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Neurotransmitters are released to the extracellular space in packages by the fusion of 

vesicles with the cell membrane, a process known as exocytosis. Modulation of this 

process is a key target for the treatment of neurogenerative diseases, such as 

Parkinson’s disease and Alzheimer’s disease. Amperometry detects neurotransmitters 

released through exocytosis by their oxidation at a polarizable electrode. The resulting 

oxidation current or amperometric spike provides information about the number of 

released neurotransmitters from a single vesicle release event (quantal size) and the 

kinetics of exocytosis. Complementary metal-oxide-semiconductor (CMOS) 

technologies enable the design and fabrication of devices with hundreds or thousands 

of planar electrodes and amplifiers integrated on the same chip, offering high 

throughput measurement of exocytosis from living cells. In this dissertation, the 

development and application of CMOC IC devices with surface modified structures 

for electrochemical characterization of live cell exocytosis are introduced.  

 
In chapter 2, a surface modified CMOS integrated circuit (IC) is demonstrated for 

highly parallel amperometry measurement of live chromaffin cells. The surface 

modified structures with SU-8 microwells fabricated on the chip surface solved the 

two major issues for on-chip single cell measurement devices, the reliability and the 

single cell targeting efficiency. The surface modified CMOC IC was able to reliably 



 

measure 10-30 cells per time per chip with low noise levels, which was a significant 

increase in efficiency compared to conventional carbon fiber microelectrode 

measurement. In chapter 3, the surface modified CMOS IC was used to investigate the 

working mechanisms of the antidepressant drugs bupropion and citalopram. 

Bupropion was found to potentiate the quantal size and citalopram to increase the 

release frequency by increasing the readily releasable pool (RRP) size. In chapter 4, a 

bidirectional-current measurement CMOS IC was designed to enable on-chip cyclic 

voltammetry (CV) measurement. The new design was capable of measuring current 

within the range of ±1.5 nA at 10 kS/s. Finally, an improved CMOS IC for CV 

measurement is presented in chapter 5. The devices consumed less area for each 

detector and a sign binary output was implemented to identify the polarity of the 

output current. The devices were validated with on-chip dopamine injection test and 

potassium ferricyanide CV measurement. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Neurotransmitter Release 

Neurotransmitters are released from cells into the extracellular environment in 

packages by the fusion of secretory vesicles with the plasma membrane, a process 

known as exocytosis [1]. It is a key process in neuronal or cell-to-cell communications. 

In synapses of neuronal networks, neurotransmitters are released from the pre-synaptic 

vesicles and travel to the post-synaptic receptors for signal transmission [2]. At 

neuromuscular junction, neurotransmitters are released from the motor neuron to 

control the contraction of muscle fiber [2]. In neuroendocrine cells, catecholamines, 

adrenaline and noradrenaline are released into the blood vessel for the regulation of 

multiple physiological events [3]. 

 

Transmitter release events are typically initiated with the formation of a narrow fusion 

pore between the secretory vesicle and the cell membrane, followed by the potential 

expansion of the pore and release of neurotransmitters to the extracellular space [4]. 

The total number of neurotransmitters released from a single release event is referred 

to as quantal size. However, not all vesicle release events feature a full release but for 

near 30% of all cases partial fusion events occur, including kiss-and-run (10%) and 

kiss-and-stay events (20%) [5]. Kiss-and-run exocytosis refers to the fusion of vesicles 
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by a transient fusion pore after which the vesicle can be reused, while in kiss-and-stay 

exocytosis, a single vesicle stays docked and repetitively opens its fusion pore [6], [7]. 

 

 

Figure 1.1 Loose docking and tight docking of vesicles and the plasma membrane due 
to the partial or tight zippering of SNARE complexes. A tight docking and priming of 
the vesicle will potentially lead to fusion event. Figure adapted from [8]. 
 

The Soluble N-ethylmaleimide sensitive fusion protein Attachment REceptor (SNARE) 

protein complex is composed of key proteins in vesicle exocytosis [9], [10]. SNARE 

proteins include the Vesicle Associated Membrane Protein (VAMP) or synaptobrevin, 

the syntaxin, and the Synaptosome-Associated Protein 25 (SNAP-25). It has been 

suggested that the vesicle fusion is driven by the formation a tight SNARE complex, 

followed by the formation of a small aperture, or fusion pore [11]. Recent studies also 

illustrate that vesicles docked and primed at the plasma membrane can change 

between a loosely docked and primed state, in which SNARE complexes are partially 

zippered, and a tight docking state, in which tight SNARE complexes form and may 

lead to fusion [8] (Fig. 1.1). Vesicle docking and priming at the plasma membrane 

requires all three SNAREs and MUNC 13-1 which bridges the vesicles with the  
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membranes [12], [13]. 

 

Modulation of exocytosis is an important drug target for the treatment of 

neurodegenerative diseases, such as Parkinson’s disease and Alzheimer’s disease. 

These diseases are related to the neurodegeneration, the loss of functions of neurons, 

and associated with the interplay among different neurotransmitters, including 

dopamine, noradrenaline, serotonin or glutamate [14]. Therefore, medications for 

these diseases have been focused on restoring the neurotransmitter levels. The 

Parkinson’s disease drug L-DOPA increases the number of released catecholamines 

from individual vesicles while reserpine reduces the release amount in PC-12 cells, 

MN9D cells and midbrain dopamine neurons [15]–[17]. Anti-depressant drugs 

bupropion and citalopram can also modulate vesicle release events, which has been 

studied in this work and their potential therapeutic applications for Parkinson’s disease 

and Alzheimer’s disease has been revealed. 

 

Chromaffin cells are neuroendocrine cells with catecholamines stored in Large Dense-

Core Vesicles (LDCV) [18]. The proteins associated with vesicle fusion, docking and 

priming, and catecholamine release are identical or very similar between chromaffin 

cells and synapses [18], [19]. The variety and large amounts of catecholamine stored 

in LDCVs in chromaffin cells [20] make the vesicle release event easily detectable 

compared with dopamine neurons. Therefore, chromaffin cells offer a good model for 

the study of the release mechanisms of neurosecretory vesicles. 
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1.2 Single cell amperometry 

 
Figure 1.2. Experimental set up for amperometry measurement. The released 
neurotransmitters are oxidized at the working electrode and the resulting oxidation 
current is amplified through a current to voltage (transimpedance) amplifier. 
 
 
One of the most commonly used methods to characterize exocytosis is through 

amperometry. Amperometry is an electrochemical method, often used to detect 

catecholamine, including epinephrine, norepinephrine and dopamine (DA). A working 

electrode, such as a carbon fiber, platinum or gold electrode, is set at 700 mV vs. a 

Ag|AgCl reference electrode. Catecholamine molecules are oxidized upon reaching 

the working electrode, transferring two electrons per molecule to the electrode [21], 

resulting in a faradaic current typically on the order of pA. The small oxidation current 

is then converted to a readable voltage through a transimpedance amplifier with 

appropriate gain settings, as shown in Fig. 1.2. In amperometry, cells are frequently 
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stimulated with high potassium solution or receptor-directed agonists, such as nicotine 

and acetylcholine [20]. The high potassium concentration depolarizes the cell 

membrane and opens up voltage-gated calcium channels. The entry of calcium triggers 

the fusion events. 

 

 

Figure 1.3. (a) Transmitter release process and (b) an example amperometric spike. “O” 
indicates the opening of the fusion pore and “E” indicates the expansion of the fusion 
pore. The area under the curve is called quantal size, which is the total number of 
charges oxidized at the electrode, or the number of molecules detected. 
 

A typical amperometric spike corresponding to a single vesicle release event is shown 

in Fig. 1.3. The recorded oxidation current indicates the flux of molecules reaching the 

electrode. Upon the opening of the fusion pore, small amounts of catecholamine begin 

to leak from the narrow pore and a foot signal appears at the onset of the spike in Fig. 

1.3b [22]. The large amperometric spikes following the foot correspond to the 

expansion of the fusion pore and the flux of neurotransmitters from the release site to 

the working electrode [23]. The parameters of the amperometric spikes reveal the 

properties of the vesicle release event. The area under the amperometric spike is called 
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quantal size which reflects the total charges collected from a single release event, or 

the number of molecules oxidized at the electrode. Kinetics of the release events are 

revealed through half widths, rise slopes and rise time if the cell is close enough to the 

electrode. Foot amplitude and foot duration provide information about the fusion pore 

properties. The frequency of release events in chromaffin cells stimulated with 

potassium depolarization rapidly increases to a maximum initially and then gradually 

decreases, indicating the existence of a Readily Releasable Pool (RRP). The RRP is a 

pool of vesicles that are more rapidly released than other vesicles [24]. These vesicles 

normally dock on or stay very close to the plasma membrane such that once stimulated, 

they are depleted through exocytosis within a relatively short amount of time.  

 

Although amperometry provides detailed information about quantal release events, the 

properties of amperometric spikes can vary from cell to cell, even if under the same 

conditions [25]. Hence it is necessary to measure a large number of release events 

from a large number of cells to achieve the statistical significance of spike parameters 

to quantify the effect of drugs on exocytosis or study the mechanisms of release events. 

To quantify the amperometric parameters, it is widely accepted that it is more 

appropriate to determine the medians of a specific parameters from all events for each 

individual cell [26]. When multiple cell preparations are used, the median parameters 

from the drug treated group and the control group are averaged and compared only 

when they were from the same preparation. The final parameters are normalized to the 

data from the control group of each preparation. The significance in the difference 
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between the two groups, or the P-value, is typically determined by using the student’s 

t-test or one-way ANOVA method. 

 

1.3 Whole-cell patch clamp 

Cell membranes are composed of lipid bilayers and various proteins, which can be 

modeled as an electrical capacitor. During quantal release events, vesicles fuse with 

the cell membrane, increasing the total area of the cell membrane and thus increasing 

the equivalent capacitance. The membrane capacitance can be measured by whole-cell 

patch clamp recordings. A small glass micro-pipette is used to form a giga-ohm seal 

with the measured cell and upon slight suction, the cell membrane inside the pipette 

burst and the system is in whole cell mode [27]. The vesicle fusion release events with 

the cell’s plasma membrane lead to a change in membrane area and thus a change in 

membrane capacitance. Unlike amperometry in which cells are stimulated with high 

potassium solution, cells in whole-cell patch clamp are stimulated by directly 

controlling the membrane voltage (voltage clamp). Voltage pulses can be applied to 

depolarize the cell membrane at certain times and trigger the entry of calcium via 

voltage-gated calcium channels to initiate exocytosis. 

 

One of the purposes of whole-cell patch clamp capacitance measurements is to 

determine the RRP size [27], [28]. In whole-cell patch clamp, two voltage pulses of 

100 ms duration separated by a 100 ms interval are applied to the measured cell [28]. 

This method is based on the assumption that the first pulse triggers a certain fraction 



 

8 

of the RRP to release and the second pulse triggers the same fraction from the 

remaining pool [28]. Therefore, by measuring the capacitance changes for the two 

pulses (∆𝐶# and ∆𝐶$, respectively), the RRP size can be estimated as: 

                            𝐶%%& = 	
∆)*+∆),
#-(∆/,∆/*

),
                         (1.1) 

 

 

1.4 CMOS IC device for high throughput cell recordings 

Conventional carbon fiber amperometry provides precise measurements of vesicle 

release events. However, it is time consuming and labor intensive as only one cell can 

be measured at a time per electrode. An amperometry electrode sensor array capable 

of measuring multiple cells simultaneously can potentially increases the efficiency of 

amperometry measurement. Complementary Metal-Oxide-Semiconductor (CMOS) 

technology has been greatly developed over the past 20 years. It has been widely used 

to fabricate very large-scale Integrated Circuit (IC) in many fields, from analog 

amplifiers to digital signal processing units and computer chips. The idea of CMOS IC 

technology is to integrate many components onto one single chip, including transistors, 

resistors, capacitors and metal interconnects. The entire CMOS IC industry is highly 

mature and easily accessible, from the circuit design, simulation and layout drawing, 

to the fabrication facility and packaging techniques, which establishes the basis for the 

development of customized or application specific IC. 
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Figure 1.4. A CMOS based amperometry chip. (a) The micrograph of the CMOS chip 
with 100 working electrodes. (b) Amperometry recordings performed on the CMOS 
chip [26]. 
 

Recent advances of CMOS IC technologies have provided the technical basis for the 

development of CMOS based biosensors [29]–[35], including devices specifically 

designed for amperometry measurement [29], [30], [33], [36]. CMOS technology 

provides highly customizable and scalable design capability, which enables the 

integration of multiple electronic components onto the same chip. This significantly 

reduces the total size of the measurement equipment and enhances the measurement 

efficiency. While conventional carbon fiber electrode amperometry can be very time 

consuming and labor intensive, CMOS based amperometry devices typically have 

100-1000 or more working electrodes on a ~10-20 mm2 silicon die (Fig. 1.4a) and thus 

can be used to measure a large number of cells at the same time. Live cell 

amperometry recordings have also been performed on CMOS devices, with high 

efficiency and low noise level [33] (Fig. 1.4b). 
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1.5 Post-fabricated planar microelectrodes and microwell structures 

Unfortunately, polarizable electrode materials suitable for the clean room fabrication 

process such as Pt and Au are not available in semiconductor foundries. Therefore, the 

CMOS chips are delivered with the working electrode covered with an Al/Cu contact, 

which is not a suitable electrode material for electrochemical measurements. The 

CMOS chips need to be post-fabricated to enable its electrochemical functionality. 

One possible solution is to deposit Pt or Au directly on the Al/Cu contact by an 

electron beam evaporator [33], [36], but the chips fabricated with this method do not 

last long as potential damage to the Pt electrode will expose the underlying Al/Cu 

contact material to the test solution and induce a large leakage current. A better 

strategy is a shifted electrode method: A Pt layer is extended over the original metal 

contact and several layers of oxide and nitride are grown on the surface of the chip 

with a windows etched on the extended part of the Pt layer to define the electrode 

position [37]. The shifted electrode design provides additional protection for the 

electrodes and the CMOS circuitry, but the growth of oxide and nitride layers adds 

complexity to the fabrication process and is time consuming. 

 

Another challenge for the microchip-based cell measurement device is the targeting of 

single cells to the electrodes for high measurement efficiency. If the cell density is low, 

cells may not settle directly on the electrodes and the released catecholamine will 

travel a long distance before detected. However, if the cell density is high, cells tend to 

get clumped and electrodes may be detecting catecholamine released from multiple 
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cells. Recently, thick SU-8, an epoxy-based negative photoresist, has been used to 

fabricate microwell structures to trap cells on passive electrochemical sensor devices 

[38]. The highly automated process makes it possible to localize single cells directly 

on the working electrodes with superior efficiency. 

 

1.6 Cyclic voltammetry 

In amperometry experiments, it has been observed that different electrode materials 

exhibit different detection sensitivity. For example, gold electrodes have been found to 

have higher detection efficiency compared with Indium-tin-oxide (ITO) electrodes 

[39]. A conducting polymer, PDOT:PSS, used as electrode material shows a two-fold 

increment in the quantal size detected compared to planar Pt electrodes [40]. Cyclic 

Voltammetry (CV) can be used to characterize electrode properties, such as 

electrochemical sensitivity, effective electrode area, stability, noise, etc [41]. Another 

purpose of CV is to distinguish between different electroactive species.  

 

In Cyclic Voltammetry (CV), a voltage ramp instead of a constant voltage is applied to 

the working electrode. During the positive voltage ramp, the analytes are oxidized at 

the electrode while they are reduced during the negative voltage ramp. Background 

current is first measured when there is no analyte in the solution. When electroactive 

analytes are present, the measured current trace will contain the oxidation and 

reduction information of the analytes. Typically, the background current is subtracted, 

and the resulting difference current is plotted vs. the applied voltage ramp, which is 
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called a difference voltammogram. 

 

 

Figure 1.5. CV measurement for 75 μM potassium ferricyanide. (a) The applied 
voltage ramp to the working electrode. The voltages on the vertical axis is the working 
electrode potential vs. reference electrode potential. (b) Black trace shows the 
background current and red trace shows the current measured with analytes. Blue trace 
shows the current with background subtracted. (c) The voltammogram indicates the 
location and amplitude of the oxidation and reduction peak. The black arrows indicate 
the voltage scanning direction. 
 

Potassium ferricyanide is commonly used as the test analyte for the characterization of 

the electrochemical properties of electrodes. During the negative scan, ferricyanide is 

reduced to ferrocyanide: 

[Fe(CN)6]8- +	e-	⇌ [Fe(CN)6];- 

and during positive scan, ferrocyanide is oxidized back to ferricyanide: 

[Fe(CN)6];-	⇌ [Fe(CN)6]8- +	e- 

In potassium ferricyanide CV, as the analyte is originally in its oxidized form, a 

negative scan is first applied at the electrode followed by the positive scan (Fig. 1.5a). 

Background current (black trace, Fig. 1.5b) is subtracted from the measured current 

with analyte (red trace, Fig. 1.5b) to obtain the difference of the two currents (blue 

trace, Fig. 1.5b). The voltammogram is generated by plotting this difference with 
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respect to the applied voltage in Fig. 1.5c in which the reduction and oxidation peaks 

can be clearly identified. 

 

The peak current of the forward negative-slope scan is described by Randles-Sevcik 

equation at 25°C is [42]: 

                        𝑖= = 268,600	𝑛
D
,	𝐴𝐷

*
,𝐶𝑣

*
,                     (1.2) 

where n is the number of electrons transferred in the redox reaction, A is the area of 

the working electrode, D is the diffusion coefficient, C is the concentration and 𝑣 is 

the scan rate.  

 

 

Figure 1.6. Voltammograms for four compounds of equal or different concentrations. 
Figure adapted from [43]. 
 

 

Voltammograms are also unique finger prints for different molecules [43]. Fig. 1.6 

shows four voltammograms for four different DA-related compounds of different 

concentration. 3,4-dihydroxy-L-phenylalanine (L-DOPA) is the precursor of DA, 

norepinephrine and epinephrine, and 3,4-dihydroxyphenylethyleneglcol (DOPEG) and 
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homovanillic acid (HVA) are the degradation products of the catecholamine. With the 

knowledge of a known CV measurement unit, the amplitudes and locations of the 

oxidation and reduction peaks can be used to distinguish the type and concentration of 

the molecules measured.  

 

A CMOS IC sensor array with CV measurement function can be used for high-

throughput characterization of the electrochemical properties of amperometric 

electrodes. With the aid of clean room technologies, different electrode materials can 

be patterned on the chip for characterization, such as Au, diamond-like carbon [39], 

[44], indium tin oxide [39], [45], and boron-doped diamond [46], [47]. This platform 

can also be used for more general electrochemical sensing applications, such as 

detecting of analytes and electrochemical impedance characterization. 
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CHAPTER 2 

SURFACE MODIFIED CMOS IC ELECTROCHEMICAL SENSOR ARRAY 

TARGETING SINGLE CHROMAFFIN CELLS FOR HIGHLY PARALLEL 

AMPEROMETRY MEASUREMENTS 

 

2.1 Abstract 

Amperometry is a powerful method to record quantal release events from chromaffin 

cells and is widely used to assess how specific drugs modify quantal size, kinetics of 

release and early fusion pore properties. Surface modified CMOS based 

electrochemical sensor arrays allow simultaneous recordings from multiple cells. A 

reliable, low cost technique is presented here for efficient targeting of single cells 

specifically to the electrode sites. An SU-8 microwell structure is patterned on the chip 

surface to provide insulation for the circuitry as well as cell trapping at the electrode 

sites. A shifted electrode design is also incorporated to increase the flexibility of the 

dimension and shape of the microwells. The sensitivity of the electrodes is validated 

by a dopamine injection experiment. Microwells with dimensions slightly larger than 

the cells to be trapped ensure excellent single cell targeting efficiency, increasing the 

reliability and efficiency for on-chip single cell amperometry measurements. The 

surface modified device was validated with parallel recordings of live chromaffin cells 

trapped in the microwells. Rapid amperometric spikes with no diffusional broadening 

were observed, indicating that the trapped and recorded cells were in very close 
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contact with the electrodes. The live cell recording confirms in a single experiment 

that spike parameters vary significantly from cell to cell but the large number of cells 

recorded simultaneously, provides the statistical significance. 

 

2.2 Introduction 

Neurotransmitters are released into the extracellular space in packages by the fusion of 

secretory vesicles with the plasma membrane, a process known as exocytosis [1]. 

Modulation of this process is an important drug target and crucial for molecular 

manipulation [48]. A narrow nanometric fusion pore forms between the secretory 

vesicle and its docking site at the cell membrane in the initial stage of exocytosis with 

the help of SNARE (soluble N-ethylmaleimide sensitive fusion protein attachment 

receptor) complexes, followed by the potential expansion of the pore and accelerated 

release of its content  to the extracellular environment [5], [49], [50]. Amperometry 

is often used to measure catecholamine, a group of neurotransmitters including 

epinephrine, norepinephrine and dopamine (DA). Upon reaching a polarizable 

electrode held at 700 mV against an Ag|AgCl reference electrode, catecholamine 

molecules are oxidized, transferring two electrons per molecule to the electrode. The 

resulting Faradaic currents can be detected and show characteristic amperometric 

spikes for each exocytosis event.  The amperometry measurement provides precise 

details about the released neurotransmitters in a single quantal event. In chromaffin 

cells, a “foot” signal preceding the onset of an amperometric spike indicates the slow 

leakage of catecholamine out of the early fusion pore [22], [49]. The subsequent 



 

17 

amperometric spikes correspond to the expansion of the fusion pore and rapid flux of 

molecules into the extracellular media [5], [23]. Amperometry reveals the release 

kinetics on the level of a single exocytotic event. It has been discovered by 

amperometry that the antihypertensive agent hydralazine does not reduce the event 

frequency but slows the rate of catecholamine release with reduced quantal size [51]. 

On the other hand, the Parkinson’s disease drug L-DOPA causes increase in quantal 

size and half width while they are reduced by  reserpine in both PC-12 and MN9D 

cells [15], [16].  

 

The properties of amperometric spikes vary from cell to cell, even from the same cell 

under the same condition [25]. Therefore, a large number of release events from a 

large number of cells must be measured and analyzed to achieve the statistical 

significance in order to quantify the effect of drugs on exocytosis events or study the 

mechanism of the formation of the fusion pore. Although conventional carbon fiber 

electrode amperometry offers precise and low noise recordings of exocytosis events, it 

only records a single cell per time and the cost of carbon fiber fabrication and time 

consuming recordings limit the efficiency of the experiments. The emerging CMOS 

technology and microfabrication techniques have significantly improved the 

electrochemical sensing systems for various biomedical and biophysical applications, 

and a variety of CMOS based bio-sensing devices have been developed recently [32], 

[52], [53]. Our lab previously demonstrated a high throughput CMOS sensor array 

platform with 100 electrodes specifically designed and optimized for amperometry 
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measurement and validated it with parallel cell recordings [30], [33], [36]. While the 

CMOS based biosensors significantly facilitate the electrochemical detection, 

targeting of the cells to the electrode sites for efficient measurement was still a 

challenge. Because the electrodes on a CMOS device only cover a fractional area on 

the entire device surface and cell density must be limited to avoid cell clumps, cells 

may not settle directly on an electrode and the released catecholamine may travel a 

long distance before detected. When cell density is too high, an electrode may record 

events from multiple cells if cells are clustered in its vicinity. Recently, SU-8 

microwell structures have been used to trap single cells on passive electrochemical 

sensor devices [38], [54]. Here we present the implementation of modified surface 

chemistry and developed a simple and time-saving cell trapping technique on active 

CMOS devices. Localization of chromaffin cells directly on or in close vicinity of the 

electrodes significantly reduces the diffusion distance and therefore time for 

catecholamine molecules to be oxidized. The single cell trapping microwell also 

minimizes the interference from activities of other cells nearby. The modified surface 

structure also provides additional insulation for the CMOS circuit to avoid any leakage 

currents, decreasing the output noise level. The application of this device will 

dramatically facilitate the study of exocytosis events and drug modulation with 

reliable amperometry measurement from chromaffin cells, dopaminergic neurons and 

other cell types. 
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2.3 Material and methods 

 

2.3.1 Amperometry sensor array fabrication 

The CMOS sensor array integrated circuit (IC) devices were fabricated at MOSIS 

through the On Semiconductor C5F/N process as previously described [30], [33]. The 

exposed electrodes are originally covered by AlCu contacts because the fabrication 

process prohibits the use of polarizable electrode material such as Pt. However, AlCu 

contacts are not polarizable and induce low resistance contact with the solution during 

measurement, leading to a high background current and fast consumption of the AlCu 

material. Therefore, Pt was deposited on the AlCu contacts as the active electrode 

material. 

 

Post fabrication to deposit Pt as a polarizable electrode material on the original Al 

contact was performed in house after receiving the chip using photolithography. To 

overcome the possible pattern distortion due to the edging effect during spin coating of 

photoresist on such a small device, a holder with the exact dimension to fit the CMOS 

die was fabricated by dry etching (Unaxis 770) on a silicon wafer, providing better 

handling and pattern transfer. The CMOS die was bonded inside the holder with epoxy 

(DOUBLE/BUBBLE Epoxy). 

 

To avoid possible defects such as incomplete coverage of the AlCu contacts with Pt, a 

shifted electrode strategy was implemented to redefine the position and shape of the 
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working electrodes, as shown in Fig. 2.1(a). In addition, the insulation layer also 

provides a structure to trap cells on the chip, targeting one cell per electrode. The chip 

was spin coated with LOR 5A (Microchem) at 2000 RPM for 45 seconds followed by 

a soft bake at 180°C for 5 min. It was then spin coated with Shipley S1813 at 4000 

RPM for 30 seconds and soft baked at 90°C for 1 minute. A post exposure bake was 

performed at 115°C for 1 minute after exposure, followed by development of the 

photoresist using MF321 for 1 minute. The chip was descummed with YES Asher 

before metal deposition. A sputtering system (AJA International Inc.) was used to 

deposit a Ti adhesion layer (60 s, 10 nm) and Pt (500 s, 250 nm) with 400 W power on 

the AlCu contacts to achieve a uniform metal film as well as a good side wall 

coverage for electrical connection, which is crucial for the shifted electrode design. 

The lift-off process used Remover PG (Microchem) at 40°C to dissolve LOR 

overnight. To fabricate the insulation layer and cell trapping microwells, SU-8 2025 

(Microchem) was spin coated on the device at 4000 RPM for 1 minute to achieve a 

thickness of 16 µm. The chip was soft baked at 65°C for 3 min and then 95°C for 5 

min before exposure using a 350 nm filter. Subsequently, a post exposure bake at 

65°C for 1 min and then 95°C for 5 min was performed before the device was 

developed in SU-8 developer (Microchem) for 6.5 min with mild agitation. The device 

was baked at 200°C for 10 minutes to cure the cracking of the SU-8 layer during 

development. SU-8 as an insulation layer or mold for microfluidic devices is rarely 

patterned to features with high aspect ratio (defined as the depth divided by the width) 

because it is challenging to develop the photoresist homogeneously since the fresh 
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developer may not enter the deep wells or channels efficiently due to its hydrophobic 

nature. In our case, the aspect ratio for the microwells is ~1.3, which is quite high 

considering the densely-packed sensor array. To solve the issue, the chip was treated 

with a strong stream of oxygen plasma using Gasonics Aura 1000 resist stripper for 30 

seconds after SU-8 development. The oxygen plasma helps removing any 

undeveloped SU-8 residual on the electrode to solve the development issue, as well as 

making the surface more hydrophilic [55]. About 1μm of the SU-8 layer was etched 

during the final descum process. Fig. 2.1(b) shows the cross-sectional and top view 

pictures for the 20μm in diameter and 15μm thick cell trapping microwells. In the 

present design, the working electrodes in Fig. 2.1(b) cover only a portion of the 

bottom of the microwells, which was chosen to avoid the risk of conducting 

connections between two adjacent electrodes that could be present if the Pt lift-off is 

imperfect. If the Pt electrode would cover the entire well the adjacent Pt area would be 

very close, introducing be a risk that some adjacent electrodes may be shorted together 

after the lift-off process. The final structure of the entire sensor array is shown in Fig. 

2.1(c).  

 

The die was attached and wire bonded on a side-braze Dual in-line Package (Addison 

Engineering, San Jose, CA, USA). Silicone (RTV 615, GE) was applied to insulate the 

device except for the center sensor array area to prevent the wires and pads contacting 

with the solutions. 
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2.3.2 Buffer and DA solutions 

Standard extracellular solution contained (in mM) 140 NaCl, 5 KCl, 1 MgCl2, 10 

HEPES/NaOH with pH adjusted to 7.3 and the osmolality adjusted to 315 mmol/kg 

with glucose. The high K+ stimulation buffer contained 105 KCl, 5 CaCl2, 0.7 MgCl2, 

10 HEPES/NaOH with pH adjusted to 7.3 and the osmolality adjusted to 315 mmol/kg 

with glucose. DA testing solution contained 420μM DA in standard extracellular 

solution. The device was first covered with 100 μL standard extracellular solution and 

20 μL DA testing solution was injected from a pipette resulting in a final DA 

concentration of 70μM. 

 

Figure 2.1. (a) Post-fabrication flow of the shifted electrode design with SU-8 
microwells. (b) Cross-sectional and top view of the schematic of the microwell 
structure. The dimensions of the microwell are designed to fit the size of a single 
bovine chromaffin cell. The dimensions for the cross-sectional image are not to scale. 
(c) Optical micrograph of the entire sensor array with the shifted electrode design and 
microwell structure. On the original AlCu contacts Pt was deposited and further 
covered with SU-8 to prevent any risk of contacting with the solution. 
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2.3.3 Cell preparation and culture on the device 

Bovine adrenal glands were collected from a local slaughter house and bovine adrenal 

chromaffin cells were prepared as previously described [56]. For same day 

measurements, a cell suspension was plated directly on chip. For longer culturing time, 

cells were cultured in flasks in the incubator at 37°C and 8% CO2 for up to 4 days and 

re-suspended for application to the chip. 20μL of cell suspension in media with 10,000 

cells was added on the device and cultured in the incubator at 37°C and 8% CO2 for 

2h. Before the recording, the culture media was exchanged with 40μL of standard 

extracellular solution. Stimulation of the cells was performed by injecting 80μL of the 

high K+ stimulation buffer, resulting in a final K+m concentration of 70 mM. 

 

2.3.4 Sensor array preparation for cell trapping 

The method described in [38] was modified to a simplified and time saving protocol 

for cell trapping. Isopropanol and milli-Q water were used to rinse and clean the 

CMOS sensor. The sensor array was covered with 100 μL of 0.0025% Poly-L-Lycine 

(PLL) for 1 h and then placed in the incubator at 37°C for 2 h. It was then treated with 

CO2 gas flow and covered by 20 μL media for 4h to ensure complete wetting of the 

microwells with the solution.  

 

2.3.5 Biosensor recording and data acquisition and analysis 

A grounded Ag|AgCl reference electrode was inserted into the buffer solution before 

the recording. On-chip electrodes were set at 700 mV against the reference electrode. 
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Clock signals and power supplies were applied to operate the chip. A sampling rate of 

2000 S/s was used for each electrode for both the DA and cell recordings. The analog 

outputs were converted to digital signals through NIDAQ PXIe-6368 (National 

Instruments, Austin, TX) and collected by the computer using Igor Pro 6 

(Wavemetrics). Raw data was then demultiplexed based on the sampling rate and 

filtered by 5-s binomial smoothing in Igor Pro 6. Amperometry data analysis for live-

cell recordings was performed using IGOR based Quantal Analysis software [57]. 

 

2.3.6 Random walk simulation for DA diffusion 

Random walk simulations for DA diffusion on the electrode array were performed 

based on a user written procedure in IGOR Pro 6 described previously [50], [58]. The 

diffusion coefficient of DA molecules was taken to be 6×10-6 cm2/s, the typical 

diffusion coefficient of DA in free solution [59]. The total simulated volume was 

formed by the 450 µm x 270 µm surface of the chip with the electrode geometries 

from the chip as shown in Fig. 2.1 and a 50 µm high solution covering the chip surface. 

Since the depth of the microwells was small compared to the lateral dimensions, the 

microwell structure was not included in the simulation set-up. During the simulation a 

total of 1 billion molecules was injected at the position where in the real measurement 

the first current response occurred and this time point was defined as t=0. When a 

molecule made contact with an electrode it was counted and removed from the 

simulation, corresponding to the oxidation and consumption of the molecules in the 

experimental measurement. The number of detected molecules in 10 ms time intervals 
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was taken as a measure of the amperometric current for a given electrode. 

 

2.4 Results 

 

2.4.1 DA diffusion on the chip surface 

For a basic response test of the chip, DA solution in standard extracellular buffer was 

applied from a pipette onto the chip for 70 μM final concentration and the currents 

reported by the sensor array are shown in Fig. 2.2(a). The colors indicate for each 

pixel the measured current amplitude as shown on the side legend. Labels above each 

image indicate the time after DA injection. The DA molecules first appeared on the 

bottom right region of the sensor array, and then diffused to other parts of the sensing 

area. The chip clearly displayed the diffusion path of DA and revealed the relative DA 

concentrations through current levels at each electrode. Fig. 2.2(b) shows random 

walk simulation results for the DA molecules. The start point of the simulation was 

chosen to be located at the electrode position at which the first DA signal appeared in 

the experiment. Although the concentration profile of DA on the chip is complicated, 

the measured current represents the local concentration at the surface of each electrode. 

The concentration profiles obtained in the simulation closely matched the 

experimentally measured profiles and the diffusion time course. Using the midpoint 

(half maximal) current levels on the surface plane along the vertical direction was 

taken as the average diffusion distance as an estimate, the simulation results showed 

~25% smaller average diffusion distances of the DA molecules compared to the 
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measured data. The difference may be due to the shallow height of the solution layer 

(50 µm) in diffusion model used for the simulation and also possible directed flow 

induced by the injection. In the simulation the confinement in the shallow volume 

leads to a higher probability of a molecule to hit an electrode and be oxidized, leading 

to a reduced apparent diffusion rate. Nevertheless, the close similarity of the measured 

and simulated diffusion patterns validates the function of the device incorporating the 

SU-8 microwell structure for measuring oxidizable molecules. 

 

 

Figure 2.2. (a) Visualization of DA diffusion on the surface of the chip. The colors for 
the pixels are based on the current levels measured at each electrode, as depicted on 
the legend. (b) Simulated results for DA diffusion on the chip surface. The colors for 
the pixels are normalized based on the number of DA molecules reaching the 
electrodes. 
 

 

2.4.2 Cell trapping in SU-8 microwells 

To examine the cell trapping efficiency of the device, the device was first treated with 

CO2 gas flow and covered by 20 μL media for 4h. CO2 treatment was performed to 

replace the air inside the microwells with CO2 gas, which dissolves better in aqueous 

solutions, reducing the appearance of air/gas bubbles. Further wetting with a small 
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amount of media of buffer solution also improved the wettability of the microwells. 

Bovine chromaffin cells were cultured in media on chip for 2h before washed with 

standard extracellular buffer. Only cells firmly attached to the chip surface remained 

after the wash. Totally 37 out of 100 microwells on the device in Fig. 2.3 trapped cells 

inside, as marked with blue circles. Among the microwells with cells trapped, 32 

microwells had a single cell inside while 3 microwells had two cells trapped and 2 

microwells had three cells trapped, resulting in a single cell trapping efficiency of 32%. 

No cells were attached on the SU-8 layer in the sensing area after the wash. The 

average targeting efficiency from 14 independent experiments was 22 ± 7% (mean ± 

SD). 

 

PLL promotes the adhesion of cells on the coated surface. It is interesting to note that 

few cells were seen being attached to the SU-8 covered areas on the chip surface. One 

possible reason could be that the adsorption of PLL on the overglass and the Pt 

electrodes of the chip is very high, but much less efficient on SU-8 due to its 

hydrophobic nature. The additional heating at 37°C in the incubator further weakens 

the bonding between PLL and SU-8. Thus, cells may not attach easily on the SU-8 

layer due to its hydrophobicity and the described treatment, leading to selective cell 

adhesion at the electrode sites of the surface treated sensor array. Another possible 

explanation is that the microwells trapping cells cover a large area of the chip surface 

and therefore there is less chance that the cell will be settled on the SU-8 layer. It is 

noteworthy that the depth of the microwells and the aspect ratio play a significant role 
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for cell trapping efficiency. For bovine chromaffin cells, devices with microwell depth 

below 12μm or an aspect ratio below 0.6 did not show significant cell trapping in the 

microwells. Once a well is occupied by a cell, there is a possibility that another cell 

will settle down on top of it, which is not ideal for long culture times. To remove 

overlapping cells the chip was washed with fresh media a few times during the culture. 

The efficient targeting provides great potential to facilitate the parallel recording of 

single cell amperometry measurement with precise and reliable results.  

 

 

Figure 2.3. Micrograph of the sensor array with loaded cells. Cells are trapped in 37 
microwells with 32 of them occupied by a single cell. No cells are attached on the SU-
8 layer within the sensing area. 
 

 

2.4.3 Live Chromaffin Cell Recordings 

To demonstrate the viability of live cell measurements, a bovine chromaffin cell 

suspension was plated on the device and and allowed cells to settle for 2h in the 

incubator. After washing with the standard extracellular buffer to remove unattached 

cells, the remaining cells were stimulated with high K+ stimulation buffer to trigger 
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exocytosis events, which were recorded by the data acquisition system at 2kS/s. Fig. 

2.4 shows the amperometry recordings for 4 selected cells. Individual amperometric 

spikes are shown on expanded scale in the black boxes. Microscope images of the 

individual trapped cells generating the corresponding responses are also shown. 10 s 

after the beginning of the recording, the cells were triggered with the stimulation 

buffer for exocytosis events and each amperometric spike indicated a quantal release 

event. The baseline was stable with an average noise level of 150 fA at 2kS/s. Based 

on our estimation, exocytosis events down to approximately 7000 molecules should be 

detectable. A very small amperometric spike is shown in Fig. 2.5, which has a quantal 

size of 3.334 fC or approximately 10400 molecules, which is very close to the 

estimated limit and resembles the average quantal size measured in dopaminergic 

neurons using carbon fiber amperometry [60]. The analysis of the top right trace in Fig. 

2.4 reveals 66 clear events with 31 of them having a foot signal. Events with a 

maximum current below 500 fA were not included in the analysis. The mean half 

width of all events was 9.76 ± 0.63 ms (mean ± SEM), which is typical for an 

exocytosis event close to the electrode [61]. Mean quantal size, mean maximum 

current, mean foot duration and mean foot amplitude for this cell were 0.114 ± 0.02 

pC, 4.35 ± 0.63 pA, 14.69 ± 4.54 ms and 0.34pA ± 0.05 pA (mean ± SEM), 

respectively.  
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Figure 2.4. Amperometry recordings for live chromaffin cells on chip. Four selected 
traces for four cells are demonstrated. Example amperometric spikes are zommed in in 
the black boxes. The cells corresponding to the four traces are shown in the 
microscopic images. Cells were settled down individually in the wells and directly on 
the electrodes during the recording. 
 

 

Figure 2.5. A small amperometric spike (showing with a blue arrow) with a quantal 
size of 3.334 fC or approximately 10400 molecules. The quantal size is close to the 
detection limit of the sensor array, which is approximately 7000 molecules. 
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Events from 28 cells were analyzed with the same approach. The results from 5 

individual cells and the mean values from all 28 cells are shown in Fig. 2.6. Mean 

spike parameters for each individual cell/electrode are shown as white bars. The error 

bar is in SEM. The numbers in parenthesis indicate the number of events analyzed. 

649 events from 28 cells were detected in total and the quantal sizes ranged from 

0.0033pC (~10400 molecules) to 9.48pC (~29.6 million molecules). The small mean 

half width shows that there was no significant diffusional broadening due to the long 

traveling distance of released molecules to the electrode [58], [61], and therefore the 

cells were in close proximity to the electrodes ascribed to the cell trapping microwells. 

It is apparent that spike parameters vary significantly from cell to cell and therefore it 

is of great importance to achieve the statistical significance by collecting data from a 

large number of cells [25], which again emphasizes the potential of the surface 

modified sensor array for amperometry recordings characterizing modulation of 

release by specific drugs and molecular manipulations.  
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Figure 2.6. Amperometric parameters for cells/electrodes with error bar in SEM. Each 
column indicates one single cell. The parameters for five selected cells are shown in 
the chart for comparison. The number in the parenthesis is the number of events 
analyzed. Data from 28 cells and 649 events are analyzed in total. Standard method is 
to calculate the mean of cell median values (patterened with diagonal lines). For 
comparison, mean of cell mean values (patterned with dots) and mean of all events 
(grey) are also shown. Note that for mean of means and mean of medians “n” is the 
number of cells. 
 

2.5 Discussion 

CMOS based sensor arrays with on-chip amplifiers greatly facilitate the 

electrochemical measurement in multiple fields, especially for measuring activities 

from neurons, embryoid bodies, or tissues  as [34], [55], [62] they are large and 

occupy multiple electrodes for recording. However, for single cell measurements the 

recordings are usually less successful because it is not trivial to target cells 

individually to the electrodes. Cells are usually plated on the device and targeted by 
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chance [33]. It is possible to use a glass micropipette to precisely place a cell on the 

electrode [39], but it requires intensive labor and only one cell can be placed each time.  

 

Microelectrode arrays have been fabricated in recent years to measure quantal release 

events [44], [63]–[65]. Some targeted at amperometry in combination with random 

walk simulation and Total Internal Reflection Fluorescence Microscopy (TIRF) [39], 

[50], [58]. Although the devices enable amperometry and TIRF imaging 

simultaneously, these arrays rely on external amplifiers and are not suitable for large 

scale parallel recordings of many cells. Two approaches were developed to multiplex 

the outputs and reduce external connections [66]. However, the approaches still 

require external amplifiers and due to the need of external connections, the size of the 

array is not scalable. The device we demonstrated in this work features on-chip 

amplifiers and multiplexing architecture with 100 electrodes with cell trapping wells 

and is suitable for the application to study the quantal release events from a large scale 

of samples. We are currently extending the device to 1,000 electrodes, a number that 

cannot be achieved using external connections for each electrode.  

 

Various materials have been tested as electrodes for amperometry, including diamond-

like carbon [39], [44], indium tin oxide [39], [45], boron doped diamond [46], [47], 

and graphitic electrodes embedded in a diamond substrate [46], [63], [67]–[69]. Each 

of these materials has their unique property for measuring quantal release events. 

While most of these materials cannot be straightforwardly deposited on a CMOS 
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device as the device is easy to be damaged under various conditions, some such as 

boron doped diamond have been successfully integrated on the CMOS electrode 

arrays with a bonding interlayer [70]. Conducting polymers are also potential 

candidates for electrode materials. PEDOT:PSS microelectrode fabricated using the 

lithography techniques were successfully used for amperometry measurements with 

chromaffin cells [40]. This provides the potential of incorporating different kinds of 

materials on the CMOS chip as electrodes to characterize and take advantages of their 

properties. Other molecules, such as glucose and lactate, can also be detected by 

binding glucose oxidase and lactate oxidase on the Au electrodes [53].  It is possible 

to immobilize oxidases and enzymes on the electrode for our device to measure 

various kinds of cells and activities. 

 

Cells that are trapped at the bottom of the microwells will not be easily washed away 

and therefore enable the recording one cell per electrode. However, the wash is 

performed manually and a harsh wash may still remove the cells from the wells if not 

controlled properly. A cell trapping microfluidic device was fabricated to 

automatically target individual cells to the electrodes [71]. A two layer structure for 

microfluidic device was also developed on a silicon substrate [72], which makes it 

possible to fabricate microfluidic devices on CMOS chips. Such microfluidic device 

may enable standard fully automatic protocols for high throughput and high 

reproducibility. 
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In this work, we have presented a CMOS based electrochemical sensor array for 

amperometry measurement with modified surface structure for cell trapping. We have 

shown that the surface SU-8 microwell structure can provide a better insulation for the 

circuitry as well as enable cell trapping inside the microwells. The DA diffusion 

experiment revealed that the hydrophobic nature of the SU-8 layer could be 

chemically and physically modified through oxygen plasma treatment and CO2 gas 

flow for exchange of the air bubbles in the microwells for better wettability of 

solutions, and proved the sensitivity of the electrodes. For 9 chips from the same post-

fabrication batches without these treatments, none of the electrodes detected current 

signals while adding the dopamine solution, indicating that the oxygen plasma and 

CO2 treatment was highly effective. The single cell targeting efficiency for the cell 

trapping microwells was 22.2 ± 6.9% (mean ± SD) and no cells were observed on the 

SU-8 layer in the active sensing area. The trapped cells were in very close vicinity to 

the electrodes, resulting in rapid amperometric spikes, and no diffusion broadening 

due to the long travel distance of catecholamine was found. The ultralow noise level 

for the sensor array at 2 kS/s was ~200 fA, with an estimation of a quantal size 

resolution of ~7000 molecules. This resolution is sufficient to resolve quantal release 

events from dopaminergic neurons [60]. The live cell recording demonstrated that 

spike parameters vary significantly from cell to cell. Therefore, it is of great 

importance to collect a large number of data to achieve the statistical significance, and 

the presented CMOS based sensor array can greatly improve the efficiency of 

amperometry measurement. 
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The SU-8 surface microwell structure and the cell trapping protocol we designed in 

this work, together with the CMOS biosensor, significantly simplifies the single cell 

amperometry measurement. Cell suspensions can be plated directly on the chip, and 

cells can be trapped automatically without any more manipulations. For each chip, it 

only takes about 10min from taking the chip out of the incubator to finish the 

recording, and tens of cells, depending on the targeting efficiency, can be recorded in 

parallel. 

 

In recent years, many dopaminergic drugs such as afobazole, citalopram and 

bupropion have been studied in terms of secretion, the total amount of transmitter 

discharged after the stimulation [73]–[76]. However, the effects of these drugs on the 

frequency, quantal size and kinetics of individual release events are unknown. 

Amperometry provides the technique of measuring neurotransmitter releasing kinetics 

for drug treated cells. The mechanism of the antihypertensive agent hydralazine was 

first explained in terms of exocytosis kinetics by amperometry and was found to slow 

the rate of catecholamine release from the release events but not the frequency of the 

exocytosis events [51]. Similar experiments can be performed on other drugs, which 

affect catecholamine release to reveal the effect of the drugs on the single cell and 

single release event level. The CMOS sensor array we developed in this work can 

greatly improve the efficiency of these experiments. 
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As shown in Fig. 2.5, individual release events with a quantal size of ~10,000 

molecules, which is typical for dopaminergic neurons [60] are clearly detectable, 

opening the possibility to apply the CMOS chip design presented here for 

measurements of quantal release from dopaminergic neurons. However, the average 

half-width of amperometric spikes from rat dopaminergic neurons is ~100 μs [60]. To 

resolve the kinetics of such release events, a sampling rate of 20-40 kS/s and 

correspondingly shorter integration times will be necessary and he increased sampling 

rate will increase the noise level. At 2 kS/s, the rms noise is around 150 fA and the 

estimated noise levels at 20 kS/s and 40 kS/s will be 474.34 fA and 670.82 fA, 

respectively, as the noise is approximately proportional to the square root of the 

bandwidth [77]. Nevertheless, typical amperometric events from dopaminergic 

neurons will be clearly resolved because the peak amperometric currents reported for 

rat dopaminergic neurons are around 10-20 pA [60] and a noise level <1pA will 

provide an excellent signal to noise ratio. The noise effectively determines the 

detection limit of charge with shorter events having larger amplitude for the same 

charge. The event illustrated in Fig. 2.5 has a long duration with a half width of about 

11 ms but a small amplitude of approximately 0.25 pA. For the same quantal size of 

10,000 molecules, an event with 100 μs half width would produce a 100times larger 

amplitude of 25 pA, consistent with the range of 10-20 pA peak amperometric 

currents reported for CFE measurements on dopaminergic neurons [60]. 

 

Culturing neurons on a CMOS-based chip for 3 to 4 weeks has been reported [34] and 
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will likely be feasible. For such neuron cultures deep microwells will, however, not be 

incorporated. The SU-8 insulation layer will instead be replaced by a glass (SiO2) 

insulation layer with a thickness <1 μm [78] to allow the neurons to attach to the 

surface and also to have their release sites in direct contact with the electrodes . 

Neurons extend dendrites and axons over large distances, which are expected to 

extend over multiple electrodes. The electrode array design described here is scalable 

and a 1,024 electrode design is currently in progress. We expect that the CMOS chip 

design with its excellent noise properties will maker it possible to record 

simulatenously from multiple release sites from one or multiple neurons.  The CMOS 

chip described here therefore provides a much better temporal resolution and in 

addition spatial resolution compared with the conventional CFE method and also 

compared to other possible CMOS chip designs capable of amperometry 

measurements [52] because the compact amplifier circuit we are using enables a much 

smaller pitch and therefore particularly high density of electrodes on the array. 

 

2.6 Note to Chapter 2 

The work described in Chapter 2 was done with the contribution from other co-authors; 

Meng Huang designed the work, performed the fabrication of the CMOS IC chip and 

surface modified structures, and conducted the experiments and the data analysis; 

Joannalyn B. Delacruz prepared the materials and conducted the experiments; John C. 

Ruelas designed the data acquisition board; Shailendra S. Rathore prepared the 

materials and the chromaffin cells; Manfred Lindau designed the work. The authors 
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CHAPTER 3 

DRUG TESTING CMOS CHIP REVEALS DRUG MODULATION OF 

TRANSMITTER RELEASE FOR POTENTIAL THERAPEUTIC 

APPLICATIONS 

 

3.1 Abstract 

Neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s disease and 

Huntington’s disease, are considered incurable and significantly reduce the quality of 

life of the patients. A variety of drugs that modulate neurotransmitter levels have been 

used for the treatment of the neurodegenerative diseases but with limited efficacy. In 

this work, an amperometric Complementary Metal-Oxide-Semiconductor (CMOS) 

chip is used for high throughput drug testing with respect to the modulation of 

transmitter release from single vesicles using chromaffin cells prepared from bovine 

adrenal glands as a model system. Single chromaffin cell amperometry was performed 

with high efficiency on the surface modified CMOS chip and follow-up whole cell 

patch clamp experiments were performed to determine the Readily Releasable Pool 

(RRP) sizes. We show that the antidepressant drug bupropion significantly increases 

the amount of neurotransmitter released in individual quantal release events. The 

antidepressant drug citalopram accelerates rapid neurotransmitter release following 

stimulation and follow-up patch clamp experiments reveal that this is due to the 

increase of the pool of readily releasable vesicles. These results shed light on the 
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mechanisms by which bupropion and citalopram may be potentially effective in the 

treatment of neurodegenerative diseases. These results demonstrate that the CMOS 

amperometry chip technology is an excellent tool for drug testing to determine the 

specific mechanisms by which they modulate neurotransmitter release. 

 

3.2 Introduction 

With increasing human life expectancy, the incidence of neurodegenerative diseases 

has been increasing over the decades and yet the mechanisms behind these diseases 

are still not fully elucidated [14], [79]. For the treatment of these diseases drugs that 

modulate transmitter release play an increasingly significant role. Thus, techniques for 

high throughput testing and characterization of drugs that may potentially modulate 

transmitter release are urgently needed. The most commonly used treatment for 

Parkinson’s Disease (PD), L-Dopa, increases the quantal size of transmitter release 

events [80], [81]. Cognitive decline in Alzheimer’s Disease (AD) is associated with 

the interplay among different neurotransmitters, including dopamine, serotonin, 

noradrenaline or glutamate [14]. Among the symptoms in PD, AD and Huntington’s 

Disease (HD), depression is commonly found accompanying these diseases [82]–[85], 

making the treatment more complex.  

 

Bupropion and citalopram, are antidepressant drugs. Ever since its first introduction in 

the 1980s, Bupropion has been widely used as a prescription drug for depression 

treatment. However, its mechanism of action remains unclear [86], [87]. Bupropion is 
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a dopamine and norepinephrine reuptake inhibitor [88]–[90], a vesicular monoamine 

transport enhancer for cytoplasmic dopamine to accumulate in vesicles [91] and an 

anti-inflammatory drug [92]. It has been reported that bupropion is also an effective 

drug for the treatment of PD for some patients [82]. Citalopram is considered a 

selective serotonin reuptake inhibitor [76], [93], [94] and restores short-term memory 

deficits in AD patients [95]. While a few studies reported modulation of transmitter 

release in synaptosomes and in rat brain by bupropion or citalopram [93], [96], there 

are no studies investigating how bupropion and citalopram modulate frequency, 

quantal size, and kinetics of individual transmitter release events on a single cell, 

single event level and the relation of these mechanisms with the efficacy of 

neurodegenerative disease treatment.  

 

Amperometry is a powerful method to characterize quantal transmitter release events 

measuring the kinetics, quantal size and fusion pore properties of exocytosis in 

exquisite detail. In amperometry, neurotransmitters released from the cells, such as 

dopamine, norepinephrine and epinephrine, are oxidized at the electrode which is 

typically set at 700 mV vs. a Ag|AgCl electrode, generating an oxidation current 

which reflects the quantal size and kinetics of the vesicle release event. Recent 

advances on Complementary Metal-Oxide-Semiconductor (CMOS) technology have 

provided technology for development of CMOS based biosensors, including devices 

specifically designed for amperometry measurements [29], [30], [33], [36], [97]. 

CMOS technology features highly customizable and scalable electronic chip design, 
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which enables the integration of several electronic components such as electrodes and 

amplifiers on one chip. These devices typically feature 100-1000 working electrodes 

on a small ~15 mm2 silicon substrate with potentiostats and amplifiers integrated on 

chip. SU-8 microwell structures have also been incorporated on chip for reliable, 

precise and highly parallel single cell trapping at individual electrodes, facilitating the 

measurement efficiency [26]. Here, we employed surface modified CMOS devices 

with integrated microwells for amperometric parallel recordings to measure 

simultaneously the effect of bupropion or citalopram on the quantal size, kinetics, and 

frequency of transmitter release on multiple single cells on the single vesicle level. 

The aim of this study is to relate the therapeutic potential of bupropion and citalopram 

to a mechanistic understanding of the modulation of the quantal release process by 

these drugs. 

 

3.3 Materials and methods 

 

3.3.1 Ethical and experimental information 

Institutional ethical approval was not required for this study. This work was not pre-

registered. No blinding procedures were performed. 

 

3.3.2 Buffer solutions 

Standard extracellular buffer contained (in mM) 140 NaCl (CHEBI: 26710, cat no.: 

7581-06, Macron Fine Chemicals), 5 KCl (CHEBI: 32588, cat no.:6858-04, 
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Mallinckrodt Chemicals), 1 MgCl2 (CHEBI: 6636, cat no.: AM9530G, Thermo Fisher 

Scientific), and 10 HEPES (CHEBI: 46756, cat no.: 15630080, Gibco)/NaOH (CHEBI: 

32145, cat no.: 72074, Fluka Chemika) with pH adjusted to 7.3 and the osmolarity 

adjusted to 315 mmol/kg with glucose (CHEBI: 42758, cat no.: D16-500, Fisher 

Scientific). The high K+ stimulation buffer contained (in mM) 105 KCl, 5 CaCl2 

(CHEBI: 3312, cat no.: 21115, Sigma-Aldrich), 0.7 MgCl2, and 10 HEPES/NaOH 

with pH adjusted to 7.3. FFN511 (cat no.: ab120331, Abcam, 2017) was dissolved in 

dimethyl sulfoxide to make 20 mM stock solutions. Shortly before the experiment, 

FFN511 solution was diluted with standard buffer with a final concentration of 7 μM. 

The FFN511 contained standard buffer was further adjusted with an osmolarity of 315 

mmol/kg. 5 μM Bupropion hydrochloride (CHEBI: 3220, cat no.: B102, Sigma-

Aldrich, 2017) was added to the standard extracellular buffer and the high K+ 

stimulation buffer, respectively. The resulting bupropion contained standard buffer 

and stimulation buffer were further adjusted to an osmolarity of 315 mmol/kg. 

Citalopram hydrobromide (CHEBI: 3724, cat no.: C7861, Sigma-Aldrich, 2017) was 

added to the standard extracellular buffer and the high K+ stimulation buffer at a final 

concentration of 1 μM, respectively. The resulting citalopram containing buffers were 

further adjusted to an osmolarity of 315 mmol/kg. The high K+ stimulation buffer used 

in bupropion and citalopram experiments contained the same concentration of 

bupropion and citalopram with the corresponding standard buffer to maintain the same 

drug levels in the cells during the recordings after stimulation. For barium experiments, 

calcium was replaced by 5 mM BaCl2 (CHEBI: 86153, cat no.: 11760, Fluka Chemika) 
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in the extracellular buffer for stimulation of the cells. 

 

The cell preparation buffer contained (in mM) 118 NaCl, 3.3 KCl, 1 NaH2PO4.H2O 

(CHEBI: 37585, cat no.: 7892, Mallinckrodt Chemicals), 1 MgSO4.7H2O 

(CHEBI:32599, cat no.: M63-500, Fisher Scientific), 10 glucose, 25 HEPES-

NaOH, 2 L-Glutamine (CHEBI: 18050, cat no.: 25030-081, Gibco), 100 units-

mg/mL Pen-Strep (cat no.: 15140-122, Gibco), 0.1 mg/mL Gentamycin (CHEBI: 

102135, cat no.: 15750-060, Gibco), supplemented with MEM vitamins (cat no.: 

11120-052, Gibco) and MEM amino acids (cat no.: 11140-050, Gibco) according 

to manufacturer’s instructions. Collagenase buffer is made by adding 1 mg/mL 

collagenase (CHEBI: 3823, cat no.: C0130, Sigma-Aldrich) to the cell preparation 

buffer with Bovine Serum Albumin (BSA, cat no.: A7906, Sigma-Aldrich). 

 

The culture media contained (in mL) 200 Dulbecco’s modified eagle medium/nutrient 

mixture F-12 (cat no.: 10565-018, Gibco), 200 Ham’s nutrient mixture F-12 (cat no.: 

11765-054, Gibco), 40 fetal bovine serum (cat no.: 16000-044, Gibco), 4 Pen/strep, 4 

L_Glutamine (0.2 M), 9 HEPES/NaOH (1M), 4.6 Insulin-Transferrin-Selenium-

Ethanolamine (100X, cat no.: 51500-056, Gibco). All custom-made materials will be 

shared upon reasonable request. 

 

3.3.3 Amperometry sensor array fabrication 

The CMOS sensor array integrated circuit (IC) devices with SU-8 trapping wells 
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(RRID: SCR_017082) were fabricated and prepared as previously described [26], [33]. 

After post-fabrication, the devices were conditioned by culturing live chromaffin cells 

on the devices for a week, followed by cleaning with water. The devices were further 

conditioned by culturing live chromaffin cells for a second week. For re-use of the 

devices after each measurement, the devices were cleaned with strong stream of water. 

 

3.3.4 Cell preparation and culture on the device 

Two bovine adrenal glands were provided by a local slaughter house (Owasco Meat 

Co., Inc., Moravia, NY, USA) and used for each preparation of chromaffin cells to 

achieve the maximum available number of cells.  Bovine chromaffin cells were 

prepared as previously described [56]. The bovine chromaffin cell preparations were 

performed in accordance with an institution approved protocol (1999-0015). Briefly, 

glands were cleaned and perfused through the aortal opening by connecting to a 

perfusion setup having carbogen flow of 3-4 bubbles per second all the time. The 

perfusate was allowed to drain through the several cuts made at the distal end of 

the gland for 1hr at 370C. Then glands were digested by another perfusion with 

collagenase buffer for 1hr at 370C, followed by being cut and opened in a sterile 

dish kept inside a laminar flow hood to collect the medulla in smallest possible 

clumps. All the clumps were gently homogenized and re-incubated with 

collagenase buffer in a sterile closed flask vented for carbogen flow. After 1hr 

incubation at 370C cells were filtered and washed twice with cell preparation 

buffer with BSA by centrifugation at 500 rpm for 10 min. Cell pellet was re-
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suspended in culture medium and filtered before plating onto the device. 

 

Four cell preparations were used for bupropion experiments and three for citalopram 

experiments. Two cell preparations were used for citalopram barium experiments. Cell 

suspension solution was plated directly on chip for same day measurements. 20 μL of 

media was plated on the device and placed in the incubator at 37ºC and 8% CO2 for 4h. 

Another 20 μL of cell suspension in media with 12,000 cells was then added on the 

device and cultured in the incubator at 37ºC and 8% CO2 for 2h.  

 

Before amperometric on-chip recording for the control group, the culture media on the 

devices was exchanged with 40 μL of standard extracellular solution. To stimulate all 

the cells on the chip simultaneously, stimulation was performed by addition of 80 μL 

of the 105 mM K+ stimulation buffer to the 40 μL volume of standard extracellular 

solution already present, resulting in a final K+ concentration of 70 mM. For drug 

treatments, the culture media on the devices was exchanged with 80 μL of buffer 

containing either 5 μM bupropion or 1 μM citalopram and incubated for 15 min or 30 

min. For stimulation, 40 μL of drug containing buffer was removed and 80 μL of the 

bupropion or citalopram containing high K+ stimulation buffer added, providing a 

final K+ concentration of 70 mM.  

 

FFN 511 on chip fluorescence imaging was performed with a Zeiss Axioskop 2 FS 

plus microscope with a Zeiss Achrostigmat 5x/0.12 objective lens. Fluorescence 
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excitation was generated by a mercury arc lamp (HBO 100) through a 395-440 nm 

excitation filter and a 460 nm dichroic. The emission fluorescence passed through a 

535 nm emission filter and the images were acquired with a CMOS camera (AmScope 

MU 500). 

 

3.3.5 Sensor array recording, data acquisition and amperometric spike analysis 

The experimental set up and data acquisition were previously described [26]. The set 

up includes a custom-assembled breadboard which provides the necessary electrical 

connection for the CMOS chip, two DC power sources (36311A, Keysight 

Technologies, CA, USA), and a multifunction data acquisition module (PXIe-6368, 

National Instrument, TX, USA). Data acquisition was performed using NIDAQ Tools 

MX interface based on Igor Pro 6.2. The sampling rate for all experiments was 2kS/s. 

Amperometry data analysis for live cell recordings was conducted with IGOR-based 

Quantal Analysis software [57]. Quantal size, maximum current, half width, 

parameters for the rising phase, foot current, foot duration and foot quantal size were 

used to compare between the treated and the control groups. The foot amplitude is 

determined as the ratio of the foot quantal size and the foot width.  

 

3.3.6 Whole-Cell patch clamp recording 

Standard whole-cell patch clamp recordings were performed as previously described 

[98] to measure capacitance changes and Ca2+ currents and determine Readily Release 

Pool (RRP) size. Patch pipettes were pulled to have resistances of around 3 MΩ with 
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intracellular solutions. Data were recorded with an EPC-9 amplifier and sampled at 10 

kHz with Patch Master (HEKA, Holliston, MA, USA). Data analysis was performed 

with customized IGOR Pro programs. The pipette intracellular solution contained (in 

mM) 145 Cs-Glutamate, 8 NaCl, 1 MgCl2, 0.18 CaCl2, 0.25 BAPTA, 10 HEPES-

CsOH, 2 Mg-ATP and 0.5 Na-GTP. The patch extracellular solution contained (in mM) 

145 NaCl, 2.8 KCl, 1 MgCl2, 5 CaCl2, 10 HEPES-NaOH, 10 glucose supplemented 

with 5 μM bupropion or 1 μM citalopram. The solutions were adjusted to a pH of 7.3 

and an osmolarity of 315 mmol/kg. Cells were prepared as described above and 

cultured in glass bottom culture dishes (MatTek, Ashland, MA). Before the patch 

clamp experiment, the culture media was exchanged with the patch extracellular 

solution containing bupropion or citalopram, and cells were further incubated for 15 

min or 30 min at room temperature, respectively. Cells in the control group were used 

for measurement immediately after exchanging the culture media with the patch 

extracellular solution. The pulse protocol of the patch clamp recordings included five 

individual depolarizing pulses from -70 to +10 mV with 100 ms pulse widths. The 

first two pulses separated by 200 ms were used to determine the RRP sizes from the 

capacitance changes. The third pulse given 1 s after the second pulse was used to 

assess depletion of the RRP. Ten seconds after the third pulse a fourth and a fifth pulse 

were given, also separated by 200 ms to determine the level of refilling of the RRP. 

Each cell was measured twice with the same pulse protocol with a 2-minute rest time 

between the two measurements. Ca2+ entry was quantified as the integral of the 

calcium current during the 100 ms pulses. If the cell broke or the GΩ seal was lost 
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during the measurement, the corresponding data was excluded from the analysis. 

Three cell preparations were used for bupropion and citalopram patch experiment. 

 

3.3.7 Statistical analysis 

All amperometric parameters are presented in mean±Standard Error of the Mean 

(SEM). Patch clamp experiment data are shown in box plot and a detailed description 

of all symbols is provided in Fig. 3.S1. Kolmogorov-Smirnov test was performed to 

determine the normality of the data. For normal distributed data, P values and 

significance were determined by one-way ANOVA. For non-normal distributed data, 

P values and significance were determined by Kruskal-Wallis one-way ANOVA. All 

P values are listed in Table. S1. Statistical analysis and drawings were performed in 

Igor Pro 6.2 and OriginPro 2015. No predetermination of the sample size was 

performed before the experiment. No test of outliers was conducted. To achieve the 

statistical significance, amperometry data were collected through multiple experiments 

with multiple cell preparations. The parameters from the two groups were averaged 

and compared only when they were from the same preparation. The final parameters 

were normalized to the data from the control group of the first preparation. 

 

3.4 Results 

CMOS devices were post fabricated with shifted electrodes and SU-8 microwells [26], 

and packaged for recordings, as shown in Fig. 3.1a. To trap cells individually in these 

microwells, chromaffin cells were cultured on chip and the cell culture media was 



 

51 

exchanged with standard buffer after the cells had settled in the microwells (Fig. 

3.1b,c). Cells trapped inside the microwells remained on chip after the standard buffer 

wash. Fig. 3.1c shows a bright field and a fluorescence image of trapped chromaffin 

cells labeled with the False Fluorescence Neurotransmitters (FFN) 511 in the SU-8 

microwells. White circles indicate cells trapped individually inside these microwells. 

Fluorescent spots without circle were either not inside a microwell or consisted of 2 or 

more cells. These were not included in the analysis. Following acquisition of the 

microscope images, the CMOS IC sensor was plugged into a self-assembled data 

acquisition device for amperometry recordings (Fig. 3.1d) and the cells were 

stimulated by application of high [K+]. A typical amperometric trace recorded by one 

of the chip electrodes is presented in Fig. 3.1e. The analyzed amperometry parameters 

are indicated in the example spike in Fig. 3.1f. Quantal size, maximum current, half 

width, parameters for the rising phase, foot current, foot width and foot quantal size 

were quantified and compared between the treated and the control groups. The foot 

amplitude is determined as the ratio of the foot quantal size and the foot width. 

Changes in foot current preceding the amperometric spike reflect changes in the 

properties of the initial fusion pore, which is important for the efficiency of synaptic 

transmission. To test the statistical significance, data were collected through multiple 

experiments with multiple cell preparations. The parameters from the control group 

and the drug-treated group were averaged and compared among cell populations from 

the same preparation. To pool data from multiple preparations, the parameters were 

normalized to the data from the control group of the respective preparation. 
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Figure 3.1. (a) CMOS devices were post fabricated with shifted electrodes and SU-8 
microwell structures, followed by packaging and insulation with silicone. (b) Cells 
were cultured on chip and culture media was exchanged with standard buffer after 
settling down. Remaining cells were trapped inside the microwells. (c) Bright field 
and fluorescent images showing chromaffin cells labeled with FFN 511 trapped in the 
SU-8 microwells on the chip surface. Solid white circles indicate cells trapped 
individually in the microwells. Other microwells with fluorescence trapped more than 
one cell inside, and therefore not analyzed during data analysis. (d) CMOS IC chip 
was plugged into self-assembled data acquisition device for amperometry recordings. 
(e) An example amperometric trace recorded by one of the electrodes. (f) An example 
amperometric spike on expanded scale showing the analyzed amperometric spike 
parameters. The area in grey indicates the foot quantal size and the area with diagonal 
line pattern indicates the quantal size of the entire release event. 
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3.4.1 Bupropion increases quantal size of individual release events 

Amperometry data were collected from 49 bupropion (5 μM) treated cells and 43 cells 

in the control group. Fig. 3.2a and Fig. 3.2b show two example traces for the 

bupropion treated group and the control group, respectively. Fig. 3.2c and Fig. 3.2d 

show the event frequencies for the two groups of cells. No significant differences were 

found for the event frequencies during the first 90 s between the bupropion treated 

group and the control group. After 90 s, the bupropion treated group shows a slightly 

higher event frequency than the control group, but the difference was not significant 

with P>0.05. 

 

Comparison of the normalized amperometric spike parameters from cells treated with 

bupropion with those from the control group revealed that bupropion significantly 

increased quantal size and maximum current spike amplitude (Fig. 3.2e-f). The 

median quantal size was boosted by 120% while the median maximum current was 

potentiated by 151%. The median foot amplitude was also enhanced by 76% while the 

kinetic parameters (half width, foot duration and fraction of spikes showing a foot 

signal) were unchanged (Fig. 3.2e-f). These results indicate that individual vesicles 

release more than twice the number of transmitter molecules after bupropion treatment 

but the release kinetics are unchanged. 
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Figure 3.2. Modulation of quantal transmitter release events by bupropion. (a) 
Example amperometry traces for a bupropion treated cell and (b) a cell in the control 
group. (c) Average event frequency per cell during the measurement and (d) 
cumulative number of events per cell during the entire recording. The differences were 
not significant for both (c) and (d). (e) Normalized amperometry parameters for cells 
treated with 5 μM bupropion (white) and the control group (grey). Differences were 
statistically significant for quantal size, maximum current and foot amplitude. (f) 
Scatter plots for all amperometry parameters. Each data point represents the mean of 
medians of all cells from the same preparation. All error bars are in SEM. *P<0.05, 
**P<0.01, #P>0.05. n is number of cells. 
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No significant difference was found between bupropion treated and control cells for 

the kinetics of individual release events quantified by the mean of the median half 

width determined for each cell (Fig. 3.2e-f). To determine if bupropion treatment 

affects the kinetics of release events differently depending on quantal size, a box 

analysis was performed [51], which showed that the release kinetics from larger 

vesicles were more susceptible to bupropion while small vesicles tended to be less 

affected (Fig. 3.S2).  

 

It has been shown that the quantal size recorded from a variety of cells does not fit a 

Gaussian distribution [99]. Interestingly, the cube roots of the quantal sizes show a 

better fit with Gaussian distribution because the vesicle radii are normally distributed 

[100]. Fig. 3.S3a-b shows the double Gaussian fit and the cumulative double Gaussian 

fit for the histogram and the cumulative histogram of the cube roots of the quantal 

sizes, respectively. Both fits align well with the histograms and yield very similar 

parameters, indicating the existence of two size populations of vesicles, as previously 

reported for mouse chromaffin cells [101]. The cumulative double Gaussian fit was 

used for all other cells due to the smaller errors. The ratio of the mean values of the 

two vesicle populations (Fig. 3.S3c) and the weight of the larger vesicle population 

(Fig. 3.S3d) are similar between the bupropion treated group and the control group. 

Bupropion equally potentiates both vesicle populations to larger quantal sizes. 
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Figure 3.3. (a) Average event frequency per cell during the measurement and (b) 
cumulative number of events per cell during the entire recording with error bar in 
SEM. The differences were significant with P<0.05 and P<0.01 for the event 
frequency for the first 60 s and cumulative number of events, respectively. After 
stimulation, the release frequency was greatly increased for the first 60 seconds. (c) 
Normalized amperometry parameters for cells treated with 1 μM citalopram (white) 
and the control group (grey) with error bar in SEM. No significant differences were 
observed. (d) Scatter plots for all amperometry parameters. Each data point represents 
the mean of medians of all cells from the same preparation.   #P>0.05. n is number 
of cells. 
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3.4.2 Citalopram increases the release frequency and the RRP 

To determine the mechanism by which citalopram modulates transmitter release, 

quantal release events from 23 cells treated with 1 μM citalopram and 17 cells in the 

control group were measured and analyzed. Citalopram treated cells showed a large 

increase in initial release frequencies compared to the control group, (Fig. 3.3a-b). 

During the first 45 s the release frequency for the citalopram treated cells was about 3 

times higher than that in control cells and gradually decreased afterwards. After 90 

seconds, the release frequencies for both citalopram treated cells and the control group 

were very similar. In contrast to bupropion, the amperometric spike parameters for 

cells treated with 1 μM citalopram showed no statistically significant difference 

compared to control cells (Fig. 3.3c-d). The median maximum current and the foot 

amplitude were slightly increased in citalopram treated cells but, the differences did 

not reach significance. 

 

A possible explanation for the increase of the initial release frequency in the 

citalopram treated cells (Fig. 3.3a, b) may be an increased readily releasable pool 

(RRP) of secretory vesicles. It has been shown that barium stimulation of chromaffin 

cells evokes release from vesicles in the reserve pool but not from the RRP [102]–

[104]. If citalopram selectively increases the RRP, it should thus not affect the release 

frequency in response to barium stimulation. We therefore stimulated cells in the 

treated group and the control group with 5 mM barium with no calcium in the buffer 

solutions. Event frequency per cell and cumulative number of events per cell are 
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shown in Fig. 3.S4a-b. The event frequencies in the control group did not drop down 

but remained at a relatively constant level during the entire recording as previously 

reported [104]. Moreover, there was no significant difference between the event 

frequencies in the citalopram treated cells and the control cells, supporting the 

hypothesis that citalopram selectively increases the RRP. The amperometric spike 

parameters also show no difference between the two groups (Fig. 3.S4c-d).  

 

To test the hypothesis that citalopram increases the RRP more directly, whole cell 

patch clamp capacitance measurements were performed using a double pulse protocol 

(Fig. 3.4a, b). The ratio between the capacitance changes ∆C1 and ∆C2 induced by the 

two subsequent pulses can be used to quantify the size of the exocytotic response and 

the size of the RRP. If the first pulse releases a fraction p of the RRP and the second 

pulse is assumed to release a similar fraction p of the remaining fraction, then the RRP 

pool size can be calculated as 𝑅𝑅𝑃 = ∆)*+∆),

#-J∆/,∆/*
K
,   [28]. The statistical analysis (Fig. 

3.4c) showed that indeed the RRP size of the drug treated group was about twice as 

large as that of the control group. Fig. 3.4d shows that the calcium entry was 

unchanged demonstrating that the increased RRP in citalopram treated cells was not 

due to a change in calcium entry. However, the pool sizes obtained after ~10 s waiting 

time following the first two pulses for refilling, were similar for both groups and only 

slightly smaller than the initial RRP size of the control group, indicating that the extra 

priming effect of citalopram takes longer than the RRP recovery in untreated cells. Fig. 
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3.4e shows the comparison of RRPs and refill pool sizes of the two groups between 

the first measurement and a second measurement 2 min after the first one (pulses 4,5). 

After 2 min rest the RRPs and the refill pool sizes were restored to the initial values 

also for the citalopram treated cells, indicating that the enhanced priming produced by 

citalopram treatment occurs on the minute time scale, i.e. slower than the pool refilling 

in control cells. In contrast to citalopram, bupropion does not change the RRP size 

(Fig. 3.S5d-e). 
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Figure 3.4. (a) Example patch clamp traces for a cell treated with citalopram and (b) a 
cell in the control group. (c) RRP and refill pool sizes and (d) Average calcium current 
integrals for the five individual pulses in box plots. The citalopram treated group 
shows twice as large RRP size compared with the control group, but no difference on 
the refill pool size. The calcium entry levels were very close for all pulses. (h) RRPs 
and refill pool sizes of the citalopram treated group and the control group for the initial 
measurement and the second measurement after 2 min showed no significant 
differences. **P<0.01, #P>0.05. n is number of cells. 
 

3.5 Discussion 

Amperometry is one of the most commonly used methods to characterize quantal 
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release events. Each exocytosis event corresponds to an amperometric spike in the 

recording, and the spike proves precise details about the released neurotransmitters in 

a single release event. However, the properties of the spikes vary from cell to cell [25] 

and therefore a large number of quantal release events from many cells must be 

measured and analyzed to achieve statistical significance in order to quantify the 

effects of drugs on transmitter release. The general statistical analysis for 

amperometry determines the median values for each spike parameter for each cell and 

then takes the averages from all cells such that the “n” for the statistical tests is not the 

number of spikes but the number of cells. The conventional way of using a carbon 

fiber electrode for amperometry measures one cell per time, and therefore requires 

labor-intensive efforts to obtain a sufficient number of recordings. CMOS based 

integrated circuit biosensors designed for amperometry measurement with appropriate 

surface microwell structures are beneficial replacements for the carbon fiber electrode 

method, reducing the time consuming process from months or weeks to days [26], [30], 

[33].   

 

Bupropion is recognized as a dopamine (DA) and norepinephrine (NE) reuptake 

inhibitor [88]–[90]. It acts, however, also as a vesicular monoamine transport (VMAT) 

enhancer which promotes the uptake of cytoplasmic DA into the secretory vesicles 

[91]. This may explain the large increase of the average amount of catecholamine 

released from individual vesicles was greatly increased (Fig. 3.2e-f) because more DA 

may be accumulated inside the vesicles. Alternatively, bupropion may increase the 
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fraction of transmitter that is released from an individual vesicle. It is expected that 

with increased accumulation of neurotransmitters in the vesicles the vesicle volume 

and membrane area of the vesicle will increase [105], [106]. In whole-cell patch clamp 

capacitance measurements, which quantify the amount of vesicle membrane 

incorporated into the plasma membrane by exocytotic vesicle fusion in response to 

pulse stimulation, the capacitance changes in bupropion treated cells were unchanged 

compared to control cells (Fig. 3.S5a-c). Together with the unchanged release 

frequencies (Fig. 3.2c-d) this result could be taken as evidence that there was no 

increase in the size and membrane area of the vesicles in the bupropion treated cells. 

However, it is possible that bupropion was not effective during the patch clamp 

experiments because it might be diluted by the pipette solution or it may require some 

cytoplasmic components that were washed out during the measurement. Another 

possibility is that bupropion may modulate fusion pore expansion and shift the fusion 

mode from partial release to full release in the amperometry experiments, leading to 

the potentiation of quantal size, maximum current and foot amplitude (Fig. 3.2e-f). An 

increase in the fraction of molecules released in a single event without a change in 

vesicular contents was previously observed for the synaptobrevin 2 W89A/W90A 

mutant, myosin II and actin-directed compounds and the dynamin-1 knock-out in 

chromaffin cells [107]–[110]. 

 

Up to 50% of PD patients are suffering from depression in addition to motor 

dysfunction [82], [83]. It has been proposed that bupropion may be used as treatment 
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for PD patients with depression due to its function as reuptake inhibitor for both DA 

and NE without the side effects associated with serotonin [111]. Clinical studies also 

reveal that bupropion improve both depression and motor symptoms in some patients 

[82], [112]. However, the reported cases and trials are few in numbers [82] and the 

efficacy of the drug for PD is not conclusive. Here we demonstrate that bupropion 

significantly increases the quantal size of individual transmitter release events, in an 

amount very similar to L-Dopa [80], [81], which may explain its beneficial effects for 

the treatment of both depression and motor deficiencies in PD patients. 

 

Citalopram is a selective serotonin reuptake inhibitor (SSRI) and is not expected to 

induce a significant change in quantal size and other parameters of single release 

events consistent with the results of Fig. 3.3c-d. However, the release frequency for 

the first 90 seconds was boosted compared with the control group (Fig. 3.3a-b), which 

we have shown to reflect an increase of the RRP size by patch-clamp capacitance 

measurements (Fig. 3.4c). The ~3-fold increase of the release frequency during the 

first 90 s of sustained high [K+] stimulation exceeds the ~2-fold increase of RRP size 

measured with a 400 ms double pulse stimulus. While the refilling of the RRP 10 s 

after its depletion was not different from that in control cells, the RRP was again 

robustly increased after 2 minutes (Fig. 3.4e), indicating the RRP increase promoted 

by citalopram is a slower process that occurs on the time scale of minutes and 

therefore the continued potentiation of vesicle priming on the minute time scale 

contributes to the enhanced release in the 90 s long amperometric recordings. 
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In AD synaptic transmission is markedly reduced but the details are highly complex 

[113]. FDA approved drugs for AD can slow down the worsening of the AD 

symptoms, such as memory deficit, but only with small benefits [114]. Recent studies 

showed that citalopram restores short-term memory and treats depression-like 

behavior in APPswe/PSEN1dE9 mice, preventing the advance of AD-like pathology 

by increasing the number of neurons in the cortex with active parvalbumin [95], a 

calcium-binding protein modulating synaptic activities [115]. Changes in transmitter 

release are closely associated with AD neuropathology. The cognitive dysfunction in 

AD is associated with defects in presynaptic vesicle proteins, such as a reduction of 

synaptobrevin in AD brain, which results in a loss of neurotransmitter release [116]. 

Sufficient levels of neurotransmission are critical for synaptic maintenance and 

prevention of AD [117]. We show here that citalopram increases the readily releasable 

pool size, which leads to increased release frequency and thus enhances 

neurotransmitter release. The RRP increase by citalopram may explain its efficacy in 

restoring memory deficit in AD patients [95], [118], making it a potentially effective 

treatment for both AD symptoms and depression. The mechanism by which 

citalopram increases the RRP still needs to be elucidated. It is likely not a consequence 

of its canonic function as an SSRI. However, citalopram has additional targets and 

inhibits platelet activation independent of SERT, possibly via inhibition of Rap1 

activation [119]. Interestingly, it has been reported that Rap1 deletion increases 

exocytosis in mouse cortical neurons, possibly by regulating calcium channel 
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expression [120]. However, further work will be needed to determine the detailed 

pathway by which citalopram enhances the RRP. 

 

It is worth noting that the catecholamine release from neuroendocrine cells differ from 

synaptic transmissions in some ways, such as the active zones and protein rich areas 

[121]. Nevertheless, this study is focused on the effect of drugs on the quantal size, 

release frequency and kinetics of vesicle release event. While chromaffin cells are not 

neurons, the vesicle fusion, docking and priming mechanisms, and the proteins 

associated with the release from RRP are identical or very similar between the two 

types of cells [18], [19]. Therefore, chromaffin cells are a valuable model to advance 

our understanding of the mechanisms of transmitter release and their modulation. The 

ease of preparing and culturing chromaffin cells on the CMOS chip also makes it a 

powerful model for high throughput drug screening. In future experiments, the human 

neuroblastoma cell line SH-SY5Y may be used as a neuronal model for dopamine 

release. These cells have recently been used successfully for amperometric recording 

using a similar CMOS chip [122]. The CMOS chips used in our study are not designed 

for measurement of glutamate. However, with the recent development of fast 

responding glutamate sensors [123], the CMOS chip technology may in the future also 

be applicable to directly perform testing of drugs with respect to modulation of 

glutamate release. 

 

Modulation of exocytosis is a key drug target and affected by molecular manipulations 
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[48]. In this work, we showed that high throughput single cell amperometry using a 

CMOS device with incorporated microwells revealed a dramatic increase of the initial 

release frequency by citalopram. This result suggested an increase of the RRP, which 

we confirmed and characterized by follow-up patch clamp capacitance measurements. 

Bupropion increases the amount of transmitter release from individual vesicles. Both 

drugs may thus be candidates for treatments of neurological disorders where 

transmitter release is impaired. 
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3.6 Supplementary Information 

 

 

Figure 3.S1. Description of all information shown in a box plot. 
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Figure 3.S2. Bupropion preferentially enhances the kinetics of larger vesicles. All 
amperometry events were sorted by ascending order and divided into 10 bins, 
regardless of treatment with bupropion or not. Each bin contained the same number of 
events and afterwards events of the bupropion treated group and the control group 
were analyzed separately to extract their kinetic parameters, including the rise slope of 
the amperometry spike, the half width of the spike and the 25%-75% rise time of the 
spike. The 10th bin (0.37 pC-6.8 pC) may include spikes that have much higher 
quantal sizes than others, resulting in a shift in these parameters as larger vesicles will 
generally have slower kinetics. However, the average quantal sizes of the 10th bin for 
the bupropion treated group and the control group were 0.81±0.08 pC and 0.86±0.19 
pC, showing that the extra-large vesicles were fewer in number and would not 
significantly affect the final results . It was found that bupropion speeded up the 
release kinetics with higher rise slope and smaller half width for vesicles larger than 
0.14pC (starting from box or interval 8) The 25%-75% rise time also deviated between 
the two groups, but only for vesicles larger than 0.20 pC (starting from box or interval 
9), indicating a slower rising phase for the control group. n is total number of 
individual events analyzed. 
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Figure 3.S3. Distribution analysis of the quantal size of bupropion treated cells. The 
quantal sizes of all events were taken the cubic root for analysis. (a) The histogram of 
the cube root quantal size of a cell with 113 events. The red dashed line shows the 

double gaussian fit with equation 𝑦 = M*
N*
𝑒-

(PQRS,*),

,T*, + M,
N,
𝑒-

(PQRS,,),

,T,, . (b) The 
cumulative histogram of the cube root quantal size of the same cell in (a) with the 
frequency normalized to one. The red dashed line shows the double cumulative 

gaussian fit with equation 𝑦 = U1 − 𝐴XYZ[\]
#+^_`a

UPQRS,*]
,

,T*,
b

$
+ 𝐴XYZ[\

#+^_`	(
(PQRS,,),

,T,,
)

$
. 

The two double gaussian fits in (a) and (b) show reasonable fit to the original data and 
very close parameters. The cumulative gaussian fit was used for all other cells as the 
errors were much lower. (c) The ratio of the means of the double gaussians for the 
bupropion treated and the control groups. No significant difference was observed. (d) 
The ratio of the larger vesicle group, 𝐴XYZ[\, show no difference between the 
bupropion treated group and the control group. #P>0.05. n is the number of cells. 
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Figure 3.S4. Citalopram treated group and the control group were stimulated with 5 
mM barium with no calcium in the buffer solutions. (a) Average event frequency per 
cell during the measurement and (b) cumulative number of events per cell during the 
entire recording. (c) Normalized amperometry parameters for cell treated with 1 μM 
citalopram (white) and the control group (grey). No significant differences were 
observed. P values for the quantal size, maximum current, half width, foot fraction, 
foot duration and foot amplitude are 0.3625, 0.56, 0.126, 0.1777, 0.743 and 0.9709, 
respectively. All error bars are in SEM. #P>0.05. n is number of cells. 
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Figure 3.S5. (a) Example patch clamp recordings for a bupropion treated cell and (b) a 
cell in the control group. Blue arrows indicate the positions of the five pulses. (c) 
Capacitance changes ∆CM, (d) RRP and refill pool sizes and (e) Average calcium 
entries for the five individual pulses in box plots. No significant difference was 
observed for ∆CM, RRP size, refill pool size and calcium entries. n is number of cells. 
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Table 3.S1. P values for all parameters used for significance determination. P values 
in bold are less than 0.05, indicating significant differences for the corresponding 
parameters. 
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CHAPTER 4 

A BIDIRECTIONAL-CURRENT CMOS POTENTIOSTAT FOR FAST-SCAN 

CYCLIC VOLTAMMETRY DETECTOR ARRAYS 

 

4.1 Abstract 

A potentiostat circuit for the application of bipolar electrode voltages and detection of 

bidirectional currents using a microelectrode array is presented. The potentiostat 

operates as a regulated-cascode amplifier for positive input currents, and as an active-

input regulated-cascode mirror for negative input currents. This topology enables 

constant-potential amperometry and fast-scan cyclic voltammetry (FSCV) at 

microelectrode arrays for parallel recording of quantal release events, electrode 

impedance characterization, and high-throughput drug screening. A 64-channel FSCV 

detector array, fabricated in a 0.5-μm, 5-V CMOS process, is also demonstrated. Each 

detector occupies an area of 45 μm × 30 μm and consists of only 14 transistors and a 

50-fF integrating capacitor. The system was validated using prerecorded input stimuli 

from actual FSCV measurements at a carbon-fiber microelectrode. 

 

4.2 Introduction 

NEURONS, the fundamental units of the nervous system, communicate with each 

other via a chemical signaling process mediated by the storage and release of 

neurotransmitters, a set of biomolecules that act as chemical messengers to regulate 
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neuronal function and behavior [124]. Neurons store high concentrations of these 

biomolecules in small membrane bound secretory vesicles attached to the inside of the 

presynaptic plasma membrane. When the presynaptic terminal is electrically 

stimulated, the vesicles fuse with the plasma membrane through a process called 

exocytosis, releasing the vesicle contents into extracellular space [125]. 

Neurotransmitter release from a single vesicle is termed quantal release. The number 

of biomolecules expelled in a quantal release event is the quantal size [126]. Quantal 

release has been the subject of extensive medical research because some of the 

underlying molecular mechanisms mediating exocytosis are still not fully understood. 

A better understanding of properties such as the quantal size and the frequency and 

time course of quantal release events is necessary for the discovery and development 

of new therapeutic drugs that modulate these properties. 

 

Several recording techniques have been used to investigate the properties of quantal 

release events and their modulation. Constant-potential amperometry (CPA) [22], [127] 

at a polarizable working electrode is one of the prevalent techniques. Typically, a 

carbon-fiber microelectrode (CFM) is used as the working electrode due its chemically 

inert properties, small dimensions (5–20 μm diameter), and thus low noise, allowing 

high bandwidth recording [60]. 
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In CPA at a CFM, the electrode is held at a positive potential (0.6–0.7 V) with respect 

to a silver/silver-chloride (Ag|AgCl) reference electrode. Neurotransmitters and 

hormones from the catecholamine family, such as dopamine and its conversion 

products adrenaline and noradrenaline, easily oxidize when they come in contact with 

the surface of the CFM, releasing two electrons each in the process [128]. The 

resulting electron transfer is then measured as a transient current. Thus, a single 

exocytotic event such as catecholamine release from chromaffin cells or dopamine 

release from dopaminergic neurons can be measured as an amperometric current spike, 

with high precision and high temporal resolution using amperometry. Integration of 

the transient current spike yields the total charge, from which quantal size can be 

calculated. 

 

However, CFM recording techniques have their limitations being only capable of 

measuring quantal release events from a single cell at a time. Each experiment is time-

consuming and laborious, requiring precise manual positioning of the CFM adjacent to 

an individual cell that releases neurotransmitters. Thus, CFM recordings are not 

suitable for drug screening, an application that requires a statistically significant set of 

measurements from a large number of cells to obtain conclusive evidence on the effect 

of a drug on quantal release. 
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Microelectrode arrays (MEAs) have recently emerged as a viable candidate to replace 

CFMs as the working electrode mainly because the microfabrication and surface 

modification techniques involved in the production of MEAs not only provide better 

reproducibility than traditional CFM fabrication methods but also facilitate batch 

fabrication of the electrodes [129], [130]. Surface-patterned planar MEAs using noble 

metals such as gold and platinum and other materials have recently been applied to 

measure quantal release events from single cells [41]. Scalable arrays incorporate 

CMOS potentiostats with on-chip electrodes for parallel recordings from large 

numbers of cells [26], [30], [33], [36]. 

 

Proper functionality of electrochemical electrodes is generally assessed by cyclic 

voltammetry (CV), in which the voltage applied to the microelectrode is not held 

constant but instead is ramped from −0.5 V to +1.0 V and back from +1.0 V to −0.5 V 

(vs. Ag|AgCl). The resulting current reflects the electrode impedance and thus the 

basic functionality of the electrode. In addition, test analytes such as ferricyanide, 

which is reduced to ferrocyanide, forming a well-behaved redox pair [41], as well as 

other compounds [131], have been used in conjunction with cyclic voltammetry for 

characterization of the performance of electrochemical electrodes. Such measurements 

cannot easily be performed with unipolar CMOS chips because they require not only 

the application of bipolar voltages but also the measurement of bidirectional currents. 
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Cyclic voltammetry can also be used to distinguish between different electroactive 

species. Fast-scan cyclic voltammetry (FSCV) has been used to perform such 

measurements on release events from different cell types [128], [132]. In FSCV at a 

CFM [133], [134], the electrode potential is typically ramped up and down within 10 

ms, and these sweeps, or scans, are repeated every 100 ms. The fast rate at which the 

voltage changes, or the high scan rate, gives rise to a large background current on 

which the small faradaic current from the reduction and oxidation (redox) of an 

electroactive compound is superimposed [135]. To recover the faradaic current, the 

background current elicited during the absence of the compound is subtracted from the 

total current (sum of background and faradaic currents) elicited during the presence of 

the compound through a procedure known as background subtraction [136]. 

This faradaic component is then plotted versus the applied voltage to yield a 

background-subtracted voltammogram from which the redox voltages can be extracted 

to identify the detected compound. 

 

This paper reports a precision bidirectional-current CMOS potentiostat circuit along 

with a prototype 64-channel VLSI FSCV detector array to accelerate the development 

and testing of new treatments that modulate the size and the kinetics of quantal release. 

The detector array provides a five-fold increase in temporal resolution over the 

unidirectional-current detector array we reported previously in [26], [33]. 
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The remainder of this paper is organized as follows: Section II introduces the 

architecture of the detector array. Section III details the implementation of the core 

potentiostat unit along with on-chip timing and read-out blocks. Section IV reports 

measurement results, Section V provides a discussion, and Section VI concludes this 

paper. 

 

4.3 System Architecture 

Fig. 4.1 illustrates a system-level diagram of the 64-channel VLSI FSCV detector 

array. As shown in Fig. 4.1a, the array consists of a read-out column with on-chip 

biasing and timing blocks. As depicted in Fig. 4.1b, the read-out column consists of a 

set of 64 detectors that share a common output stage, which in turn consists of a 

voltage follower, correlated double sampling (CDS) circuit and unity-gain output 

buffer similar to the one described in [30]. The CDS circuit provides 1/f noise and 

offset cancellation. The output buffer provides a low output impedance to ensure 

reliable read-out at a sampling rate of 640 kS/s. The detectors in the read-out column 

are switched sequentially through a set of select signals from the timing block using a 

time-division multiplexing technique described in detail in Section III. The output of 

the read-out column is then fed to an external A/D converter for acquisition. 
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Figure 4.1. System-level diagram of the FSCV detector array. (a) The system consists 
of a read-out column along with on-chip biasing and timing blocks. (b) The read-out 
column contains 64 detectors that share a common output stage consisting of a 
correlated double sampling (CDS) circuit and an output buffer. Detectors are switched 
sequentially using time-division multiplexing. 
 
 
4.4 Circuit implementation 

 

4.4.1 Bidirectional-current CMOS potentiostat 

Traditional unidirectional-current potentiostat circuits such as the one described in 

[137] use a DC offset current to measure bidirectional currents, which not only adds 

noise (but does not provide gain) to the signal path but also disturbs the charge balance 

of the electrode-electrolyte interface [138]. The main contribution of this work is a 

novel potentiostat circuit that enables bidirectional-current measurements 

from redox processes without use of a DC offset current. The bidirectional-current 
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detection feature doubles the total input current range and enables not only 

amperometry but also cyclic voltammetry at MEAs. 

Fig. 4.2a shows a schematic diagram of the core potentiostat unit, which consists of 

integration capacitor CINT, switch M0, cascode transistors M1 and M4, mirror 

transistors M2 and M3, and inverting half amplifiers A1 and A2, that take advantage of 

the shared amplifier scheme from [30] to minimize the transistor count per detector. 

Each detector also includes built-in current mirrors BP and BN for calibration 

currents IP and IN, respectively. The reference half of the calibration mirrors and the 

shared non-inverting half amplifier A0 (dashed lines) are not part of the detector unit. 

The core unit was implemented at the cost of only seven additional transistors 

compared to the one reported in [30]. Fig. 4.2b shows a schematic diagram of the non-

inverting shared half amplifier A0 and the inverting half amplifiers A1 and A2 acting as 

a folded-cascode amplifier. The amplifier consists of current source M5, input 

differential pair M6–M6a, load devices M7–M7a and M8–M8a, and cascode devices M9–

M9a. Table 4.1 lists all device dimensions, bias voltages and capacitor values. Note 

that M5 in the shared half amplifier carries (N +1)IB where IB is the bias current, 

and N is the total number of inverting half circuits that share a single non-inverting 

half amplifier, to minimize the transistor count per detector. In this work, N = 4 

because two detector units, and thus two pairs of inverting half amplifiers, share a 

single non-inverting half amplifier. 
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The circuit operates as follows: Assuming the Ag|AgCl reference electrode is held at 

1.5 V (virtualground), a voltage ramp (or constant voltage or arbitrary time-varying 

waveform) is applied to the working electrode at node VIN in the range of 1.0 V to 2.5 

V to yield an equivalent range of −0.5 V to +1.0 V vs. Ag|AgCl. A reset signal RST is 

initially asserted to precharge node VINT to VDD via M0. After the reset signal is de-

asserted, node VINT is discharged with the input current through either M1 or M4 for a 

period of 100 μs. The 100-μs integration time was chosen to provide a 10-kHz 

sampling rate, which is appropriate to resolve amperometric spikes from chromaffin 

cells and FSCV data. For positive input current (IIN > 0), which is generally present 

during the positive slope of the voltage ramp, the circuit operates as the 

regulatedcascode amplifier from [30], depicted in Fig. 4.2c. In this case, negative 

feedback forces VX = VIN and VA > VX, which turns on cascode transistor M1 and 

allows IIN to flow directly out of CINT into the electrolyte, producing an integration 

voltage given by 

                       𝑉def 	= 	𝑉gg −	
#

)hij
	∫ 𝐼de(𝑡)	𝑑𝑡
fS
o ,              (4.1)                                 

where T0 is the period of the integration phase. For negative input current (IIN < 0), 

which is generally present during the negative slope of the voltage ramp, the circuit 

operates as the source-driven active-input regulated-cascode mirror from [139], shown 

in Fig. 4.2e. In this case, negative feedback forces the following conditions: VA < VX, 

which shuts off M1 and turns on M2–M3; VB > VY, which turns on M4; 

and VX = VY = VIN, which allows all of the input current to flow through M2 and to be 

mirrored onto M3 with high accuracy, producing an integration voltage identical to 
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(4.1) across a wide range of applied voltages. This configuration provides very low 

systematic transfer error by ensuring the drain-to-source voltages of M2–M3 are 

identical. Mismatch between M2–M3 certainly results in a random gain error. For this 

process, the current mismatch varies inversely with the square root of the gate area 

(Pelgrom’s rule), and NMOS transistors have 2X–3X better current matching for a 

given size. M2–M3 are NMOS transistors, which is advantageous from a matching 

viewpoint for a given amount of area. With a drawn area of 9 μm2, the coefficient of 

variation for M2–M3 is ∼10%. In addition, BP and BN can be used to calibrate the gains 

of both the positive and negative current measurements, which can further minimize 

the gain errors. 

A detailed noise analysis of the circuit has been previously presented in [30] for the 

regulated-cascode amplifier mode of operation shown in Fig. 4.2c, where the input 

current flows through M1 into the solution (IIN > 0). In this case, the dominant noise 

sources will be M6–M6a, M7–M7a, and M8–M8a in A0–A1. Similar analysis for the 

active-input regulated cascode mirror mode of operation shown in Fig. 4.2d-e, where 

the input current flows through M2 from the solution (IIN < 0), suggests that the 

relative contributions of the noise sources depends on the electrode impedance, which 

is difficult to predict with certainty, but the dominant noise sources are likely to 

be M2–M3, besides M6–M6a, M7–M7a, and M8–M8ain A0–A2. For zero input current 

(IIN = 0), all amplifiers are shut down and no DC path exists, except for negligible 

leakage. In this case, the dominant noise source is the sampled kT/C noise from the 

reset transistor. 
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Figure 4.2. Schematic diagrams of the (a) bidirectional-current potentiostat unit 
implemented in this work, (b) shared half amplifier scheme from [30], (c) 
regulatedcascode amplifier from [30], (d) conventional active-input regulated-cascode 
mirror from [139], (e) source-driven active-input regulated-cascode mirror from [139], 
and (f) source-driven active-input current mirror from [140]. 
 

TABLE 4.1 
DETECTOR DESIGN VALUES 

 
Device Type W (μm) L (μm) Voltage Value (V) 

M0 PMOS 1.2 0.6 VBN 1.0 
M1-M4 NMOS 3 3 VBP 3.7 

M5 PMOS 6·(N+1) 3 VCN 1.3 
M6, M6a PMOS 6 3 VIN 1.0-2.5 
M7, M7a NMOS 6 3 Capacitor Value 
M8, M8a PMOS 3 3 CINT 50 fF 
M9, M9a NMOS 3 3 CCDS 2 pF 
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Which mode the circuit works in depends on the direction of the input current. The 

switchover is automatic and, provided that the bandwidth and slew rate of 

amplifier A1 is high enough compared to the rate of change of the input current, the 

switchover is smooth. Note that in actual CV or FSCV measurements, when the 

voltage ramp reaches its maximum value at the end of the positive ramp and starts to 

decrease at the onset of the negative ramp, the input current also changes rapidly from 

large positive values to large negative values. The current level at this polarity 

inversion is strong enough to support the change of VA from a few hundred millivolt 

above VIN to a few hundred millivolt below VIN. For most cases, the oxidation peaks 

and reduction peaks will remain unaffected by the switchover as both peaks occur far 

from the switching point. Also note that the input resistances of the regulated-cascode 

amplifier and source-driven active-input regulated-cascode mirror are ∼1/(gm1A1) and 

∼1/(gm2A1), respectively, where gm1–gm2are the transconductances of M1–M2, 

respectively. Because transconductance is proportional to input current, the input 

resistance of the potentiostat decreases as input current increases in each direction. 

Simulation results indicate input resistances of 290 kΩ and 588 kΩ at maximum 

positive and negative input current (±1.5 nA), respectively. 

The source-driven topology shown in Fig. 4.2e was chosen for this work because it 

does not need compensation, unlike the conventional topology illustrated in Fig. 4.2d, 

which requires a compensation scheme that depends on the value of the input current 

and that becomes impractical for low input current values. Since the output 

of A1 drives the low-impedance source of M2, and since diode-connected M2 acts as a 
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noninverting passive device, the source-driven topology behaves as a stable single-

dominant-pole system that is linear over a wide range of input currents regardless 

whether the transistors operate in either strong or weak inversion [140]. The active 

input regulated-cascode mirror shown in Fig. 4.2e was also chosen because it offers 

orders-of-magnitude higher output resistance (∼A2gm4ro4ro3) compared to the finite 

output resistance (∼ro3) of the active-input mirror from [140], shown in Fig. 4.2f. In 

addition, the active-input regulated-cascode mirror in this work uses differential-input 

regulation amplifiers that are less sensitive to process and circuit parameters versus the 

single-input regulation amplifiers used in the regulated-cascode mirrors described in 

[138], [141]. The potentiostat in this work also avoids use of two separate integration 

stages [142], which increase the detector’s real estate. 

 

4.4.2 Timing block 

Given the large number of detectors in the array, time division multiplexing was 

implemented to reduce the number of outputs to be sampled off-chip. We limited the 

number of multiplexed outputs for the read-out column to 64 to avoid the use of a 

high-frequency on-chip clock, which would add excessive switching noise. Fig. 

4.3 shows the timing scheme used to implement time-division multiplexing of the 64 

detectors in the read-out column. Fig. 4.3a shows a schematic diagram of the timing 

block, which consists of a 64-stage shift register along with minimal combinational 

logic. Fig. 4.3b shows the corresponding timing signals produced by the timing block. 
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The shift register is driven by two external clocks: a 640-kHz main clock, CLK, with 

50% duty cycle and a 10-kHz shift clock, SCLK, with ∼1% duty cycle. SCLK is 

pulsed high briefly every 100 μs. At the positive edge of the main clock, the output of 

the first D flip flop, SEL[0], goes high to select the output of one of the 64 detectors in 

the read-out column for one period of the main clock. Consecutive positive edges of 

the clock activate select signals SEL[1] through SEL[63] in a sequential manner, as 

seen in Fig. 4.3b. The process is repeated with each consecutive SCLK pulse. A set of 

NAND gates is used to derive reset signals 𝑅𝑆𝑇[0] through 𝑅𝑆𝑇[63] to reset one 

detector at a time for half of a main clock period. A buffer is used to derive the 

clamping signal, CLAMP, which is fed to the CDS block in the read-out column. 
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Figure 4.3. Timing scheme used to implement time-division multiplexing in the read-
out column: (a) timing circuit and (b) timing signals. 
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4.4.3 Correlated double sampling circuit 

The CDS circuit depicted in the dotted frame in Fig. 4.1b operates as follows. At the 

end of the integration period for a particular detector, e.g., Detector 0, select 

signals SEL[0] and CLAMP are asserted, as shown in Fig. 4.3b. SEL[0] connects the 

output of Detector 0, i.e., VINT, to the left plate of a 2-pF capacitor CCDS via a voltage 

follower, while CLAMP grounds the right plate. Thus, the voltage across CCDS at the 

end of the integration period is equal to VINT, as described by (4.1). At the onset of 

reset, CLAMP is de-asserted first and 𝑅𝑆𝑇[0] is subsequently asserted (pulsed low). 

During this time, the left plate of the CCDS is pulled to VDD while the right plate is left 

floating. Subtracting VINT, i.e., the voltage previously stored across CCDS, 

from VDD yields 

                        𝑉stf = 	𝑉)gu = 	
#

)hij
	∫ 𝐼de(𝑡)	𝑑𝑡
fS
o 	≡ 	∆𝑉,               (4.2) 

where VOUT and VCDS are the outputs of the read-out column’s common output buffer 

and shared CDS block, respectively, as seen in Fig. 4.1b, and ΔV represents the 

voltage step in the signal VOUT shown in Fig. 4.3b, proportional to the input current. 

 

4.5 Measurement results 

Fig. 4.4 illustrates a micrograph of the prototype CMOS IC that was fabricated in ON 

Semiconductor’s 0.5-μm technology. Each potentiostat unit includes a 10 μm × 10 μm 

glass cut for post-CMOS surface-patterning of the polarizable electrode material, and 
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operates within the typical electrode voltage range of −0.5 V to +1.5 V (vs. Ag|AgCl) 

for FSCV, at a maximum scan rate of 30 V/s. The area of each potentiostat is 45 μm × 

30 μm. The entire system occupies an active area of 276 μm × 1110 μm (excluding 

pads), and draws 970 μA from a 5-V supply, yielding a total power consumption of 

4.85 mW. The heat generated by the chip could be a potential problem for neuron 

activities [143] and therefore the power budget of the circuit should be carefully 

examined. The duration of a typical on-chip recording is <10 min. During this time 

there was no detectable change of temperature in the sample. The sample temperature 

increased by 0.4 °C within 1 hr of chip operation (measured with a type K 

thermocouple thermometer, Test Products International Inc., OR). The power is thus 

low enough to avoid significant heating of the sample even over extended recording 

times. At zero input current, the RMS noise is 443 fA at 10-kHz bandwidth, which is 

comparable with the RMS noise of 580 fA at 10-kHz bandwidth for a HEKA 

EPC10 patch clamp amplifier in medium gain range. For larger positive and negative 

input currents the maximum RMS noise increases somewhat up to <1 pA and <2 pA, 

respectively. Fig. 4.5 shows the measurement setup used for the device 

characterization and validation experiments, which were carried out inside a grounded 

Faraday cage to minimize electrical interference. The sampling rate was limited to 10 

kHz by the external A/D converter’s input capacitance (100 pF) and the connecting 

cable’s load capacitance (37.5 pF). 
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Figure 4.4. Micrograph of the fabricated prototype FSCV detector array IC. 
 

 

Figure 4.5. Measurement setup used for device characterization and validation. 
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TABLE 4.2 

SUMMARY OF MEASURED PERFORMANCE 

Conversion Rate 10 kS/s 
Input Current Range ±1.5 nA 

Input RMS Noise 443 fA (10-kHz BW) 
Detector Pixel Power 13.5 μW 
Detector Array Power 0.97 mW 
Readout Stage Power 1.80 mW 
Timing Block Power 0.95 mW 
Shared Biasing Power 1.13 mW 

Total Chip Power 4.85 mW 
Detector Pixel Area 45 μm × 30 μm 

Total Chip Area* 276 μm × 1110 μm 
Supply Voltage 5.0 V 

Process 0.5- μm CMOS 
*includes 64-detector array plus readout, timing, and biasing overhead 

 

Table 4.2 summarizes the measured performance of the fabricated chip. Table 

4.3 compares the performance of the chip against that of recently published 

voltammetric detector arrays. Notably the chip presented here features orders of 

magnitude smaller detector footprint compared to previous work. The small area of the 

working electrode enables a reduced double layer capacitance at the electrode-solution 

interface, and therefore a decreased background current. The advantage is that with a 

small background current, the maximum input range required is much smaller 

compared to previous work with large detector area, and the RMS noise is also 

reduced by orders of magnitude. In a real CV or FSCV measurement from live cells, 

the amounts of neurotransmitters released from individual vesicles are very small 

(104–107 molecules) [61], and therefore minimal noise is critical for identifying 
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activity from the cells. The small RMS noise enables on-chip amperometry 

measurements which typically have peak currents of 1–100 pA [61]. The chip 

presented in this work also has the potential of performing simultaneous amperometry 

and FSCV measurements, which can provide more detailed and precise information 

about cell exocytosis events. 

 

TABLE 4.3 

PERFORMANCE COMPARISON OF VOLTAMMETRIC DETECTOR ARRAYS 

 This 
work [143] [31] [29] [144] [145] 

Process (μm) 0.5 0.5 0.35 0.35 0.18 0.065 
Supply Voltage (V) 5.0 5.0 3.3 3.3 1.8 1.8 

Pixel Count 64 100 1,024 1 200 4 
Pixel Power (μW) 13.5 21 - 9,300 12.1 36 
Pixel Area (mm2) 0.001 0.06 0.01 0.6 0.03 0.045 
RMS Noise (pA) 0.443† 7.2 0.540 120‡ 0.480 50 
Bandwidth (kHz) 10 11.5 0.13 7 0.110 10 
Input Range (nA) ±1.5 ±110 ±1 ±300 ±0.2 ±2,560 
Sweep Rate (V/s) 30 0.04 0.1 0.095 2.8 400 

Cyclic Voltammetry Yes Yes Yes Yes Yes Yes 
Amperometry Yes - - Yes Yes - 

†open-input measurement ‡calculated from given information 

 

4.5.1 Device characterization 

To test the static linearity of the potentiostat, the input current was linearly swept in 

the range of ±1.5 nA in steps of 10 pA using a Keithley 236 DC current source. Fig. 



 

93 

4.6 shows the measured output current for positive and negative input currents ranging 

from 10 pA to 1.5 nA. 

 

Figure 4.6. Measured static linearity of the potentiostat circuit for negative and 
positive input currents in the range of 10 pA to 1.5 nA. 
 

4.5.2 Device validation 

The chip is intended for cyclic voltammetry measurements with on-chip electrodes. 

Since it was not possible to connect external electrodes to the on-chip contacts, a 

separate 30-V/s FSCV recording with a CFM was performed to generate a realistic 

voltammetry current waveform that was used to validate bidirectional current 

detection with a fabricated chip. CFMs were fabricated from 5-μm diameter carbon 

fibers as described in [78]. The tip of the carbon fiber was entirely coated with wax 

and then cut such that only the circular area at the end of the cut fiber was exposed as 
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the working electrode. The area of such a CFM is similar to that of on chip electrodes 

after post-fabrication [26], [33], which also will be fabricated in the future on the 

FSCV chip described here. The CFM was immersed into a petri dish filled with a 

buffer solution containing 140 mM NaCl, 5 mM KCl, 5 mM CaCl2, 1 mM MgCl2, and 

10 mM HEPES/NaOH pH 7.3. The electrode potential was swept linearly from −0.45 

V to +1.0 V over 50 ms, and back to −0.45 V over the next 50 ms. At the start of the 

recording, buffer solution supplemented with 1-μM dopamine (DA) was flowed 

through the dish to replace the DA-free buffer. After two minutes of recording, DA-

free buffer was flowed into the dish to replace the DAcontaining buffer. The CFM 

currents recorded during flow of the DA-free and DA-containing buffer are depicted 

by the solid gray traces in Fig. 4.7a-b, respectively. The slower scan rate, compared to 

the standard 300-V/s FSCV, was chosen to limit the current amplitude to <1.5 nA, the 

input range of the on-chip detectors. However, the 30-V/s scan rate is sufficient for 

on-chip electrode characterization. The main component of the recorded currents is the 

capacitive background current (Fig. 4.7a), which changes only slightly due to the 

additional faradaic DA current (Fig. 4.7b). This background is due to the ionic double 

layer capacitance between the electrode surface and the buffer solution, and is roughly 

proportional to the scan rate [146]. 
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Figure 4.7. (a) Prerecorded input current (solid gray trace) during flow of the 
dopamine-free buffer, and measured output current before (solid black trace) and after 
(dashed black trace) offline sign-inversion of the negative data. (b) Prerecorded input 
current (solid gray trace) during flow of the dopamine-containing buffer, and 
measured output current before (solid black trace) and after (dashed black trace) 
offline sign-inversion of the negative data. (c) Measured background voltammograms 
during flow of the dopamine-free (gray trace) and dopamine-containing buffer (black 
trace). (d) Measured superimposed background-subtracted cyclic voltammograms for 
all of the 64 detectors. 

 

The prerecorded input current was fed to the on-chip detectors 

through BP and BN in Fig. 4.2a as follows. To avoid excessive capacitive loading from 

the long cables connecting the Keithley 236 DC current source to the chip, a voltage 
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waveform was applied directly to the diode-connected transistors in each current 

mirror using discrete components on a custom board with negligible stray capacitance. 

The applied voltage waveform was calculated from the desired input current 

waveform based on I-V curves that were obtained for the diode-connected transistors. 

Positive and negative prerecorded CFM data were applied via BP and BN, respectively. 

The voltage ramp applied to VIN in Fig. 4.2a was set to the same voltage ramp used in 

the 30-V/s FSCV CFM recording. Although a capacitance will form at the electrode-

air interface, the resulting current can be safely neglected as the capacitance is 

extremely small (in contrast to the large capacitance between the electrode and buffer 

solution). The output of the detector was directly connected to a NI PXIe-

6368 external A/D converter. 

 

The solid black traces depicted in Fig. 4.7a-b represent the measured output current of 

a single detector during flow of the DA-free and DA-containing buffer, respectively. It 

is evident from these traces that the potentiostat in Fig. 4.2a does not provide the input 

current directly but rather provides the absolute value of the current due to the use of 

the same integration capacitor for both positive and negative input currents. To 

recover the original input current, sign inversion of the negative values of the current 

was performed offline as follows. First, the zero-crossings of the measured output 

currents were identified at around t = 53 ms as evidenced by the V-shaped sharp turn 

of the traces at around this time. Second, a priori knowledge of the shape of the 
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current expected for FSCV was used to confirm that only the values to the right of the 

zero crossings were the ones that needed sign inversion. The dashed black traces 

in Fig. 4.7a-b represent the corrected output current during flow of the DA-free and 

DA-containing buffer, respectively. In both cases, the output current after offline sign-

inversion of the negative data matches accurately the prerecorded input current. 

Plotting output current as a function of applied voltage yields the voltammograms 

shown in Fig. 4.7c, obtained during flow of the DA-free (gray background trace) and 

DA-containing (black trace) buffer. The black trace in Fig. 4.7d represents the 

corresponding background-subtracted difference voltammogram. The peaks near 

+0.25 V and −0.15 V (vs. Ag|AgCl) correspond to dopamine oxidation and reduction, 

respectively. In these test measurements, voltage and current were applied 

simultaneously to all of the 64 detectors, and the outputs from all 64 detectors were 

recorded simultaneously. The gray traces in Fig. 4.7d show the superimposed 

difference voltammograms from all 64 detectors. 

 

One potential application of cyclic voltammetry would be in the identification of 

specific transmitters released from individual cells. To resolve cyclic voltammograms 

during rapidly changing concentrations, as occurs during stimulated release from cells 

that will be cultured on the chip, a 30-V/s scan rate may be insufficient and should be 

increased to at least 300 V/s. Due to the 10X higher voltage scan rate, and thus ∼10X 

larger background current, an electrode capacitance of ∼20 pF is estimated assuming 



 

98 

an electrode area of 64 μm2, yielding a background current of ±6 nA for a 300-V/s 

scan rate. Using ADCs with ultra-small input capacitance for data acquisition, it 

should possible to increase the sampling rate to 40 kS/s with a reliable output, 

decreasing the integration time to 25 μs and thus increasing the input current range to 

±6 nA. One possibility would be to integrate on-chip ADCs as has been demonstrated 

for an amperometric front-end chip [147]. For a further reduction in gain, the 

integration capacitor CINT could be increased to hold more charge during measurement, 

leading to a lower gain and allowing higher scan rates. 

 

4.6 Discussion 

As mentioned previously in Section IV, the bidirectional-current detector does not 

measure input currents directly but provides the absolute value instead due to the use 

of the same integration stage for both negative and positive currents. In the present 

design, the negative currents were recovered via offline sign inversion. The process 

was effective given that an identical input current was applied to all of the detectors in 

the read-out column during measurement. In reality, the input current will vary 

considerably from detector to detector during actual in vitro measurements. Thus, 

offline sign inversion becomes impractical for analyzing measurements from all of the 

64 detectors in this array. In this case, implementing a zero-crossing detection 

algorithm using the rules described in Section IV becomes necessary, although not 

sufficient because the algorithm could miss, in principle, some crossings in the 
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presence of noise. A more robust approach to solve this issue involves generating a 

binary output signal that reflects the sign of the input current in each detector. 

One such implementation, which requires only a minor modification to the existing 

circuitry, leverages the fact that the output of the regulation amplifier A1 in Fig. 4.2a, 

i.e., node VA, is pulled several hundred millivolts higher and lower than the applied 

voltage VIN for positive and negative input currents, respectively, as illustrated in Fig. 

4.8a. Fig. 4.9a shows the proposed modification for generating the binary output 

signal SIGN depicted in Fig. 4.8b. The technique takes advantage of the same time-

division multiplexing and shared-amplifier schemes described in Section II. When the 

select signal for a particular detector, e.g., Detector 0, goes high for one period of the 

main clock, a comparator shared by all detectors in a read-out column, 

compares VIN versus the VA node of that particular detector. Fig. 4.9b shows a 

simplified schematic diagram of the shared comparator, which operates as follows. For 

negative input currents, VA becomes lower than VIN and all of the bias current flows 

into the detector through M10 and M12. Thus, the drain voltage of M14 is pulled to VDD, 

which forces the digital output signal SIGN to go low (Fig. 4.8b). Similarly, for 

positive input currents, VA becomes higher than VIN and all of the bias current flows 

instead through M11 into the common current mirror formed by M13–M14. Thus, the 

drain voltage of M9 is pulled to ground instead, which forces the SIGN to go high (Fig. 

4.8b). The proposed scheme only requires two additional transistors, i.e., M10 and M12, 

and an extra read-out line per detector, yielding a negligible increase in detector area. 
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Figure 4.8. Simulation results illustrating the signals used to generate a binary output 
signal corresponding to the sign of the current. (a) The output of the regulation 
amplifier A1 in Fig. 4.2a, i.e., node VA, is pulled several hundred millivolts higher 
and lower than the applied voltage VIN for positive and negative input currents, 
respectively. (b) The two signals in (a) can be fed to the comparator in Fig. 4.9 to 
generate the desired binary output signal SIGN. 
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Figure 4.9. (a) Proposed modification to each read-out column in the array to generate 
a binary output signal corresponding to the sign of the input current. (b) Proposed 
implementation of the shared comparator shown in (a). The proposed solution only 
adds two additional transistors and a read-out line per detector for a negligible increase 
in detector area. 

 



 

102 

4.7 Conclusion 

In this work, we presented a new CMOS potentiostat circuit topology for application 

of bipolar voltages and high precision measurements of bidirectional currents. We also 

introduced a scalable CMOS VLSI potentiostat array for high-throughput drug 

screening applications. The proposed circuit enables not only amperometry but also 

FSCV at a MEA for massively parallel detection of quantal release events and 

characterization of electrode impedance, respectively. We demonstrated system 

functionality through device validation using prerecorded input stimuli. We discussed 

the potentiostat’s inability to detect the sign of the current, established a methodology 

for recovering the negative values of the current via a sign inversion procedure, and 

suggested a minor circuit modification to capture the sign of the current via a binary 

output signal with minimal area overhead. Ongoing work includes the design and 

validation of a 16 × 64 FSCV detector array, composed of 16 parallel readout columns, 

with post-CMOS surface-patterned electrodes for on-chip cell recordings. 

 

4.8 Note to Chapter 4 

This work was done in collaboration with the co-authors; Meng Huang designed the 

work, performed circuit simulation, device validation and data analysis; Carlos I. 

Dorta-Quiñones designed the work and performed circuit design and simulation; John 

C. Ruelas designed the data acquisition board; Joannalyn Delacruz performed carbon 

fiber electrode FSCV recordings; Alyssa B. Apsel, Bradley A. Minch and Manfred 
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Lindau designed the work. The authors thank MOSIS for chip fabrication. This work 

has been published in IEEE Transactions on Biomedical Circuits and Systems [97].  
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CHAPTER 5 

IMPROVED COMPACT 1,024-ELECTRODE CMOS IC FOR CYCLIC 

VOLTAMMETRY WITH SURFACE MODIFIED STRUCTURES 

 

5.1 Abstract 

CMOS microelectrode arrays allow integration of amplifier arrays with on-chip 

electrodes, offering high-throughput platforms for electrochemical sensing with high 

spatial and temporal resolution. Such devices have been developed for highly parallel 

constant voltage amperometric detection of transmitter release from multiple cells 

with single vesicle resolution.  Cyclic Voltammetry (CV) is an electrochemical 

method that applies voltage waveforms, which provides additional information about 

the electrode properties and about the nature of analytes. A 16-channel, 64-electrode-

per-channel CMOS IC fabricated in a 0.5-μm CMOS process for CV is demonstrated. 

Each detector consists of only 11 transistors and an integration capacitor with a unit 

dimension of 0.0015 mm2. The device was post-fabricated using Pt as the working 

electrode material with a shifted electrode design, which makes it possible to redefine 

the size and the location of the working electrodes. The system was validated with 

dopamine injection test and CV measurement of potassium ferricyanide at a 1 V/s 

scanning rate.  

 

5.2 Introduction 

Neurotransmitters are a set of biomolecules stored in secretory vesicles and released to 
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the extracellular environment as messengers in neuronal communication [124]. When 

a cell such as a neuron or neuroendocrine cell is activated or stimulated, secretory 

vesicles fuse with the plasma membrane and the transmitter molecules are released. 

This process of vesicle release in packages or quanta is called exocytosis [1]. 

Dysfunction of synaptic transmission is related to many diseases, such as Parkinson’s 

disease and Alzheimer’s disease. A better understanding of exocytosis and the 

mechanisms by which certain drugs modulate this process is essential for a 

mechanistic understanding of the therapeutic effects and the development of new types 

of drugs. 

 

Electrochemistry has been widely used to characterize the exocytotic release of 

compounds such as dopamine (DA), serotonin, norepinephrine, and serotonin [148].  

In amperometry, a polarizable working electrode is set at a constant voltage with 

respect to a reference electrode, and neurotransmitters are oxidized upon reaching the 

electrode. This method provides high sensitivity and high time resolution but does not 

offer the capability of distinguishing between different electroactive species. On the 

other hand, CV can distinguish different electroactive species at the cost of reduced 

temporal resolution [132]. In CV, a voltage ramp is typically applied at the working 

electrode while positive and negative currents are measured. With the background 

current subtracted and the resulting current plotted vs. the applied ramp voltage as a 

difference voltammogram, the oxidation and reduction peaks provide a unique 

fingerprint for different species and can be used to identify the measured compounds 
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[43]. 

 

For the study of transmitter release from single cells and single vesicles, amperometry 

and CV are conventionally performed with carbon-fiber microelectrodes, recording 

from a single cell at a time. This laborious procedure requires repetitive measurements 

and thus is very time-consuming. CMOS Integrated Circuit (IC) technology provides 

the possibility to integrate hundreds or thousands of working electrodes and amplifiers 

on a single silicon die. CMOS IC devices specifically optimized for amperometry have 

been developed for on-chip, high-throughput, single-cell amperometry [26], [29], [30], 

[33], [36]. These devices feature high resolution but can only measure positive current 

and are not suitable for CV. Incorporating the ability to perform CV on the same chip 

enables not only the distinction of different analytes but also a means for electrode 

characterization. For CV recordings, bidirectional current measurements are required. 

A few bidirectional-current measurement CMOS devices for CV or Fast-Scan Cyclic 

Voltammetry (FSCV) have recently been developed [29], [97], [122], [143]. However, 

they either do not provide sufficient sensitivity for characterizing vesicle release 

events, typically on the order of a few pA, or are not so area efficient in terms of the 

circuit footprint, a key requirement for large high-throughput arrays. A peripheral 

cascode bias circuit which is shared by an entire row of electrodes can be used to 

further reduce the number of transistors per detector as compared with [97] while 

retaining the relatively low gain error. 
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Another challenge for on-chip CMOS IC electrochemistry detectors is the post 

fabrication process. As semiconductor foundries do not allow the use of polarizable 

electrode materials, such as Pt or Au, the original electrodes are covered with Al/Cu 

metal contacts, which are not suitable for electrochemical measurements. A 

conventional approach is to deposit Pt or Au electrodes directly on the Al/Cu metal 

contacts, but the working electrodes may be potentially damaged during multiple uses 

and expose the Al/Cu metal contacts to the test solution, resulting in excessive 

currents and damage to the chip. A surface modified structure has been developed to 

solve this issue and it also offers the possibility to redefine the size and the location of 

the working electrodes [26]. 

 

This work presents a novel high-throughput, high-precision and area-efficient CMOS 

circuit with only 11 transistors per detection pixel for CV measurements. The pixel 

dimension was 42 μm × 36 μm and the total area of the 1,024 detector array was 1.34 

mm × 1.15 mm. The device was post fabricated with a shifted electrode surface 

modified structure [8] and validated with dopamine injection and potassium 

ferricyanide CV measurement. 

 

5.3 Circuit implementation 

Fig. 5.1 shows the schematic diagram of the bidirectional-current potentiostat 

implemented in this work. The individual detector circuit was modified and improved 

based on the schematic described in [97] while other design features of the system 
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were unchanged. In [97], in order to ensure that the current mirror transistors M2 and 

M3 have the same drain voltage, a second half-shared amplifier was used in the 

detector circuit with the output connected to VC in Fig. 5.1 [97]. Although this 

topology provided a near perfect match for the bias points for M2 and M3, the second 

half-shared amplifier consumes a large portion of the pixel area. To further reduce the 

number of transistors per detector pixel, the second half-shared amplifier was removed 

from the circuit and replaced by a peripheral cascode bias circuit shared by an entire 

row of electrodes, thus not consuming individual detector area. The peripheral cascode 

bias circuit consists of a half-shared amplifier AP, a current source I0, and an NMOS 

transistor M0. The current source I0 is set to be running at a current level close to the 

normal operating current of M4 during negative current measurement in CV. With VC 

connected to the gate of M4, the drain voltages of M2 and M3 are very close and thus a 

low gain error is achieved. 
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Figure 5.1. Schematic diagram of the bidirectional-current potentiostat implemented in 
this work. The yellow color indicates components in a single detector pixel. 
 

Although the original circuit in [97] enabled bidirectional current measurement, both 

the positive current and the negative current were measured as positive output voltage 

with the same integration capacitor. Therefore, the output voltage indicated only the 

absolute value but not the polarity of the input current. A sign binary output circuit 

was proposed in [97] to compare two bias points in the circuit and tell if the output 

current was positive or negative. The sign binary output circuit is implemented in this 

work with two transistors M6 and M7 added to each detector pixel. When the current is 

positive, the sign binary output will generate a 5 V output voltage. When the current is 

negative, the sign binary output will be 0 V. 

 

With the removal of the second half-shared amplifier and the addition of the sign 
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binary output circuit, the number of transistors per detector pixel is reduced by three 

compared with [97] to a total number of 11 transistors per detector pixel.  

 

5.4 Materials and methods 

 

5.4.1 CMOS sensor array fabrication 

The CMOS sensor array IC devices were fabricated at MOSIS in the ON 

Semiconductor C5F/N process. A micrograph of the sensor array is presented in Fig. 

5.2. To improve the area efficiency, the physical layout of the 16-channel, 64-

electrode-per-channel sensor array was arranged to 32 by 32 (Fig. 5.2). Each channel 

was composed of two 32-electrode columns. The 64 electrodes (2 by 32) in the same 

channel shared one output buffer. The half-shared amplifier A0 and the peripheral 

cascode bias circuit in Fig. 5.1 were shared by the 32 electrodes in the same row. As 

the original electrodes were covered with Al/Cu metal contacts, post-fabrication 

processes were used to deposit Pt as the polarizable working electrode material. A 

holder with the exact dimension of the CMOS die was fabricated to mount the CMOS 

chip inside for better handling. The holder was etched using a deep silicon etcher 

(Unaxis 770). The chip was bonded to the holder with epoxy (DOUBLE/BUBBLE 

Epoxy). 

 

A slightly modified shifted electrode design was used based on the post-fabrication 

method described in [26]. The chip was spin-coated with LOR 5A (Microchem) at 
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2000 RPM for 45 s and then soft-baked at 180 °C for 4.5 min. It was then spin-coated 

with Shipley S1813 at 4000 RPM for 30 s and soft-baked at 90 °C for 1 min. After UV 

exposure, the chip was baked at 90 °C for 1 min to remove the air bubbles generated 

during the exposure. Then the chip was soaked in 726 MIF developer (Microchem) for 

1 min 10 s. Descum was performed with YES Asher. A sputtering system (AJA 

International Inc.) was used for Ti (60s, 10nm) and Pt (500s, 250 nm) deposition using 

400 W power. The chip was immersed in Remover PG (Microchem) overnight for 

metal lift-off. The insulation layer was fabricated by first spin-coating AZ nLOF 2020 

(3000 RPM, 30s) on the CMOS chip followed by a soft-bake at 115 °C for 1 min, 

resulting in a 2.4 μm thick resist layer. The chip was then aligned with the photomask 

and exposed with UV. The post exposure bake was at 115 °C for 1 min. 726 MIF was 

used to develop the photoresist for 1 min. A final descum was performed with YES 

Asher. The post-fabricated electrodes are shown in Fig. 5.3. The chip was attached on 

a side-braze Dual in-line Package (Addison Engineering, San Jose, CA, USA) and 

wire bonded. Silicone (RTV 615, GE) was applied to insulate the entire device, 

exposing only the sensor array area. 
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Figure 5.2. Micrograph of the 1,024-electrode bidirectional-current measurement 
CMOS IC. 
 

 

Figure 5.3. Microscope image of the patterned shifted electrode array with microwells. 
The diameter of the well was 16 μm and depth 2.4 μm. 
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5.4.2 Testing solutions 

Physiological buffer solution contained (in mM) 140 NaCl, 5 KCl, 1 MgCl2, 10 

HEPES/NaOH with pH adjusted to 7.3. DA solution was supplemented with 200 μM 

DA in the buffer solution. Ferricyanide solutions contained 25/50/75/100 μM 

potassium ferricyanide in 0.1 M KCl (pH = 3).  

 

5.4.3 Data acquisition and analysis 

For the DA injection test, a grounded Ag|AgCl reference electrode was placed into the 

buffer solution. The working electrodes on chip were set at 700 mV against the 

reference electrode. For the ferricyanide CV measurement, the working electrodes 

potential was ramped between 0.6 V and -0.1V with the holding potential at 0.6 V 

against the reference electrode. The voltage ramp scan rate was 1 V/s.  

 

A customized breadboard was used for the wiring of the power and clock inputs and 

the device outputs (Fig. 5.4 a). To exchange solutions during the CV measurement two 

pipettes were used, one injecting the new solution and one aspirating the currently 

present solution at the same time (Fig. 5.4b). 

 

The sampling rates used with the chip for the DA injection tests and for the 

ferricyanide CV measurements were 2kS/s and 10 kS/s, respectively. The analog 

outputs were connected to a multichannel module NIDAQ PXIe-6368 (National 

Instruments, Austin, TX) and converted to voltage, which was recorded by a computer 
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using Igor Pro 6 (Wavemetrics). The raw data was demultiplexed by a custom 

program and filtered with 5-point binomial smoothing in Igor Pro 6.  

 

 

 

Figure 5.4. (a) The customized breadboard used for the data acquisition of the CMOS 
device. (b) Protocol for solution exchange. Two pipettes were used to exchange the 
solution during the recording, one injecting the ferricyanide solution and one 
aspirating the currently present KCl solution at the same time. 
 

5.5 Results 

 

5.5.1. Sign binary output validation 

Fig. 5.5a presents the results from a current injection test feeding a pre-recorded CV 

current (grey solid trace) with known polarity measured with a carbon-fiber 

microelectrode in 1 μM DA solution through the calibration node on the CMOS chip. 

The sign binary output dropped from high to low immediately at the positive-negative 

transition point. At near zero current, the sign binary output switched between 0 and 1 

because at very low current levels the difference between the two bias points used for 
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the sign binary output circuit was not large enough to accurately generate the sign 

output. However, this sign uncertainty was limited to a small range very close to zero 

current levels (±35 pA) and does not affect the higher current levels where the 

oxidation and reduction peaks are located (Fig 5.5b). It is worth noting that both, the 

positive and the negative current matched very well with the input currents, indicating 

that the modified negative current measurement path with the peripheral cascode bias 

circuit has a very low gain error.  

 

 

Figure 5.5. (a) Output current was measured while input pre-recorded current was 
injected through the calibration transistor. The grey solid trace indicates the input 
current. The black trace indicates the output current from the CMOS chip. The blue 
solid trace indicates the sign binary output. The black dotted trace indicates the 
corrected negative current based on the sign binary output. (b) A zoomed in graph 
showing the sign uncertainty region. The sign uncertainty was limited to current below 
±35 pA and does not affect current at the oxidation and reduction peaks. 
 

5.5.2 DA injection test 

Although the CMOS IC in this work was designed and optimized for CV 

measurements, it can also operate in low noise constant voltage amperometry mode 
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where only positive current is present. When positive current enters through the 

electrode into the chip, the circuit works the same way as described in [30], [33]. DA 

is an electroactive neurotransmitter, which is efficiently oxidized at an electrode set at 

700 mV. Therefore, a DA injection test was performed to validate the CMOS chip. 

 

 

Figure 5.6. DA injection test with a final DA concentration of 133.3 μM. 
 

Twenty μL of buffer solution was placed on the chip surface with the reference 

electrode inserted into the buffer. After the recording started, 40 μL of DA solution 

was added to the device, resulting in a final DA concentration of 133.3 μM. Fig. 5.6 

shows the electrode response of DA injection. Immediately after DA injection, the 

current detected increased significantly to near saturation of the measurement circuit, 

and slowly decayed after the maximum point, which is expected in such an experiment. 

The RMS noise at 2KS/s was 217 fA before addition of DA. 
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5.5.3 Ferricyanide CV measurement 

 

Figure 5.7. Measured background current of 0.1 M KCl solution vs. electrode potential 
with a scan rate of 1 V/s. (a) The time course of the recording. (b) The currents were 
plotted against the applied electrode potential. (c) The time course from 0.5 s before 
the start of the second cycle and 0.5 s after the end of the second cycle.  
 

Potassium ferricyanide is commonly used as the analyte for the characterization of the 

electrochemical properties of electrodes. During the negative scan, ferricyanide is 

reduced to ferrocyanide: 

[Fe(CN)6]8- +	e-	⇌ [Fe(CN)6];- 

and during negative scan, ferrocyanide is oxidized back to ferricyanide: 

[Fe(CN)6];-	⇌ [Fe(CN)6]8- +	e- 

In potassium ferricyanide CV, a negative scan is first applied at the electrode followed 

by the positive scan (Fig. 5.7a, black solid line) because the ferricyanide is originally 

in its oxidized form. Ferricyanide CV is a widely used method to characterize 

electrode properties, such as electrochemical sensitivity, effective electrode area, 

stability, etc [41]. 

 

The stability of the working electrode is essential for CV measurements. Fig. 5.7 
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shows a typical example of three cycles of the background current for an on-chip 

working electrode in 0.1 M KCl solution with a scan rate of 1 V/s. The holding 

potential was set at 0.6 V. A negative scan was first performed from 0.6 V to -0.1 V 

and a positive scan from -0.1 V to 0.6 V. The differences between the measured 

currents from the three cycles were small indicating that the capacitive background 

currents were stable over the electrode potential range from -0.1 V to 0.6 V. 

 

The measured currents for the background and the applied voltage vs. Ag|AgCl 

reference electrode (black trace) are presented in Fig. 5.7a. At the negative ramp from 

the start point to 0.7 s, the measured currents were negative and gradually decreased in 

amplitude. When the negative ramp changed to the positive ramp at 0.7 s, there was a 

slight delay and then the currents reversed their polarity to positive. The delay may be 

caused by the detector pixel circuit and the op-amp used to control the electrode 

potential (Fig. 5.S1). When the electrode potential reached maximum at the end of the 

positive ramp, a holding potential was applied and the currents dropped to zero.  
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Figure 5.8. CV measurement of various concentrations of potassium ferricyanide. (a) 
Measured background current and CV current with 25/50/75/100 μM potassium 
ferricyanide with time as the horizontal axis. The applied voltage vs. Ag|AgCl 
reference electrode (black trace) is demonstrated to the right vertical axis. (b) 
Voltammograms of 25/50/75/100 μM potassium ferricyanide with the background 
current subtracted. 
 

To perform CV measurements with various concentrations of ferricyanide, 

25/50/75/100 μM potassium ferricyanide in 0.1 M KCl (pH = 3) solutions were 

prepared. The chip was first loaded with 40 μL of 0.1 M KCl solution without any 

analytes. After the recording started, the background current was recorded for 3 cycles. 

While the constant 0.6 V holding potential was applied at the electrodes, the KCl 

solution was replaced with 40 μL of 25 μM ferricyanide solution by using two pipettes, 

one injecting the ferricyanide solution and one aspirating the currently present KCl 

solution at the same time (Fig. 5.4b). 25 μM ferricyanide CV measurement was 

performed for at least 4 cycles. The same solution replacement procedure was repeated 

for 50/75/100 μM potassium ferricyanide solutions. The measured currents 

demonstrated in Fig. 5.8a were averaged from 3 cycles for the background current and 

4 cycles for the ferricyanide currents. 
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Figure 5.9. The time course of the peak currents during forward scans of the recording. 
Each dot indicates the reduction peak current of each cycle. The blue dots indicate 
cycles that were used to generate the average current for the corresponding 
ferricyanide concentration in Fig. 5.8. The horizontal axis indicates the start time of 
each cycle. 
 

Fig. 5.9 presents the time course of the reduction peak current amplitudes of each 

cycle during the recording. Each dot represents the currents averaged over 10 ms at the 

peak position (~0.138 – 0.148 V). The blue dots indicate cycles that were used to 

generate the average current for the corresponding ferricyanide concentration in Fig. 

5.8. Upon solution exchange, the first a few cycles showed deviating data points due 

to the mixing of the solutions and mechanical vibrations. Then the peak currents 

settled to a stable level for the remaining cycles. Fig. 5.10 clearly shows the step 

increases with increasing concentrations of ferricyanide added onto the chip.  

 

The voltammograms shown in Fig. 5.8b clearly demonstrate the oxidation and 

reduction peaks, which occurred at 0.22 V and 0.14 V, respectively, consistent with 

previously reported data [149]. The reduction/oxidation peak values and the linear 
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fitting curves are shown in Fig. 5.10. The linear fits were performed with the 

intercepts fixed at zero. Both the oxidation and the reduction peaks showed good 

linearity against the concentrations of the analyte.  

 

 

Figure 5.10. The reduction (a) and oxidation (b) peak values and linear fitting curves 
(black). The red dashed line in (a) shows the theoretical line determined by equation 
5.1. 
 

Theoretically, the peak current for the forward scan (reduction) described by the 

Randles-Sevcik equation at 25°C is [42]: 

                         𝑖= = 268,600	𝑛
D
,	𝐴𝐷

*
,𝐶𝑣

*
,                    (5.1) 

where n is the number of electrons transferred in the redox reaction, A is the area of 

the working electrode, D is the diffusion coefficient, C is the concentration, and 𝑣 is 

the scan rate. With n for potassium ferricyanide equal to 1, the radius of the working 

electrode equal to 8 μm, D of potassium ferricyanide equal to 7.2 ×10-6 cm2/s, C as 

100 μM and 𝑣 at 1 V/s, the expected peak current is 144.8 pA. The measured peak 

current for 100 μM potassium ferricyanide was 135.2 pA, a 6.6% deviation from the 

expected value. The linear relationship of peak current and concentration determined 
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by equation 5.1 is 1.448 pA/μM, which is plotted as the red dashed line in Fig. 5.10a. 

The slope of linear fit of the reduction peak values was 1.318 ± 0.066 pA/μM, a 9.0% 

deviation compared to the theoretical value. The small deviation may originate from 

incomplete solution exchange resulting in slightly reduced actual ferricyanide 

concentrations.  

 

 

Figure 5.11. Superimposed voltammograms for 100 μM potassium ferricyanide for a 
single channel with 64 electrodes. Five out of 64 electrodes were not giving 
reasonable results and are not included in the graph (Fig. 5.S1). The black trace 
indicates the voltammogram for 100 μM potassium ferricyanide in Fig. 5.8b. 
 

One of the advantages of the CMOS based detector array is that a large number of 

electrodes can be integrated on one single chip and operated in parallel. Fig. 5.11 

shows the results from a single channel on the chip with 64 electrodes. Five out of 64 
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electrodes showed a different response (Fig. 5.S2) and were therefore not included in 

this figure. Two of the excluded electrodes showed no response while the other 3 

showed a rather normal reduction peak but a distorted current during the oxidation 

sweep. These distortions are presumably due to a contamination of these 3 electrodes 

which were located adjacent to each other. The overlapped voltammograms in Fig. 

5.11 show close amplitudes and positions of the oxidation and reduction peaks. The 

oxidation and reduction peak values are (mean ± standard deviation) 127.10 ± 4.03 pA 

and 130.28 ± 4.61 pA.  

 

5.6 Discussion 

In amperometry experiments, it has been observed that different electrode materials 

exhibit different detection sensitivities. For example, gold electrodes have been found 

to have higher detection efficiency compared with Indium-tin-oxide (ITO) electrode 

[39]. A conducting polymer, PDOT:PSS, used as electrode material shows a two-fold 

increment in the quantal size detected than planar Pt electrode [40]. Cyclic 

Voltammetry (CV) can be used to characterize electrode properties, such as 

electrochemical sensitivity, effective electrode area, stability, and noise [41]. The 

CMOS device with CV measurement capability described here is an ideal platform for 

on-chip electrode characterization and in vitro recording of single vesicle release 

events from live cells. With 1,064 working electrodes integrated on one chip, these 

measurements can be performed with high throughput.  
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Run-to-run variation in semiconductor fabrication processes has been a challenge for 

CMOS based devices, especially for devices with large sensor arrays. The peripheral 

cascode bias circuit described in Fig. 5.1 is susceptible to process variation, resulting 

in possibly inaccurate negative current measurement, compared with [97]. If the 

current source I0 is sourcing less current due to the mismatch, VC will decrease and M4 

will not have enough gate voltage to source the measured negative current, resulting in 

a much lower gain for the negative current measurement. However, it is feasible to 

increase the anticipated DC current in the current source I0 according to the behavior 

of each individual device, such that VC is sufficiently large to maintain low gain error 

between current mirror transistors M2 and M3. A 3X I0 will add safety margin to 

ensure that the mismatch will not cause a significant issue for the circuitry. For 

transistors in weak inversion, a factor of 3 will generate approximately only a 30 mV 

difference in the source voltages and would not induce a large shift in the drain-to-

source voltages of the current mirror transistors M2 and M3. Additional calibration of 

the gain using the built-in calibration transistors is also helpful for the precise 

measurement of negative currents. 

 

The small delay of the rapid current change relative to the transition from negative 

scan to positive scan in Fig. 5.7 may be caused by the distorted applied voltage at the 

electrodes. At the transition point, the positive current may not be large enough to 

switch the bias points for the detector pixel circuit for positive current measurement. 

Therefore, the electrode potential “clamped” at a constant value and the measured 
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current was unchanged until the positive current was large enough. Similar effect has 

been observed with a sine wave voltage applied at the electrodes (Fig. 5.S1). However, 

this only happened near the transition point and the reduction and oxidation peaks of 

the voltammograms in Fig. 5.8b were not affected. The average RMS noise for the 

baseline current with buffer added was 217 fA at 2kS/s, which is very similar to the 

200 fA at 2kS/s RMS noise level for the amperometry version of the chip, which 

measures only positive currents [26]. 

 

Post fabrication is required to enable electrochemical measurement by CMOS devices 

as polarizable electrodes are not presented on chip upon delivery. In this work, 

platinum electrodes were deposited on the devices with the surface modified structures 

to increase the reliability of the chips. With easy access to clean room technologies, it 

is also possible to deposit various other materials as the working electrodes, such as 

Au, diamond-like carbon [39], [44], indium tin oxide [39], [45], boron-doped diamond 

[46], [47], graphitic electrodes embedded in a diamond substrate [46], [63], [67], and 

PEDOT:PSS [40], to study the electrochemical properties of these materials as 

working electrodes.  

 

CV measurements were successfully performed on the CMOS sensor array. However, 

the injection of analytes was conducted manually and may result in somewhat 

imprecise concentrations of the analytes present at the electrodes, although the results 

deviated <10% from the theoretically expected values. Microfluidic devices could be 
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potentially fabricated on the surface of the CMOS chip, enabling more precise 

measurement, high throughput, and improved reproducibility [150]. A two-layer 

structure for microfluidic device was developed [72], which makes it possible to 

fabricate the microfluidic devices on the surface modified structures. 

 

CV measurements can also be used to identify faulty electrodes. Five out of 64 

electrodes were identified that did not showi proper responses (Fig. 5.S2) and were 

excluded from Fig. 5.11. Variation in the semiconductor fabrication processes or post-

fabrication processes may result in faulty electrodes that cannot measure current 

precisely. The capability to perform simultaneous CV characterization of all electrodes 

in an array allows for identification of any faulty electrodes such that in subsequent 

amperometry recordings data from these electrodes will be excluded from the analysis. 

 

In this work, a CMOS device with bidirectional-current measurement capability has 

been demonstrated. The compact circuit of each detector pixel consists of only 11 

transistors, significantly decreasing the required area for each detector. The sign 

binary output implemented provides an accurate knowledge of the polarity of the 

measured current. A dopamine injection test revealed that the chip can be used to 

detect electroactive species and can potentially be used for single-cell amperometry. A 

CV experiment with potassium ferricyanide validated the CMOS chip of performing 

CV measurement and generating voltammograms. The oxidation and reduction peak 

values showed a linear relationship with analyte concentrations. Five faulty electrodes 
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were identified and excluded from the analysis. 

 

5.7 Supplementary Information 

 

 

Figure 5.S1. A 100 Hz sine wave voltage was applied as the input voltage and the 
resulting electrode potential showed a “clamped” constant value at the peaks, which 
may be related to the small delay observed in Fig. 5.7. 
 

 

 



 

128 

 

Figure 5.S2. Traces for the five faulty electrodes. (a-c) show the voltammograms for 
electrode 29-31, respectively. The oxidation peaks show unreasonable shapes and 
additional peaks presented before and after the oxidation peaks. (d-e) show the time 
course of electrode 23 and 26, respectively. The recorded currents were extremely 
small and noisy and therefore cannot be analyzed. 
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CHAPTER 6 

CONCLUSION AND FUTURE DIRECTIONS 

 

Post-fabricated CMOS chips have been proved to be a powerful and efficient tool for 

amperometry measurements as it is designed to measure a large number of cells 

simultaneously. Pt or Au electrodes were deposited on the original Al/Cu metal 

contact of the CMOS chip to enable electrochemical measurement. However, there 

existed two major challenges for single cell recording devices. The first challenge was 

the reliability of the device under an aqueous condition. Imperfect coverage of the 

Al/Cu metal contact would lead to a large leakage current. Pt or Au electrodes could 

potentially get damaged during multiple use of the chip, exposing the Al/Cu contact to 

the test solution and damaging the CMOS chip. The second challenge was the issue of 

targeting single cells to each electrode. The locations where cells settled on the chip 

surface were unpredictable and cells could get clustered or not sitting directly on the 

electrodes. The shifted electrode design with SU-8 microwell structures fabricated on 

the CMOS chip solved these two issues at the same time. The shifted location of the 

working electrode provided additional protection for the CMOS circuitry, and the SU-

8 microwells automatically trapped single cells in them, achieving one cell per 

electrode. The surface modified CMOS IC enabled high throughput amperometry. 

 

Many drugs, such as antidepressant drugs bupropion and citalopram, were used for the 
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treatment of diseases without having precise knowledge of their mechanisms of action. 

The working mechanisms of bupropion and citalopram have been studied in this 

dissertation on a single cell single event level. It has been found that bupropion 

increases quantal size of quantal release events, probably because it accumulates more 

catecholamine inside the individual vesicles or it helps with the transition for more 

vesicles from partial release to full release. Citalopram significantly increases the 

event frequency by increasing the RRP size. This effect is a slow process on the time 

scale of minutes. This work demonstrated the effectiveness of surface modified 

CMOS IC for drug screening. Many other drugs with unknown molecular mechanisms 

on vesicle secretions, such as levetiracetam and afobazole, can be potentially studied 

with this device in a short time with low cost. 

 

The surface modified device is also promising in directly measuring quantal release 

from dopaminergic neurons with sufficient resolution. However, it is a great challenge 

to culture primary dopaminergic neurons on the chip surface for several weeks, as the 

cells may not survive long enough on the chip surface. A glia cell layer is typically 

required for long time culture. It is possible to change the thick SU-8 layer to a thin 

glass layer such that neurons may rest better on the surface of the chip. Pre-

conditioned cell culture media can also help with the culture of neurons. It is also 

worth trying to place the glass coverslip with cultured glia layer upside down on top of 

the CMOS device, such that it does not cover the working electrodes on the surface of 

the chip. 
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The surface modified CMOS chip used for the amperometric measurements discussed 

in Chapters 1 and 2 can only measure positive current. Therefore, it is not suitable for 

Cyclic Voltammetry (CV) measurement. Amperometry provides detailed information 

on the quantal release events, but CV is able to tell the nature of the released 

compounds. To enable CV measurements, an improved version of the CMOS chip 

with bidirectional-current measurement capability was designed and tested. Unlike the 

conventional method for bidirectional current measurement which uses a current 

source with a certain static DC current as the zero point, the new CMOS chip added an 

additional path for negative current measurement. The new design not only enabled 

negative current measurement, it also featured lower noise, minimum area and power 

consumption. It can be used for both, single cell amperometry and CV as the noise 

level and input current range were appropriate.  

 

Further improvements were made for the CV chip circuit design. With the addition of 

a peripheral cascode bias circuit, the number of transistors for each detection pixel was 

reduced by six. A sign bit output circuit was also implemented to provide the polarity 

information of the output current. The chip was first tested with current injection with 

known polarity and the sign bit output accurately distinguished between positive and 

negative currents. The CMOS chip was post-fabricated with the shifted electrode 

method but using photoresist as the protection layer. It was then validated with 

dopamine injection test and the output current was increased as expected. Potassium 
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ferricyanide was used to perform CV measurement. The oxidation and reduction peaks 

were clearly shown on the voltammograms and the linearity was acceptable for 

different concentrations. The noise of the new CV chip at constant voltage in 

amperometry mode is very low and is not different from that of the unipolar 

amperometry chips. In addition it can be used in CV mode for characterization of the 

individual electrodes on the chip such that electrodes that may provide erroneous 

measurements can be identified and their data excluded form the analysis of 

subsequent amperometric recordings. The CV chip will thus be an ideal tool for 

large-scale drug tests. It provides exciting opportunities for further experiments of 

amperometry and CV with live cells to investigate the mechanisms of vesicle fusion 

and transmitter release and their modulation by drugs and molecular manipulations. It 

enables high throughput data collection to determine the mechanisms by which drugs 

modulate transmitter release with great promise for clinical applications. 
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