “floating”. 

Setting the unused fluid compartments to Vs would turn off the electrodes in those 

compartments, i.e. no redox current will be detected from the electrode surface because 

of the zero potential difference. But the admittance, which is related to the double layer 

interface, will contribute additional noise regardless of the holding potential. The 

equivalent circuit predicts that only one compartment with cells should be filled at a time 

during recordings in order to ensure low noise. Multiple single cell recordings can be 

made sequentially by adding bath solution with cells in one fluid compartment at a time. 

Following recordings from the N cells in the first fluid compartments, the fluid and cells 

can be removed followed by a distilled water rinse on the electrodes. Sequentially, the 

second fluid compartment will be filled and the electrodes in this compartment would be 

used for single cell recordings. The same procedure was repeated for each of the fluid 

compartments.  
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Fig. 5.6 Noise increase can be reversed by removal of solution. A. shows an increasing trend in the 

variance of the current recording when the number of fluid filled compartment increases and sequentially a 

decreasing trend in the variance when the number of fluid filled compartment decreases. B. shows the 

current recording traces before removing solution from unused compartments and after. They exhibit 

similar current standard deviation.  

 

          Fig. 5.6.A shows that the noise increase could be reversed by removing fluid and 

rinsing with water and drying. As solution is added into more fluid compartments, the 

measured capacitance (C) and variance (σ
2
) increases in a step-wise manner. When the 

solution is removed and the chamber is rinsed with distilled water, C and σ
2
 decrease. 

Fig. 5.6.B shows that the current recordings before filling up the adjacent compartments 

and after removing the solution from the adjacent compartments have comparable noise 

levels. 

 

 

 

A 
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5.8     Sequential single cell amperometric recordings can be made on individually 

addressable electrodes with a comparable low noise 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7 Sequential single cell amperometric recordings from multiple individually addressable electrodes. 

The baseline noise during amperometric measurement of quantal exocytosis from adherent cells is 

comparable to previous single fluid compartment devices. The inset depicts amperometric spikes within the 

rectangle on an expanded time scale.  

 

          Fig. 5.7 shows sequential amperometric recording on four electrodes in different 

fluid compartments. Each of the single cell recordings can be easily addressed by 

selecting which conductive trace to be connected to the amplifier and which fluid 



106 
 

compartment to be connected to the ground by the reference Ag/AgCl electrode. All four 

amperometric recordings exhibited similar current standard deviations of 0.77 pA, 0.65 

pA, 0.85 pA and 0.7 pA. The recording bandwidth is 1 kHz and sampling frequency is 20 

kHz. The noise level is comparable to our previous recordings on a single compartment 

microchip device (Liu et al., 2011). 

          By using the proposed multiplexing approach, I was able to get a low noise 

recording of single cell amperometric signals from at least 72 electrodes out of merely 12 

external electrical connection wires plus one Ag/AgCl reference electrode. The number 

of electrical connection wires can be further reduced if more conductive traces or more 

fluid compartments are integrated such as standard size 96 or 384-well plate platform 

commonly used in high throughput drug screening. In that case, we were able to address 

1536 individual electrodes with only 17 external connections. Another advantage is 

shorter experiment time per cell and less disturbance in between groups of experiments 

because no wire disconnecting and reconnecting is needed except moving the reference 

Ag/AgCl electrode. Additionally, the fabrication cost per working electrode is less 

because the higher density of electrode can be fabricated and addressed in one batch with 

a similar amount of labor. 

 

5.9     Discussion 

          The experiment proceeds by “turning on” all the electrodes within one particular 

fluid compartment by putting the reference Ag/AgCl electrode in that compartment. The 

test substance is then introduced in the active channel and the cell responses are recorded 

by the array of amplifiers. Next, the second fluid compartment is turned on by moving 
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the reference Ag/AgCl electrode in, and the first compartment solution is sucked out and 

dried. In this way, all 6×12 electrodes can be addressed easily.  

          If all compartments contain fluid, this may be unacceptable if ultimate low noise is 

needed to resolve small changes in foot signal. Alternatively, however, it may be 

acceptable by carrying out studies where all the compartments simultaneously contain 

fluid and cells to trade off noise for higher throughput.  

 

5.10     Conclusion 

           These measurements demonstrate that the multiplexing approach attains current 

noise levels as low as those obtained with individual electrodes while requiring fewer 

external connections.  However, only one compartment at a time should be filled with 

solution if low noise levels are important. This approach can be extended to multi-well 

plate devices to enable simultaneous recordings from a set of electrodes in each well, 

followed by washout and drying of the well and addition of cells plus fluid to the next 

well for rapid sequential experimentation.  The device could potentially be used for 

discovery of drugs that target exocytosis and screening for toxins that inhibit transmitter 

release. 
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CHAPTER 6  

CONCLUSIONS 

 

6.1     Conclusions 

          Exocytosis is an important cellular signaling mechanism which mediates the 

neurotransmitter release from neurons and hormone release from endocrine cells. During 

the process, membrane bounded vesicles containing transmitters fuse with the plasma 

membrane and release their content to the extracellular space. We are developing 

transparent multi-electrochemical electrode arrays on microchips in order to automate 

measurement of quantal exocytosis of oxidizable transmitter from individual vesicles. 

However, measurement noise limits the information that can be extracted from 

electrochemical assays of quantal exocytosis especially in understanding the central 

hypothesis of “all-or-none” or “kiss-and-run” mechanisms.   

          Therefore, in the first part of my research, I quantified the noise of microchip 

electrochemical electrodes to achieve better resolution of pre-spike foot signals. I 

determined how the noise of amperometric measurements depends on the geometric and 

electrical parameters of the electrode and insulation materials in order to achieve 

significantly improved resolution of transmitter release through fusion pores. My results 

demonstrate that the limiting source of current noise originates from the working 

electrode surface, is thermal in origin and is well described by a constant phase element 

model. My experimental measurements also demonstrate that the source of the limiting 
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noise is the same for probe electrodes and microchip electrodes despite major differences 

in the fabrication processes. 

          By evaluating the overall performance of different electrode materials, DLC: N and 

ITO electrodes are a good choice for low noise amperometric recordings because they 

offer low noise performance, great optical transparency, and promotes cell adhesion. 

Therefore, in the second part of my research, I integrated the biocompatible encapsulation 

material parylene C and DLC: N electrode onto an electrochemical sensing system for 

low noise single cell amperometric recordings. The protecting SiO2 layer in between the 

parylene C and DLC: N film serves as a etch stop during parylene C etch in oxygen 

plasma to prevent possible damages of the DLC: N film. The single cell amperometric 

recordings obtained from the device demonstrate comparable spike parameters as those 

obtained from SU8 chips therefore confirms the intact DLC: N film.  

          The other bottleneck of high throughput approach is the unmanageably large 

amount of connections required to address each individual electrochemical electrode on a 

high density chip. Therefore, the third part of my research focused on developing 

multiplexing approach which enables convenient addressable electrochemical electrodes 

with much less external electrical connections. By using the proposed multiplexing 

approach, I am able to get low noise recording of single amperometric signals from at 

least 72 electrodes out of merely 12 external electrical connection wires plus one 

Ag/AgCl reference electrode. I established a multiplexing approach to enable multi-

electrode biochip devices with significantly less external electrical connections, reduced 

individual experiment time per cell while maintaining the low current noise property to 
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resolve miniature current signals as low as several   s in amplitude. Additionally, the 

fabrication cost per working electrode will be less because a higher density of the 

electrode can be fabricated and addressed in one batch with a similar amount of labor. 

 

6.2     Future directions 

         The future direction will be to further improve the signal to noise ratio in the 

amperometric recordings and enable higher throughput measurements from a single cell.   

 

6.2.1 Signal to noise ratio in amperometric measurements 

            Whereas the amperometric noise is lowest for ITO and highest for Au among the 

electrode materials we tested, it is possible that there are also differences in the measured 

amperometric signals originating from exocytosis when different materials are used.  

Nevertheless, differences in spike areas have been noted between electrodes fabricated 

from ITO compared to other materials (Amatore et al., 2007b; Kisler et al., 2007). 

Previous studies show that catecholamines can undergo complex cyclization reactions 

following oxidation that can lead to transfer of more than two electrons per 

catecholamine molecule to the electrode. (Pihel et al., 1994; Zachek et al., 2008). These 

cyclization reactions may proceed faster on some electrode materials than others, thus 

affecting the charge. A comprehensive study is needed to determine which electrode 

materials offer the best signal-to-noise ratio. 

            As demonstrated in my experimental results, the electrode surface roughness is 

critical in determining the noise performance. Post annealing procedures can be applied 
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to make smoother electrode surface and achieve a higher constant phase element factor 

(α) and thus, improve the noise performance. Additionally, other surface modifications of 

nanoscale materials such as carbon nanoparticles entrapped in a silica matrix material 

(Bok et al., 2008) has been shown to have high surface area density and high capacitance 

density. Whereas, the high capacitance of these films is undesirable for amperometric 

measurements because it leads to high current noise, these materials could be useful in 

fabricating electrodes for electric field stimulation or action potential sensing because the 

lower impedance leads to better capacitive coupling and lower voltage noise.  

            Also, the area of the working electrode has been demonstrated to be directly 

related to the noise performance of the working electrode. Hence smaller working 

electrodes or smaller exposed area of working electrodes can be utilized to reduce current 

noise. Fig. 6.1 demonstrated a further improved device with a smaller opening of ~5µm 

defined in SiO2 film whereas ~5 µm thick parylene C film defines the microwells to trap 

single cells. DLC: N film on ITO is the electrode material.  

 

Fig. 6.1 Device with smaller working electrodes D~5µm defined by SiO2 film. 
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6.2.2 Multi-well platform for higher throughput measurements 

            We are currently working to extend the multiplexing platform to an array of 8 

fluid compartments with each compartment containing 16 electrodes, all packaged in a 

standard 25×75 mm glass slide. The number of electrical connection wires can be 

further reduced if more conductive traces or more fluid compartments are integrated such 

as standard size 96 or 384-well plate platform commonly used in high throughput drug 

screening. In that case we are able to address 1536 individual electrodes with only 17 

external connections. Another advantage is shorter experiment time per cell and less 

disturbance in between groups of experiments because no wire disconnecting and 

reconnecting is needed except moving the reference Ag/AgCl electrode. 

 

 

Fig. 6.2 Future sensing platform on a 24-well plate compatible with automatic liquid equipment for high 

throughput drug screening. Integrating thin coverslip substrate and transparent DLC: N film will enable 

possible capability of simultaneous fluorescence measurements. 
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6.2.3 Multi channel amplifiers for higher throughput measurements 

            Multi channel amplifiers could be integrated into the testing system for parallel 

recordings from multiple single cells. This would significantly increase the throughput of 

the detecting platform. However, single cell exocytosis events, especially miniature foot 

signal detection, requires high sensitivity and high temporal resolution. Therefore, it 

exerts requirements on the recording amplifiers. Amperometric spikes associated with 

quantal exocytosis are typically recorded with a bandwidth of 1-2 kHz, although a 

bandwidth of less than 1 kHz may be sufficient for some types of measurements.  

Previous preliminary tests on commercial multi channel amplifiers demonstrated that 

they do not meet our requirements in terms of noise and bandwidth for measuring quantal 

exocytosis using electrochemical microelectrodes.  It is possible that the excess noise is 

due to aliasing because the built-in low-pass filter is either not functioning properly or is 

not of a sufficiently high order.   

          Stray capacitance across the feedback resistors can limit the bandwidth of 

potentiostats.  All commercial patch-clamp potentiostats that we are familiar with (as 

well as the VA-10 potentiostat) have hardware “frequency correction” circuitry to 

compensate for stray capacitance and increase the bandwidth.  Presumably this correction 

could also be carried out in software instead of hardware in order to reduce costs.  This 

would require some software “overhead” to make sure the correction-calibration is 

aligned with the hardware amplifier.  In addition, in order to meet our needs, such 

software correction would need to be done in “real time” so the experimentalist could see 

high-bandwidth results while conducting the experiment. 
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6.2.4 Planar Ag/AgCl electrodes 

            The amperometric measurement requires that the metal electrodes interface the 

ionic solution and transform current from a flow of electrons in a metal wire to a flow of 

ions in solution. The most commonly used type of electrode is Ag/AgCl. To further make 

the testing platform compact and reduce connections and switching, we would like to 

fabricate planar Ag/AgCl reference electrode. Traditionally, Ag/AgCl electrodes can be 

simply made by placing a clean Ag wire in a saturated KCl solution and passing positive 

current through this wire. A layer of AgCl is generated on the surface of the silver wire. 

Planar Ag/AgCl electrodes have been developed by using microfabrication techniques 

(Klemic et al., 2002). A Ag film can be deposited by e-beam evaporation or by 

electrochemical deposition on a metal substrate such as Au. The Ag can then be 

chloridized by passing a current in a Cl
- 
containing solution (Baaken et al., 2008).          

  



115 
 

 

REFERENCES 
 
Albillos, A., G. Dernick, H. Horstmann, W. Almers, G. Alvarez de Toledo, and M. Lindau. 
1997. The exocytotic event in chromaffin cells revealed by patch amperometry. Nature. 
389:509-512.  

Alvarez De Toledo, G. 1995. Exocytotic fusion and release in dense core secretory 
granules. Methods and Findings in Experimental and Clinical Pharmacology. 17:9-10.  

Alvarez de Toledo, G., R. Fernandez-Chacon, and J.M. Fernandez. 1993. Release of 
secretory products during transient vesicle fusion. Nature. 363:554-558.  

Amaratunga, G.A.J., and S.R.P. Silva. 1996. Nitrogen containing hydrogenated 
amorphous carbon for thin-film field emission cathodes. Applied Physics Letters. 
68:2529-2531.  

Amaratunga, G.A.J., V.S. Veerasamy, C.A. Davis, W.I. Milne, D.R. McKenzie, J. Yuan, and 
M. Weiler. 1993a. Doping of highly tetrahedral amorphous carbon. Journal of Non-
Crystalline Solids. 164-166:1119-1122.  

Amaratunga, G.A.J., V.S. Veerasamy, W.I. Milne, C.A. Davis, S.R.P. Silva, and H.S. 
MacKenzie. 1993b. Photoconductivity in highly tetrahedral diamondlike amorphous 
carbon. Applied Physics Letters. 63:370-372.  

Amatore, C., S. Arbault, I. Bonifas, M. Guille, F. Lemaître, and Y. Verchier. 2007a. 
Relationship between amperometric pre-spike feet and secretion granule composition 
in Chromaffin cells: An overview. Biophysical Chemistry. 129:181-189.  

Amatore, C., S. Arbault, Y. Bouret, M. Guille, F. Lemaitre, and Y. Verchier. 2009. 
Invariance of exocytotic events detected by amperometry as a function of the carbon 
fiber microelectrode diameter. Anal Chem. 81:3087-3093.  

Amatore, C., S. Arbault, Y. Chen, C. Crozatier, F. Lemaître, and Y. Verchier. 2006. 
Coupling of electrochemistry and fluorescence microscopy at indium tin oxide 
microelectrodes for the analysis of single exocytotic events. Angewandte Chemie - 
International Edition. 45:4000-4003.  

Amatore, C., S. Arbault, M. Guille, and F. Lemaître. 2008. Electrochemical monitoring of 
single cell secretion: Vesicular exocytosis and oxidative stress. Chemical Reviews. 
108:2585-2621.  



116 
 

Amatore, C., S. Arbault, F. Lemaitre, and Y. Verchier. 2007b. Comparison of apex and 
bottom secretion efficiency at chromaffin cells as measured by amperometry. Biophys 
Chem. 127:165-171.  

Anders, S., A. Anders, I.G. Brown, B. Wei, K. Komvopoulos, J.W. Ager Iii, and K.M. Yu. 
1994. Effect of vacuum arc deposition parameters on the properties of amorphous 
carbon thin films. Surface and Coatings Technology. 68-69:388-393.  

Baaken, G., M. Sondermann, C. Schlemmer, J. Rühe, and J.C. Behrends. 2008. Planar 
microelectrode-cavity array for high-resolution and parallel electrical recording of 
membrane ionic currents. Lab on a Chip - Miniaturisation for Chemistry and Biology. 
8:938-944.  

Bard, A.J., and L.R. Faulkner. 2001. Basic potential step methods. In Electrochemical 
Methods: Fundamentals and Applications. Wiley & Sons, New York. 174 p.  

Barizuddin, S., X. Liu, J.C. Mathai, M. Hossain, K.D. Gillis, and S. Gangopadhyay. 2010. 
Automated targeting of cells to electrochemical electrodes using a surface chemistry 
approach for the measurement of quantal exocytosis. ACS Chemical Neuroscience. 
1:590-597.  

Barnett, D.W., J. Liu, and S. Misler. 1996. Single-cell measurements of quantal secretion 
induced by α-latrotoxin from rat adrenal chromaffin cells: Dependence on extracellular 
Ca2+. Pflugers Archiv European Journal of Physiology. 432:1039-1046.  

Berberian, K., K. Kisler, F. Qinghua, and M. Lindau. 2009. Improved surface-patterned 
platinum microelectrodes for the study of exocytotic events. Analytical Chemistry. 
81:8734-8740.  

Bok, S., A.A. Lubguban, Y. Gao, S. Bhattacharya, V. Korampally, M. Hossain, R. 
Thiruvengadathan, K.D. Gillis, and S. Gangopadhyay. 2008. Electrochemical properties of 
carbon nanoparticles entrapped in a silica matrix. Journal of the Electrochemical Society. 
155:K91-K95.  

Borges, R., M. Camacho, and K.D. Gillis. 2008. Measuring secretion in chromaffin cells 
using electrophysiological and electrochemical methods. Acta Physiologica. 192:173-
184.  

Bruns, D., and R. Jahn. 1995. Real time measurement of transmitter release from single 
synaptic vesicles. Nature. 377:62-65.  

Burgoyne, R.D., and A. Morgan. 2003. Secretory granule exocytosis. Physiological 
Reviews. 83:581-632.  



117 
 

Cai, C., and J. Chen. 2004. Direct electron transfer and bioelectrocatalysis of hemoglobin 
at a carbon nanotube electrode. Analytical Biochemistry. 325:285-292.  

Callahan, R.R.A., K.G. Pruden, G.B. Raupp, and S.P. Beaudoin. 2003. Downstream oxygen 
etching characteristics of polymers from the parylene family. Journal of Vacuum Science 
and Technology B: Microelectronics and Nanometer Structures. 21:1496-1500.  

Carabelli, V., S. Gosso, A. Marcantoni, Y. Xu, E. Colombo, Z. Gao, E. Vittone, E. Kohn, A. 
Pasquarelli, and E. Carbone. 2010. Nanocrystalline diamond microelectrode arrays 
fabricated on sapphire technology for high-time resolution of quantal catecholamine 
secretion from chromaffin cells. Biosensors and Bioelectronics. 26:92-98.  

Ceccarelli, B., and W.P. Hurlbut. 1980. Vesicle hypothesis of the release of quanta of 
acetylcholine. Physiological Reviews. 60:396-441.  

Chapman, D.L. 1913. A contribution to the theory of electrocapillarity. Philosophical 
Magazine. 25:475-481.  

Chen, P., and K.D. Gillis. 2000. The noise of membrane capacitance measurements in the 
whole-cell recording configuration. Biophysical Journal. 79:2162-2170.  

Chen, P., B. Xu, N. Tokranova, X. Feng, J. Castracane, and K.D. Gillis. 2003. Amperometric 
detection of quantal catecholamine secretion from individual cells on micromachined 
silicon chips. Analytical Chemistry. 75:518-524.  

Chen, T.K., G. Luo, and A.G. Ewing. 1994. Amperometric monitoring of stimulated 
catecholamine release from rat pheochromocytoma (PC12) cells at the zeptomole level. 
Analytical Chemistry. 66:3031-3035.  

Chen, X., Y. Gao, M. Hossain, S. Gangopadhyay, and K.D. Gillis. 2007. Controlled on-chip 
stimulation of quantal catecholamine release from chromaffin cells using photolysis of 
caged Ca<sup>2+</sup> on transparent indium-tin-oxide microchip electrodes. Lab on a 
Chip - Miniaturisation for Chemistry and Biology. 8:161-169.  

Chhowalla, M., A.C. Ferrari, J. Robertson, and G.A.J. Amaratunga. 2000. Evolution of sp2 
bonding with deposition temperature in tetrahedral amorphous carbon studied by 
Raman spectroscopy. Applied Physics Letters. 76:1419-1421.  

Chow, R., and L. H. Von Ruden. 1995. Electrochemical detection of secretion. In Single-
Channel Recording. B. Sakmann and E. Neher, editors. Plenum Press, New York. 263 p.  

Chow, R.H., L. Von Ruden, and E. Neher. 1992. Delay in vesicle fusion revealed by 
electrochemical monitoring of single secretory events in adrenal chromaffin cells. 
Nature. 356:60-63.  



118 
 

Cole, K.S., and R.H. Cole. 1941. Dispersion and absorption in dielectrics: I. Alternating 
current characteristics. J Chem Phys. 9:341-351.  

Cole, K.S., and R.H. Cole. 1942. Dispersion and absorption in dielectrics: II. Direct current 
characteristics. J Chem Phys. 10:98-105.  

Dearnaley, G., and J.H. Arps. 2005. Biomedical applications of diamond-like carbon (DLC) 
coatings: A review. Surface and Coatings Technology. 200:2518-2524.  

Dernick, G., G.A. de Toledo, and M. Lindau. 2003. Exocytosis of single chromaffin 
granules in cell-free inside-out membrane patches. Nature Cell Biology. 5:358-362.  

Dias, A.F., G. Dernick, V. Valero, M.G. Yong, C.D. James, H.G. Craighead, and M. Lindau. 
2002. An electrochemical detector array to study cell biology on the nanoscale. 
Nanotechnology. 13:285-289.  

Dittami, G.M., and R.D. Rabbitt. 2010. Electrically evoking and electrochemically 
resolving quantal release on a microchip. Lab Chip. 10:30-35.  

Erdemir, A., I.B. Nilufer, O.L. Eryilmaz, M. Beschliesser, and G.R. Fenske. 1999. Friction 
and wear performance of diamond-like carbon films grown in various source gas 
plasmas. Surface and Coatings Technology. 120-121:589-593.  

Evanko, D. 2005. Primer: Spying on exocytosis with amperometry. Nature Methods. 
2:650.  

Fenwick, E.M., P.B. Fajdiga, N.B.S. Howe, and B.G. Livett. 1978. Functional and 
morphological characterization of isolated bovine adrenal medullary cells. Journal of Cell 
Biology. 76:12-30.  

Fertig, N., R.H. Blick, and J.C. Behrends. 2002. Whole cell patch clamp recording 
performed on a planar glass chip. Biophysical Journal. 82:3056-3062.  

Fiaccabrino, G.C., M. Koudelka-Hep, S. Jeanneret, A. van den Berg, and N.F. de Rooij. 
1994. Array of individually addressable microelectrodes. Sensors and Actuators: B. 
Chemical. 19:675-677.  

Fulop, T., S. Radabaugh, and C. Smith. 2005. Activity-dependent differential transmitter 
release in mouse adrenal chromaffin cells. Journal of Neuroscience. 25:7324-7332.  

Gao, Y., S. Bhattacharya, X. Chen, S. Barizuddin, S. Gangopadhyay, and K.D. Gillis. 2009. 
A microfluidic cell trap device for automated measurement of quantal catecholamine 
release from cells. Lab Chip. 9:3442-3446.  



119 
 

Gao, Y., X. Chen, S. Gupta, K.D. Gillis, and S. Gangopadhyay. 2008. Magnetron sputtered 
diamond-like carbon microelectrodes for on-chip measurement of quantal 
catecholamine release from cells. Biomedical Microdevices. 10:623-629.  

Gavalas, V.G., and N.A. Chaniotakis. 2000. [60]Fullerene-mediated amperometric 
biosensors. Analytica Chimica Acta. 409:131-135.  

Gillis, K.D. 2000. Admittance-based measurement of membrane capacitance using the 
EPC-9 patch-clamp amplifier. Pflugers Archiv European Journal of Physiology. 439:655-
664.  

Gleixner, R., and P. Fromherz. 2006. The extracellular electrical resistivity in cell 
adhesion. Biophys J. 90:2600-2611.  

Gorham, W. 1966. A new general synthetic method for preparation of linear poly-p-
xylylenes. J. Polym. Sci. Polym.Chem. 4:3027-3029.  

Grahame, D.G. 1947. The electrical double layer and the theory of electrocapillarity. 
Chemical Reviews. 41:441-501.  

Guoy, G. 1910. Constitution of the electric charge at the surface of an electrolyte. 
Journal of physics. 9:457-467.  

Gupta, S., B.R. Weiner, and G. Morell. 2002. Role of sp2 C cluster size on the field 
emission properties of sulfur-incorporated nanocomposite carbon thin films. Applied 
Physics Letters. 80:1471-1473.  

Hafez, I., K. Kisler, K. Berberian, G. Dernick, V. Valero, M.G. Yong, H.G. Craighead, and M. 
Lindau. 2005. Electrochemical imaging of fusion pore openings by electrochemical 
detector arrays. Proceedings of the National Academy of Sciences of the United States of 
America. 102:13879-13884.  

Hassler, C., T. Boretius, and T. Stieglitz. 2011. Polymers for neural implants. Journal of 
Polymer Science, Part B: Polymer Physics. 49:18-33.  

He, L., and L.G. Wu. 2007. The debate on the kiss-and-run fusion at synapses. Trends in 
Neurosciences. 30:447-455.  

Helmholtz, V. 1853. Ueber einige gesetze der vertheilung elektrischer strome in 
korperlichen leitern mit anwendung auf die thierischelektrischen versuche. Ann Phys. 
89:211-233.  



120 
 

Hochstetler, S.E., M. Puopolo, S. Gustincich, E. Raviola, and R.M. Wightman. 2000. Real-
time amperometric measurements of zeptomole quantities of dopamine released from 
neurons. Anal Chem. 72:489-496.  

Hoffman, R.P., C.A. Sinkey, and E. Tsalikian. 1999. Effect of local sympathetic blockade 
on forearm blood flow and glucose uptake during hypoglycemia. Metabolism: Clinical 
and Experimental. 48:1575-1583.  

Horrigan, F.T., and R.J. Bookman. 1994. Releasable pools and the kinetics of exocytosis 
in adrenal chromaffin cells. Neuron. 13:1119-1129.  

Ino, K., W. Saito, M. Koide, T. Umemura, H. Shiku, and T. Matsue. 2011. Addressable 
electrode array device with IDA electrodes for high-throughput detection. Lab on a Chip 
- Miniaturisation for Chemistry and Biology. 11:385-388.  

Jahn, R., and R.H. Scheller. 2006. SNAREs - Engines for membrane fusion. Nature 
Reviews Molecular Cell Biology. 7:631-643.  

Jankowski, J.A., T.J. Schroeder, E.L. Ciolkowski, and R.M. Wightman. 1993. Temporal 
characteristics of quantal secretion of catecholamines from adrenal medullary cells. J 
Biol Chem. 268:14694-14700.  

Johnson, M.A., M. Villanueva, C.L. Haynes, A.T. Seipel, L.A. Buhler, and R.M. Wightman. 
2007. Catecholamine exocytosis is diminished in R6/2 Huntington's disease model mice. 
Journal of Neurochemistry. 103:2102-2110.  

Kelly, R.B. 1985. Pathways of protein secretion in eukaryotes. Science. 230:25-32.  

Kim, C., and S.J. Lee. 2008. Controlling the mass action of ?-synuclein in Parkinson's 
disease. Journal of Neurochemistry. 107:303-316.  

Kim, J.I., A. Bordeanu, and J.C. Pyun. 2009. Diamond-like carbon (DLC) microelectrode 
for electrochemical ELISA. Biosensors and Bioelectronics. 24:1394-1398.  

Kisler, K., B. Kim, K. Berberian, Q. Fang, and M. Lindau. 2007. Transparent 
microelectrode arrays to study exocytosis. Biophys J. 92:83a.  

Klemic, K.G., J.F. Klemic, M.A. Reed, and F.J. Sigworth. 2002. Micromolded PDMS planar 
electrode allows patch clamp electrical recordings from cells. Biosensors and 
Bioelectronics. 17:597-604.  

Lehnert, T., M.A.M. Gijs, R. Netzer, and U. Bischoff. 2002. Realization of hollow SiO2 
micronozzles for electrical measurements on living cells. Applied Physics Letters. 
81:5063-5065.  



121 
 

Leszczyszyn, D.J., J.A. Jankowski, O.H. Viveros, E.J. Diliberto Jr, J.A. Near, and R.M. 
Wightman. 1990. Nicotinic receptor-mediated catecholamine secretion from individual 
chromaffin cells. Chemical evidence for exocytosis. Journal of Biological Chemistry. 
265:14736-14737.  

Li, T., Z. Yao, and L. Ding. 2004. Development of an amperometric biosensor based on 
glucose oxidase immobilized through silica sol-gel film onto Prussian Blue modified 
electrode. Sensors and Actuators, B: Chemical. 101:155-160.  

Lindau, M., and G. Alvarez De Toledo. 2003. The fusion pore. Biochimica et Biophysica 
Acta - Molecular Cell Research. 1641:167-173.  

Lindau, M., and E. Neher. 1988. Patch-clamp techniques for time-resolved capacitance 
measurements in single cells. Pflugers Archiv European Journal of Physiology. 411:137-
146.  

Liu, X., S. Barizuddin, W. Shin, C.J. Mathai, S. Gangopadhyay, and K.D. Gillis. 2011. 
Microwell device for targeting single cells to electrochemical microelectrodes for high-
throughput amperometric detection of quantal exocytosis. Analytical Chemistry. 
83:2445-2451.  

Liu, Y., A. Erdemir, and E.I. Meletis. 1996. An investigation of the relationship between 
graphitization and frictional behavior of DLC coatings. Surface and Coatings Technology. 
86-87:564-568.  

Long, J.T., and S.G. Weber. 1988. Noise at microelectrodes and microelectrode arrays in 
amperometry and voltammetry. Analytical Chemistry. 60:2309-2311.  

Maalouf, R., A. Soldatkin, O. Vittori, M. Sigaud, Y. Saikali, H. Chebib, A.S. Loir, F. Garrelie, 
C. Donnet, and N. Jaffrezic-Renault. 2006. Study of different carbon materials for 
amperometric enzyme biosensor development. Materials Science and Engineering C. 
26:564-567.  

Madou, M.J. 2002. Fundamentals of microfabrication : the science of miniaturization. 
2nd.ed. CRC Press, Boca Raton, Florida. 639 pp.  

Marszalek, P.E., B. Farrell, P. Verdugo, and J.M. Fernandez. 1997. Kinetics of release of 
serotonin from isolated secretory granules I. Amperometric detection of serotonin from 
electroporated granules. Biophysical Journal. 73:1160-1168.  

Meng, E., and C. Gutierrez. 2009. Parylene-based encapsulated fluid MEMS sensors. In 
31st Annual International Conference of the IEEE Engineering in Medicine and Biology 
Society: Engineering the Future of Biomedicine, EMBC 2009. Minneapolis, MN. 1039-
1041.  



122 
 

Meng, E., P.Y. Li, and Y.C. Tai. 2008. Plasma removal of Parylene C. Journal of 
Micromechanics and Microengineering. 18:1-13.  

Meng, E., and Y.C. Tai. 2005. Parylene etching techniques for microfluidics and 
biomems. In 18th IEEE International Conference on Micro Electro Mechanical Systems, 
MEMS 2005 Miami. Miami Beach, FL. 568-571.  

Merrill, D.R., M. Bikson, and J.G.R. Jefferys. 2005. Electrical stimulation of excitable 
tissue: Design of efficacious and safe protocols. Journal of Neuroscience Methods. 
141:171-198.  

Meunier, A., O. Jouannot, R. Fulcrand, I. Fanget, M. Bretou, E. Karatekin, S. Arbault, M. 
Guille, F. Darchen, F. Lemaëtre, and C. Amatore. 2011. Coupling amperometry and total 
internal reflection fluorescence microscopy at ITO surfaces for monitoring exocytosis of 
single vesicles. Angewandte Chemie - International Edition. 50:5081-5084.  

Mosharov, E.V., L.W. Gong, B. Khanna, D. Sulzer, and M. Lindau. 2003. Intracellular 
patch electrochemistry: Regulation of cytosolic catecholamines in chromaffin cells. 
Journal of Neuroscience. 23:5835-5845.  

Mosharov, E.V., and D. Sulzer. 2005. Analysis of exocytotic events recorded by 
amperometry. Nat Methods. 2:651-658.  

Neher, E. 1998. Vesicle pools and Ca2+ microdomains: New tools for understanding 
their roles in neurotransmitter release. Neuron. 20:389-399.  

Neher, E., and R.H. Chow. 1995. Electrophysiological and electrochemical techniques for 
studying control mechanisms of secretion in neuroendocrine cells. Bioelectrochemistry 
and Bioenergetics. 38:251-253.  

Neher, E., and B. Sakmann. 1976. Single channel currents recorded from membrane of 
denervated frog muscle fibers. Nature. 260:799-802.  

Nicholson, R.S. 1965. Theory and application of cyclic voltammetry for measurement of 
electrode reaction kinetics. Analytical Chemistry. 37:1351-1355.  

Pajkossy, T. 2005. Impedance spectroscopy at interfaces of metals and aqueous 
solutions — Surface roughness, CPE and related issues. Solid State Ionics. 176:1997-
2003.  

Palshin, V., E.I. Meletis, S. Ves, and S. Logothetidis. 1995. Characterization of ion-beam-
deposited diamond-like carbon films. Thin Solid Films. 270:165-172.  



123 
 

Pantoja, R., J.M. Nagarah, D.M. Starace, N.A. Melosh, R. Blunck, F. Bezanilla, and J.R. 
Heath. 2004. Silicon chip-based patch-clamp electrodes integrated with PDMS 
microfluidics. Biosensors and Bioelectronics. 20:509-517.  

Parpura, V. 2005. Nanofabricated carbon-based detector. Analytical Chemistry. 77:681-
686.  

Pei, J., M.L. Tercier-Waeber, J. Buffle, G.C. Flaccabrino, and M. Koudelka-Hep. 2001. 
Individually addressable gel-integrated voltammetric microelectrode array for high-
resolution measurement of concentration profiles at interfaces. Analytical Chemistry. 
73:2273-2281.  

Peng, X.L., Z.H. Barber, and T.W. Clyne. 2001. Surface rough of diamond-like carbon 
films prepared using various techniques. Surface and Coatings Technology. 138:23-32.  

Perry, M.M., and A.B. Gilbert. 1979. Yolk transport in the ovarian follicle of the hen 
(Gallus domesticus): Lipoprotein-like particles at the periphery of the oocyte in the rapid 
growth phase. Journal of Cell Science. VOL 39:257-272.  

Pihel, K., T.J. Schroeder, and R.M. Wightman. 1994. Rapid and selective cyclic 
voltammetric measurements of epinephrine and norepinephrine as a method to 
measure secretion from single bovine adrenal medullary cells. Analytical Chemistry. 
66:4532-4537.  

Pihel, K., Q.D. Walker, and R.M. Wightman. 1996. Overoxidized polypyrrole-coated 
carbon fiber microelectrodes for dopamine measurements with fast-scan cyclic 
voltammetry. Analytical Chemistry. 68:2084-2089.  

Pusch, M., and E. Neher. 1988. Rates of diffusional exchange between small cells and a 
measuring patch pipette. Pflugers Archiv European Journal of Physiology. 411:204-211.  

Qureshi, A., W.P. Kang, J.L. Davidson, and Y. Gurbuz. 2009. Review on carbon-derived, 
solid-state, micro and nano sensors for electrochemical sensing applications. Diamond 
and Related Materials. 18:1401-1420.  

Ramachandran, A., M. Junk, K.P. Koch, and K.P. Hoffmann. 2007. A study of parylene C 
polymer deposition inside microscale gaps. IEEE Transactions on Advanced Packaging. 
30:712-724.  

Ronning, C., U. Griesmeier, M. Gross, H.C. Hofsäss, R.G. Downing, and G.P. Lamaze. 
1995. Conduction processes in boron- and nitrogen-doped diamond-like carbon films 
prepared by mass-separated ion beam deposition. Diamond and Related Materials. 
4:666-672.  



124 
 

Schmidt, C., M. Mayer, and H. Vogel. 2000. A chip-based biosensor for the functional 
analysis of single ion channels. Angewandte Chemie - International Edition. 39:3137-
3140.  

Schnupp, R., R. Kühnhold, G. Temmel, E. Burte, and H. Ryssel. 1998. Thin carbon films as 
electrodes for bioelectronic applications. Biosensors and Bioelectronics. 13:889-894.  

Schroeder, T.J., R. Borges, J.M. Finnegan, K. Pihel, C. Amatore, and R.M. Wightman. 
1996. Temporally resolved, independent stages of individual exocytotic secretion 
events. Biophys J. 70:1061-1068.  

Schulte, A., and R.H. Chow. 1996. A simple method for insulating carbon-fiber 
microelectrodes using anodic electrophoretic deposition of paint. Anal Chem. 68:3054 - 
3058.  

Schulte, A., and R.H. Chow. 1998. Cylindrically Etched Carbon-Fiber Microelectrodes for 
Low-Noise Amperometric Recording of Cellular Secretion. Analytical Chemistry. 70:985-
990.  

Sen, A., S. Barizuddin, M. Hossain, L. Polo-Parada, K.D. Gillis, and S. Gangopadhyay. 
2009. Preferential cell attachment to nitrogen-doped diamond-like carbon (DLC:N) for 
the measurement of quantal exocytosis. Biomaterials. 30:1604-1612.  

Shi, X., B.K. Tay, H.S. Tan, L. Zhong, Y.Q. Tu, S.R.P. Silva, and W.I. Milne. 1996. Properties 
of carbon ion deposited tetrahedral amorphous carbon films as a function of ion energy. 
Journal of Applied Physics. 79:7234-7240.  

Sigworth, F.J. 1995. Electronic design of the patch clamp. In Single-Channel Recording. B. 
Sakmann and E. Neher, editors. Plenum Press, New York. 95 - 127 p.  

Sørensen, J.B. 2005. SNARE complexes prepare for membrane fusion. Trends in 
Neurosciences. 28:453-455.  

Spégel, C., A. Heiskanen, J. Acklid, A. Wolff, R. Taboryski, J. Emnéus, and T. Ruzgas. 2007. 
On-chip determination of dopamine exocytosis using mercaptopropionic acid modified 
microelectrodes. Electroanalysis. 19:263-271.  

Spégel, C., A. Heiskanen, S. Pedersen, J. Emnéus, T. Ruzgas, and R. Taboryski. 2008. Fully 
automated microchip system for the detection of quantal exocytosis from single and 
small ensembles of cells. Lab on a Chip - Miniaturisation for Chemistry and Biology. 
8:323-329.  

Stern, O. 1924. Zur theorie der elektrolytischen doppelschicht. Z Elektrochem. 30:508-
516.  



125 
 

Sudhof, T.C. 1995. The synaptic vesicle cycle: A cascade of protein-protein interactions. 
Nature. 375:645-653.  

Sun, X., and K.D. Gillis. 2006. On-chip amperometric measurement of quantal 
catecholamine release using transparent indium tin oxide electrodes. Analytical 
Chemistry. 78:2521-2525.  

Szwarc, M. 1947. Some remarks on the CH2-CH2 molecule Discuss Faraday Society. 
2:46-49.  

Tian, F., and G. Zhu. 2002. Bienzymatic amperometric biosensor for glucose based on 
polypyrrole/ceramic carbon as electrode material. Analytica Chimica Acta. 451:251-258.  

Travis, E.R., and R.M. Wightman. 1998. Spatio-temporal resolution of exocytosis from 
individual cells. Annual Review of Biophysics and Biomolecular Structure. 27:77-103.  

Voevodin, A.A., M.S. Donley, and J.S. Zabinski. 1997. Pulsed laser deposition of diamond-
like carbon wear protective coatings: A review. Surface and Coatings Technology. 92:42-
49.  

Wadhwani, S. 2006. Parylene coatings and applications. Paint and Coatings Industry. 
22:32-44.  

Wang, C.T., J. Bai, P.Y. Chang, E.R. Chapman, and M.B. Jackson. 2006. Synaptotagmin-
Ca2+ triggers two sequential steps in regulated exocytosis in rat PC12 cells: fusion pore 
opening and fusion pore dilation. J Physiol. 570:295-307.  

Westerink, R.H.S. 2004. Exocytosis: Using amperometry to study presynaptic 
mechanisms of neurotoxicity. NeuroToxicology. 25:461-470.  

Wightman, R.M., J.A. Jankowski, R.T. Kennedy, K.T. Kawagoe, T.J. Schroeder, D.J. 
Leszczyszyn, J.A. Near, E.J. Diliberto Jr, and O.H. Viveros. 1991. Temporally resolved 
catecholamine spikes correspond to single vesicle release from individual chromaffin 
cells. Proceedings of the National Academy of Sciences of the United States of America. 
88:10754-10758.  

Wilson, M.S., and W. Nie. 2006. Multiplex measurement of seven tumor markers using 
an electrochemical protein chip. Analytical Chemistry. 78:6476-6483.  

Wu, W.Z., W.H. Huang, W. Wang, Z.L. Wang, J.K. Cheng, T. Xu, R.Y. Zhang, Y. Chen, and J. 
Liu. 2005. Monitoring dopamine release from single living vesicles with nanoelectrodes. 
Journal of the American Chemical Society. 127:8914-8915.  



126 
 

Yang, Y., T.J. Craig, X. Chen, L.F. Ciufo, M. Takahashi, A. Morgan, and K.D. Gillis. 2007. 
Phosphomimetic mutation of Ser-187 of SNAP-25 increases both syntaxin binding and 
highly Ca2+-sensitive exocytosis. Journal of General Physiology. 129:233-244.  

Yeh, J.T.C., and K.R. Grebe. 1982. Patterning of poly-para-xylylenes by reactive ion 
etching. Journal of Vacuum Science and Technology A: Vacuum, Surfaces and Films. 
1:604-608.  

Zachek, M.K., A. Hermans, R.M. Wightman, and G.S. McCarty. 2008. Electrochemical 
dopamine detection: Comparing gold and carbon fiber microelectrodes using 
background subtracted fast scan cyclic voltammetry. Journal of Electroanalytical 
Chemistry. 614:113-120.  

Zeng, A., E. Liu, S.N. Tan, S. Zhang, and J. Gao. 2002. Cyclic voltammetry studies of 
sputtered nitrogen doped diamond-like carbon film electrodes. Electroanalysis. 14:1110-
1115.  
 
 
 
 
 
 
 
 
 
 
 
  



127 
 

 

VITA 

          Jia Yao was born in Nanchang, Jiangxi, China on January 11
th

, 1983. She obtained 

her Bachelor of Science degree in Biomedical Engineering with emphasis in 

bioinstrumentation and biomedical signal processing from Tianjin University, China in 

July, 2005. She joined the University of Missouri, Columbia in August, 2006 and worked 

with Professor Kevin D. Gillis to pursue her Doctor of Philosophy degree in Biological 

Engineering.  

 

 

 


