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Abstract 

Redox cycling is an electrochemical technique that utilizes closely spaced generator and 

collector electrodes to cycle reversible redox species between their oxidative states. With 

advantages in signal amplification, selectivity of species based on their electrochemical reaction 

mechanism, and limited or no background subtraction, this technique is well suited for selective 

detection of important electrochemically active molecules such as dopamine at basal or slowly 

changing levels.  

Miniaturized medical devices have become an area of great interest for measurement of 

chemicals in limited volumes with low concentrations or in sensitive tissues. A probe on a 

polymeric SU-8 substrate with suitable dimensions and robustness for in vivo neural 

measurements was developed and tested in vitro. The probe’s unique construction using 

microfabrication processes and a laser-machining procedure is described in detail. The probe 

features an array of individually addressable electrodes, each 100 µm long, 4 µm wide and with a 

100 µm gap in between, on a shank that is 6 mm long and 100 µm wide. The probe is insulated 

by a thin layer of SU-8 with only the electrodes near the tip and the contact pads exposed. 

Evaluation of tissue after probe insertion into a rat brain indicates minimal damage comparable 

to FSCV electrodes and less extensive than the microdialysis probe.  

The electrodes on the probe were characterized electrochemically and redox cycling on the array 

was evaluated in vitro in the presence of model compounds (potassium ferricyanide and 

ruthenium (III) hexamine chloride) and dopamine, and the responses were compared to theory. 

The amplification factors, percent collection efficiencies and detection limits are determined 

from calibration curves. The best detection limits obtained for dopamine at the generator 



 

 

electrodes and collector electrodes during redox cycling are 800 nM and 1.10 µM, respectively. 

These values lie in the physiological concentration range of dopamine. The features and the 

results suggest that the probe is ready for further analysis in vivo.  

Finally, potential future designs for the probe are proposed and their expected current is 

calculated using theoretical approximations. All of the proposed designs fit on the same footprint 

as the current probe (70-µm wide and 100-µm long window) and have dimensions achievable 

with available micro and nanofabrication tools.   
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1. Introduction  
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1.1 Neurotransmitters 

Neurotransmitters are signaling molecules in the brain that convey an impulse from the 

pre-synaptic neuron to the post-synaptic one.1 These molecules are stored in vesicles at the end 

of pre-synapse neurons and are released into the synaptic cleft by stimuli. The released 

neurotransmitter then binds to its receptor at the post-synaptic neuron and consequently 

transduces the chemical signal into electrochemical transmission via changes in neuronal cell 

membrane potentials (i.e., depolarization or hyperpolarization).1 Excess neurotransmitter is then 

removed by reuptake into the pre-synaptic neuron, diffusion, or metabolized by enzymes, ending 

the signal. Most neurotransmitters are either small amine molecules, amino acids, or 

neuropeptides.  

Neurotransmitters are associated with a myriad of neurological disorders and therefore 

their detection and quantification have been points of great interest to scientists. Because these 

chemicals are present in very low concentrations (for example, dopamine’s extracellular 

concentration range is 20-1200 nM)2 and are very short-lived (for example, dopamine is cleared 

from the synapse between 10-200 ms after release),3 there is a great need for sensitive, selective 

and fast detection methods for these chemicals at physiological concentrations.4  

Some small amine neurotransmitters (e.g. catecholamines) are electrochemically active 

(able to transfer electrons on the surface of an electrode at the right potential) with reasonable 

potential ranges achieved by laboratory potentiostats. Compounds such as hydrogen peroxide are 

produced from enzymatic reactions with some of the non-electrochemically active 

neurotransmitters  (e.g. acetylcholine, present in sub-nanomolar concentrations).5 Hydrogen 

peroxide is then electrochemically measured and associated with the concentration of the 

species. 6, 7 Here, we will focus on the detection of catecholamines.  
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1.1.1 Catecholamines 

Catecholamines contain one amine and a dihydroxyphenyl group as the catechol nucleus. 

They include three species: dopamine (DA, 3,4-dihydroxyphenethylamine,) epinephrine also 

known as adrenaline (EP, (R)-4-(1-Hydroxy-2-(methylamino)ethyl)benzene-1,2-diol) and 

norepinephrine also known as noradrenaline (NE, 4-[(1R)-2-amino-1-hydroxyethyl]benzene-1,2-

diol) ((Fig 1). 

Catecholamines are derived in the biosynthetic pathway from tyrosine.8 The rate-limiting 

step in the synthesis is the hydroxylation of tyrosine to 3,4-dihydroxyphenylalanine (DOPA) 

with tyrosine hydroxylase. Dopamine is formed by the decarboxylation of L-DOPA. 

Norepinephrine is formed after transfer of a hydroxyl group onto the β-position of the side chain 

via dopamine-β-hydroxylase. The amine of norepinephrine can be methylated by 

phenylethanolamine-N-methyltransferase to form epinephrine. 

Dopamine (DA), also known as the central neurotransmitter has many different functions, 

including roles that it plays in the “reward” system, adaptive behavior, and voluntary 

movements. It has been closely entwined with substance abuse9, 10 and its treatment, as well as 

depression, Parkinson’s disease 11-13 and Huntington’s disease.14 Norepinephrine (NE) is closely 

related to stress levels. It is involved in regulation of functions such as attention and arousal, 

because it increases the level of excitatory activity.15,16 Epinephrine (EP) is a hormone released 

from the adrenal medulla which is a part of the adrenal glands on top of the kidney, it is known 

to be involved with fight or flight decisions. Exercise is the biggest contributor to secretion of EP 

in the bloodstream. 17 

Catecholamine neurotransmitters are well suited for electrochemical detection because 

the potential required for their oxidation is well within normal voltage windows where carbon 
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and metal electrodes are electrochemically inert in physiological buffer.18 In the oxidation 

process of catecholamines, the catechol group loses two hydrogens and two electrons to form 

orthoquinone groups. The following chemistry involves internal cyclization of the orthoquinone 

group to form a leucoaminochrome. This leucoaminochrome can react with orthoquinones to 

remake the catecholamine and an aminochrome species. The leucoaminochrome and the 

aminochrome molecules are electrochemically inactive in the potential windows of 

catecholamine oxidation on the most common electrodes (Fig. 2).19  

Catecholamines go through a 2e-/2H+ oxidation at +0.2 V vs Ag/AgCl (saturated KCl) 

reference electrode in pH=7.4 at physiological conditions.20 Because they coexist in certain parts 

of the brain,21-23 it is important to be able to distinguish between them. Simple electrochemical 

techniques, such as cyclic voltammetry (CV) are not well suited to achieve this for dopamine and 

norepinephrine due to their similar oxidation potentials and shape of voltammograms. More 

advanced and complicated electrochemical techniques are required for differentiation of these 

chemicals in real time. 

1.1.2 Other Interfering Electrochemically Active Species in the Brain 

The brain’s extracellular fluid consists of many electroactive chemicals that are 

considered interference to detection of catecholamines. Interferences fall into two main 

categories, the chemicals whose oxidation signal overlaps with the one of the catecholamines, 

and the chemicals that in some way change the concentration of catecholamines in the brain.  

The most studied electrochemical interference for catecholamines is ascorbic acid (AA). 

It is one of the most prevalent molecules in the brain (30 -800 µM)24 and serves as an antioxidant 

to clear oxygen or nitrogen-based radicals. It is also a co-factor in several enzyme reactions 

including catecholamine synthesis.25, 26 Ascorbic acid is also oxidized at a similar potential as the 
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catecholamines and because of its high concentration, its peak dominates the oxidation peak of 

catecholamines. 27, 28 Various strategies have been utilized to be able to detect dopamine in the 

presence of AA. These methods mainly involve modification of the electrode to selectively 

detect dopamine (e.g. Nafion)29, 30 or taking advantage of the irreversibility and slow kinetics of 

the redox reaction of AA. 31 32, 33  

Other electrochemically-active species include uric acid (UA), L-3, 4-

dihydroxyphenylalanine (L-dopa), a precursor to DA, and metabolites of catecholamines: 3, 4-

dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), and 3-methoxytyramine (3-

MT). Another important neurotransmitter (serotonin, 5-HT) and its metabolites (5-

hydroxyindoleacetic acid, 5-HIAA) can coexist with DA in certain regions of the brain. Most of 

these interfering species have similar electrode potentials to that of DA, close to +0.2 V vs 

Ag/AgCl (Saturated KCl) reference electrode.34, 35 Any in vivo electrochemical experiment 

should take into consideration the existence of these chemicals and devise methods to eliminate 

or account for these interferences to be able to accurately detect catecholamines. Most common 

electrochemical techniques are not capable of differentiating between these chemicals and the 

catecholamines and therefore there is a need for an electrochemical detection method that can 

selectively detect catecholamines. 

Another species present in the brain is oxygen. The partial pressure of oxygen in the brain 

is usually between 30-35 mm Hg (about 0.08 ppm in a healthy brain).36 Due to its high 

concentration in brain, it will have a significant impact in oxidizing chemicals such as 

catecholamines, ascorbic acid and others.1  It needs to be taken into consideration in 

electrochemical research involving the brain. For in vitro experiments with the final goal of in 
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vivo qualification or quantification of catecholamines, it is important to have controlled oxygen 

levels close to the ones in the brain.  

Hydrogen concentration affects the chemical balances of catecholamines and their 

reduced species (orthoquinones) (Fig. 2). In addition, the oxidation of catecholamines on 

electrodes leads to changes in the pH. Based on the Nernst equation, changes in the pH of the 

system can lead to changes in the oxidation potential of catecholamines. For most in vitro 

studies, the pH of aCSF (artificial cerebral spinal fluid) is adjusted to be 7.2-7.4 either by adding 

acids and bases oy bubbling of carbon dioxide gas.37-40 It is important to consider the pH in 

experimental and theoretical evaluations of these systems.  

1.1.3 Nonelectroactive Species in the Brain 

Non-electroactive species present in the complex biological environment of the brain can 

affect catecholamine detection. These species include proteins such as albumin and lipids (which 

will be more abundant when cell membranes are damaged due to insertion of the probe in tissue). 

These compounds can adhere to the surface of the electrodes and foul them. The fouling of 

electrodes can cause shifts in the potentials of oxidation and reduction, diminishing sensitivity 

and worsen detection limits. Other chemicals such as GABA (gamma amino butyric acid), 

glucose, glutamate, lactate, and choline are also present in the brain, but their detection requires 

electrode modification.  They are not likely to directly affect catecholamine concentrations.  

1.1.4 In vivo Neural Probes and Chemical Analysis of Catecholamines 

Studies to achieve sensitive and selective detection of neurotransmitters with high 

temporal and spatial resolution have been underway for decades. The most prominent 

approaches to detection of neurotransmitters in vivo are microdialysis sampling coupled with a 

detection method and electrochemical methods.21 These are further discussed below. Imaging 
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methods such as positron emission tomography (PET) and functional magnetic resonance 

imaging (fMRI) have been used to track neurotransmitter activity in the brain, but these 

techniques do not exhibit suitable spatial and temporal resolution to gain insights into release and 

uptake mechanisms at the neuronal levels. 34, 41, 42 

1.1.4.1 Microdialysis Sampling Coupled with a Detection Method 

Microdialysis, a sampling method, has become an indispensable tool for investigations of 

neurochemicals in the brain. 43-46 A probe with a tip diameter of 200-400 µm made of a semi 

permeable membrane collects extracellular fluid. Small molecules such as the amine 

neurotransmitters will cross the membrane because of concentration gradient. The inlet tubing 

perfuses fluids such as extracellular fluid or pharmaceutical agents and the outlet tubing collects 

the sample called the dialysate. The dialysate is analyzed for presence and concentration of 

molecules. The perfusion inside the probe controlled with a slow rate (< 3 μl/min) will carry the 

analyte to a detector. The detector (mass spectrometry, absorbance spectrophotometry, 

fluorescence, or electrochemical detectors) will play a role in defining the temporal resolution 

and sensitivity.44,47 

A notable advantage of microdialysis when coupled with detection methods is its high 

selectivity and sensitivity. Another advantage of microdialysis is that the versatility of choosing 

the detector can lead to identification and quantification of a wide variety of in vivo analytes. 

Also, the fabrication of the probe is relatively easy and reproducible. Microdialysis can also be 

utilized to deliver drugs into the tissue.47,48-50 Reports have indicated that the size of the 

microdialysis probe may lead to tissue damage, resulting in an immune response, and therefore 

impact the analysis results.51 The damage can cause various electrochemically active and fouling 

chemicals to be released in the sampling region due to immune response which will affect 
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accuracy and alter the chemical composition of the tissue. The probes can go up to 1 mm in outer 

diameter which will cause low spatial resolution of sampling. The rate of perfusion inside the 

membrane is typically <3 μl/min, and depends on membrane properties, and detection method. 

Each sampling-detection procedure can take a few seconds52, 53 to 20-30 min 44,45 leading to 

temporal resolutions not suitable for real time analysis of chemicals in the brain.   

1.1.4.2 Electrochemical Methods 

Electrochemical detection of neurotransmitters has been a subject of interest since the 

1960s with Ralph Adams as the pioneer.28 Catecholamines undergo a 2e-/2H+ oxidation reaction 

and are therefore detectable using electrochemical techniques. Electrochemical sensors are 

inexpensive and easy to operate devices for selective and sensitive detection of molecules in real 

time. Advances in microfabrication, have allowed electrochemical devices to become 

miniaturized and portable for applications in medical fields.  

A variety of electrochemical techniques, electrode material and modification methods 

have been utilized to electrochemically detect catecholamines.32, 54 The following section focuses 

on Fast Scan Cyclic Voltammetry (FSCV), as the most widely used electrochemical technique 

for detection of catecholamines, followed by redox cycling, which is the method the work 

presented in this dissertation utilizes to detect catecholamines in vitro.  

1.1.4.2.1 Fast Scan Cyclic Voltammetry 

FSCV is currently the most widely used electrochemical method for making relatively 

continuous DA measurements at carbon fiber electrodes (CFEs). 9,55,56,57 The method exhibits 

low detection limits (low nM) due to high surface area of the electrodes and the pre-absorption of 

dopamine on the surface of the electrode held at a reducing potential.2, 58 The small diameter 

carbon fiber electrodes (5-15 µm diameter) used in FSCV will cause little tissue damage.3 
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Detecting dopamine using FSCV at CFEs in vivo has been largely explored. The high speed of 

the technique (300 V/s to 600 V/s coupled with potential waveform to enhance adsorption 

between scans) allows rapid monitoring of dopmaine every 100 ms.2 It uses a time scale so short 

as to exclude kinetically slow oxidation processes, such as that exhibited by ascorbic acid.2, 33, 34  

It has long been recognized that DA adsorbs to the surface of the carbon microfiber 

electrode used for FSCV. This adsorption is both as an advantage and a disadvantage. The 

adsorption preconcentrates DA on the electrode therefore, improving the limit of detection. 

However, the electrode’s response becomes slower due to this adsorption. Many groups utilize 

deconvolution techniques to remove this lag of the signal.2, 34, 59  

Since the diameter of the CFE is very small, the electrode can be placed and make 

measurements very close to the point where DA gets released from the vesicle.58 Uptake 

mechanisms and dilution due to diffusion lead to diminishing concentrations of DA far away 

from the point of release; the proximity of the CFE to release cite leads to detection of DA 

molecules before they are affected by the two mentioned processes and therefore it is generally 

believed that the values obtained using FSCV for DA are more accurate in terms of local 

concentration than the ones from microdialysis.40 

In addition, CFEs have such narrow diameters that tissue damage can be assumed to be 

negligible. In fact, the track of the carbon fiber exposed tip cannot be observed by electron 

microscopy of the nano-bead perfused brain slides and therefore the track of the glass capillary is 

followed to the smallest visible extent and that is assumed to be where the CFE tip has affected 

the tissue. This is considered a major advantage over microdialysis probes that cause substantial 

tissue damage as can be seen by the disappearance of blood vessels around the probe’s track.40, 51, 

60 
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Due to very high scan rates used in FSCV, high enough background currents are 

generated that create analytical challenges in measuring basal levels concentrations due to the 

need to subtract the background current.  The need to scan background current in FSCV leads to 

its inability to measure basal or slow changing concentrations of catecholamines. However, by 

stimulation of  nerves, catecholamine transients can be measured after using the background-

subtraction methods.34 

In addition to large backgrounds, FSCV has difficulty discriminating among multiple 

neurotransmitters. Quantitative measurement of individual components within a mixture of 

neurochemicals including DA, 5-HT, DOPAC, HVA, 3-MT, L-dopa, UA and AA has been made 

in Wightman’s laboratory.61 However, FSCV signals of the neurotransmitters dopamine and 

norepinephrine are similar and these two compounds cannot be differentiated using this 

technique.23 Due to this, FSCV probe is usually inserted into a part of the brain that is known to 

have higher concentrations of the target neurotransmitter.62 These regions might even exhibit the 

absence of specific interferences or the interferent might be eliminated by administration of 

specific receptor antagonists or transporter inhibitor.2 Another solution is to stimulate the release 

of a specific catecholamine (for example DA).63 Considering the drawback of FSCV, the need 

for methods that do not require background subtraction, and can differentiate catecholamines 

arises. 

1.1.4.2.2 Redox Cycling 

Redox cycling is a powerful technique that involves closely spaced electrodes having 

opposing potentials 20, 64-70 and diffusional shuttling of molecules between them. Redox cycling 

utilizes at least two closely spaced electrodes whose potentials are controlled independently of 

each other. One is held at a “generating” potential and the other at an opposite “collecting” 
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potential, where electrical currents are measured independently at each. The current magnitude is 

associated with the slope of the concentration gradient (arrival rate) of the electroactive species 

reaching that electrode.  The potential at which the electrode is poised can also help identify 

what electroactive species are present. Because regeneration of the starting species can occur at 

the nearby collector electrode upon arrival of the generated species, redox cycling provides the 

advantage of signal amplification at the generator.  The amplification improves with diminishing 

gaps because steeper concentration gradients are achieved.   

Extensive dimensional and diffusional studies in a multitude of chemical environments 

have been performed by redox cycling, such as those by Niwa and co-workers 71-73, Amatore and 

co-workers 65, 74-78, Fritsch and co-workers 67, 79, and Aoki and co-workers 71, 80. In redox cycling, 

there is control over where, when and at what potential electroactive species can be generated 

and collected. A major advantage of redox cycling is its ability to provide insight into the 

mechanisms and kinetics of following reactions that occur while generated and regenerated 

species diffuse between collector and generator electrodes, respectively. Likewise, the selective 

detection of one electrochemically active species over another based on their relative electron 

transfer rates is also possible.  

Strategic application of different potentials and different potential waveforms at the 

generators and collectors can contribute to the extent of specificity that is not possible at a single 

electrode. For example, the potential at the generator can be swept slowly across a range while 

the collector is held at a fixed value at which only certain generated products that arrive at the 

collector are active. In a different scenario, the potential at both the generator and collector can 

be held constant (as is done through chronoamperometry, CA) to follow temporal events more 

precisely in the surrounding environment. The temporal resolution of this method is limited by 
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the transit times between the two sets of electrodes, which in turn makes it a factor of the gap.  A 

large advantage of a slow sweep and a constant potential over the fast sweep in FSCV is that 

charging current at the generator is either much lower (depending on the sampling time) or 

eliminated at the collector, respectively.81, 82  This minimizes the need for subtraction of 

background current, therefore making it a more suitable method to measure both transient release 

of chemical species and basal variations.67 In the case of varying basal levels of catecholamines, 

gradual changes in solution composition that also change charging current makes precise 

background subtraction difficult without subtracting out the faradaic signal, too.58  CA has been 

used in vivo at single carbon fiber electrodes, as well, but it suffers from low sensitivity due to 

the shallow concentration gradients from diffusional depletion at long times, unlike redox 

cycling that refreshes the species at the nearby electrodes.81  

In an ECC’ mechanism (Fig. 2), catecholamines undergo a two-electron oxidation (E) to 

yield o-quinone.19 The o-quinone form can then go through an internal cyclization reaction (C) to 

yield the leucoaminochrome. The leucoaminochrome and o-quinone forms can react with each 

other (C’) to yield the original catecholamine and the aminochrome form. The internal 

cyclization reaction that is involved in the C part of the mechanism occurs at different rates for 

the different catecholamines. The apparent rate constants at pH=7.4 in phosphate buffer have 

been reported to be 0.13 ± 0.05 s-1, 0.98 ± 0.52 s-1 and 87 ± 10 s-1 for DA, NE and EP, 

respectively.28 Due to the difference in these rate constants, the species can be distinguished by 

spatial distribution based on the survival of the o-quinone from the following chemistry. Step C 

in the mechanism can also affect the number of times the species can go back and forth between 

two oppositely polarized electrodes and therefore the amplification of the signal, depending on 

the species. 
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1.2 Considerations for a neural probe 

A neural probe is a device that can be inserted into a nervous system tissue (the spine, 

nerves, and the brain) and make measurements or deliver chemicals.83 Due to sensitivity of these 

tissues with regards to tissue damage, their size has always been a major consideration.83 

Microdialysis probes used for sampling the extracellular fluid and carbon fiber microelectrodes 

used for FSCV experiments have been studied extensively with regards to their tissue damage 

and the immune response caused by these devices. 51, 84, 85 Microfabricated devices however are 

more recent and only a few probes have been reported with suitable dimensions for in vivo redox 

cycling neural measurements. 86, 87 These probes are fabricated on silicon nitride and their 

microfabrication processes (specially the patterning of the substrate and insulation layer) is 

reported to be difficult and irreproducible. In addition, silicon nitride is a brittle substance and 

the concern with breakage during insertion and the tissue damage caused by the mechanical 

mismatch between the tissue and the device prevent these devices to be implanted in the live 

brain for more than a few hours.88 Due to these concerns probes on polymeric substrates have 

gained popularity over the years. 89-93 The four most common polymers used for these probes 

include polyimide, parylene, BCB and SU-8. 89-93  Of these polymers, the first three require 

mechanical reinforcement to be able to penetrate the tissue. This mechanical reinforcement can 

come in the form of a dissolvable coating (e.g. maltose) 94 whose impact on the chemical 

composition of the surroundings is unknown. SU-8 is a photo-patternable negative resist (Fig. 3) 

that polymerizes under UV light (350 nm). SU-8 shows minimal biotoxicity and is considered 

biocompatible for neural recordings. 90, 95, 96 It also shows suitable chemical and mechanical 

properties for in vivo measurements and its high resistivity (1.8 x 1017 Ω) makes it a great 

candidate for a non-conductive substrate on which the electrodes can be patterned.  In chapter 
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two of this dissertation, a detailed discussion on probe dimensions and choice of material is 

presented.  

1.3 Overview of the Studies Described in this Dissertation 

The main objective of this project is to construct an electrode-array with individually 

addressable electrodes on a probe intended for in vivo measurements and to characterize the 

probe’s performance in vitro for measuring dopamine at low concentrations using redox cycling. 

To achieve this goal, conventional microfabrication techniques in combination with laser 

micromachining were utilized to fabricate the novel, miniaturized device with suitable 

dimensions and robustness for in vivo measurements inside a rat’s brain. Fabrication of a device 

with such small dimensions and shaping it into the needle was a major hurdle for this project and 

it hindered the progress towards detection of dopamine in vivo. Electrochemical studies were 

performed on the device (whether laser micromachined into the needle-like shape or cut in the 

shape of a rectangular chip) to characterize the probe using model compounds, followed by in 

vitro detection of dopamine. Each chapter in this dissertation is written in a manuscript format. 

Chapter 2 discusses the design and fabrication of the SU-8 probe and its characterization 

along with proof-of-concept dopamine detection. Details of microfabrication process and laser 

micromachining are discussed in this chapter. The electrodes are individually characterized and 

compared to expected performance based on theory and other relevant reports in the literature. 

The redox cycling method is evaluated by values such as amplification factor and collection 

efficiency; these values along with detection limits are reported for the model compound and 

dopamine. Chapter 2S, provides supplemental information for chapter 2.  

Chapter 3 focuses on electrochemical detection of dopamine and its behavior during 

redox cycling. The device used for this chapter has the same electrode design as in Chapter 2, 
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however the lifted SU-8 substrate is in the form of a chip and not laser micromachined into the 

needle-shaped probe. Electrochemical responses to model compounds and dopamine are 

compared with theory. A detailed discussion about the quality of the insulation layer and how 

that may influence the electrochemical response is provided. A section of this chapter also 

discusses future designs and optimization for the electrode geometry. Chapter 3S, provides 

supplemental information for chapter 3. 

Chapter 4 provides a conclusion for the work and proposes future work to achieve the 

goals for this project. This chapter discusses possible future design considerations, 

microfabrication approaches and prospects and challenges of in vivo analysis using the probe 

developed for this dissertation. 
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1.4 Figures 
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Fig. 1 Chemical structures of (a) dopamine, (b) norepinephrine and (c) epinephrine 
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Fig 2. Electrochemical oxidation reaction of catecholamines and their following chemistry  
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Fig. 3 Chemical structure of polymerized SU-8  
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2.1 Abstract 

An SU-8 probe with an array of nine, individually addressable gold microband electrodes 

(100 µm long, 4 µm wide, separated by 4 µm gaps) was photolithographically fabricated and 

characterized for detection of low concentrations of chemicals in confined spaces and in vivo 

studies of biological tissues. The probe’s shank (6 mm long, 100 µm wide, 100 µm thick) is 

flexible, but exhibits sufficient sharpness and rigidity to be inserted into soft tissue. Laser 

micromachining was used to define probe geometry into its shape through the SU-8 layers to 

access an underlying sacrificial aluminum layer that was etched to free the probes from a silicon 

wafer. Perfusion with fluorescent nanobeads showed that, like a carbon fiber electrode, the probe 

produced no noticeable damage when inserted into rat brain, in contrast to damage from an 

inserted microdialysis probe. The individual addressability of the electrodes allows single and 

multiple electrode activation. Redox cycling is possible, where adjacent electrodes serve as 

generators (that oxidize or reduce molecules) and collectors (that do the opposite) to amplify 

signals of small concentrations without background subtraction. Information about 

electrochemical mechanisms and kinetics may also be obtained. Detection limits for potassium 

ferricyanide in potassium chloride electrolyte of 2.19, 1.25 and 2.08 µM, and for dopamine in 

artificial cerebral spinal fluid of 1.94, 1.08 and 5.66 µM for generators alone and for generators 

and collectors during redox cycling, respectively, were obtained.    
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2.2 Introduction 

Major technological advances have been made in the field of electrochemical sensors that 

are capable of detecting chemicals in confined spaces 1, 2. However, improving the design of 

probes so that they may be inserted into tissue and detect small amounts of biological molecules 

with minimal damage remains an area of need 3. To address this, we have developed a semi-

flexible probe with suitable dimensions that are designed specifically for detection of molecules 

in vivo and other small volume systems. The probe consists of an array of parallel, individually-

addressable microband electrodes that are suitable for redox cycling (generation-collection) 

experiments where selective activation/deactivation is possible. Redox cycling is a powerful 

technique that involves diffusional shuttling of molecules between closely spaced electrodes 

having opposing potentials that oxidize and then re-reduce them 4-7. Electrochemical signals 

amplify when the gaps between the electrodes narrow. When performed at steady state, where 

the potentials of the generators and collectors are held constant, the arrival of an analyte can be 

detected by redox cycling in real time without needing to subtract a charging current (unlike 

transient methods) while sustaining the amplified signal.  In addition, the monitoring of the 

currents at the different electrodes, which can be affected by the fate of the molecules while in 

transit, can lead to quantifying the composition of a sample and a deeper understanding of the 

kinetics and mechanisms of the chemical system 4, 7, 8.  

A significant body of work involving needle-like probes for in vivo analysis focuses on 

interfacing to, stimulating and understanding brain function 9. These probes involve different 

measurement modalities that contribute complementary information and have various 

specifications. This prior knowledge was drawn upon to design and construct the redox cycling 

probe described herein. That body of work also offers a context in which to compare the 
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performance of our probe.  The sampling of extracellular fluid with microdialysis probes, for 

example, allows for extensive chemical analysis, although not in real time, and they can damage 

tissue while eliciting an immune response that eventually obscures sampling effectiveness 10. 

Thus, narrower probes are desirable. Another modality involves wire-like electrodes, one to two 

orders of magnitude thinner than microdialysis probes, that record voltage pulses associated with 

real-time firing of neurons but do not acquire chemical information 11. Direct measurement of 

chemical changes in real time is also possible at similarly-shaped, carbon fiber electrodes (4-50 

µm in diameter) and at microelectrodes patterned on substrates suitable for in vivo insertion 12, 13, 

but with electrochemical methods like fast scan cyclic voltammetry (FSCV) 14. 

This latter approach targets small electroactive molecules, which are detected directly in 

response to timed stimuli 15. Electrochemical sensing of other small molecules, often facilitated 

by enzymes and mediators, have also been reported, but have been deployed to a lesser extent on 

probes for tissue insertion 16, 17. Although more challenging to fabricate, probes with multiple, 

individually-addressable electrodes offer several benefits.  These include redundant sensing (in 

case of failure), spatial mapping, replicate analysis of a single analyte and simultaneous analysis 

of multiple analytes 18-20.   

To our knowledge, there are only two examples of a multi-electrode probe where the 

electrodes are close enough together for diffusion layers of adjacent sites to overlap on the time 

scale of the experiment so that redox cycling is possible 12, 21. Redox cycling on a probe would be 

especially attractive in a dynamically changing biological system as an alternative to FSCV, 

where detection of basal levels of chemicals has been a major challenge 14, 15. While there have 

been advances in basal dopamine detection at carbon fiber electrodes using fast scan controlled 
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adsorption voltammetry 22 and square wave voltammetry 23, these techniques have much slower 

timescales than FSCV.  

The multielectrode probes suitable for redox cycling have consisted of IDAs and 

fabricated by photolithography on silicon nitride, but elaborate substrate thinning and etching 

procedures were used to release them from the substrate 12, 21. A dual electrode probe that avoids 

photolithography altogether, involves two, closely spaced carbon fibers 24 and is capable of 

combining FSCV with amplification because of the short transit time across a 180 nm nanogap. 

A limitation of IDAs and the electrode configurations is the fixed electrode number and 

width/gap geometry for a given device. To better understand the effect of diffusion and 

following chemistry in addition to the feasibility of differentiating between chemicals, 

individually addressable electrodes are desirable.  This is because they offer unique spatio-

temporal analysis capabilities. Activation of generator and collector electrodes at various 

separations from each other has allowed for differential detection of the three catecholamines 

from each other without fabricating a new device 4, 25. 

The choice of the substrate material is particularly important, not only for the application 

but also in determining the fabrication approach. Silicon-based and ceramic substrates have 

employed photolithographic techniques to fabricate relatively complex and advanced, multisite 

neural probes  12, 13, 17, 26, 27.  Despite their advantages, complications with tissue damage during 

and after insertion of brittle silicon shanks remain a concern. This is mainly due to the 

mechanical mismatch between the soft neural tissue and the stiff probe.  The desire for less 

rigidity and hardness has led to introduction of polymeric substrates into microfabricated neural 

probe technology. Parylene 28, polyimide 29 and SU-8 30 are the most common polymers used to 

fabricate implantable neural probes. 
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Of the different polymers investigated, SU-8 is believed to have optimal properties 

compared to parylene and polyimide. The major setback with these other two polymers is their 

lack of stiffness, and therefore they easily buckle during insertion into the brain 29, 31. In addition, 

polyimide has a relatively high moisture uptake (~4 wt%) which will ultimately lead to changes 

in the performance of the electrodes 32. SU-8 has been shown to exhibit suitable flexibility to 

minimize tissue damage, and sufficient rigidity for insertion into the brain 33 without mechanical 

reinforcement. In addition, SU-8’s biocompatibility, in terms of cell viability, hemolytic activity, 

effect of leachates, and histocompatibility has been studied and results suggest suitability for 

neural implants 34. Therefore, SU-8 was chosen as a substrate for our probes.  Also, 

photolithography was used in our work to pattern an array of individually-addressable, 

gold/chromium electrodes spaced apart by only a few micrometers (described further below) on 

the SU-8 substrate. However, to construct a suitable probe shape that is thin enough for minimal 

tissue damage can be extremely challenging using photolithography alone. Thus, an alternative 

approach to shape the substrate was employed here to resolve this complication. 

Laser micromachining offers such an alternative route to fabricate complex geometries 

on the microscale in   materials from diamond 35 to polymers that cannot be processed by 

photolithography 36, or the workflow doesn’t allow for it 37, for instance, due to the chemicals or 

process used interacting adversely with another element of the device. This can streamline device 

fabrication as the material is cut in a single step as opposed to the several steps required for most 

photolithography processes, which are usually conducted in a cleanroom environment. Laser 

micromachining has been used to produce devices as diverse as microelectrodes 37, 

electrochemical sensors 35, fuel cells 36 and micro-electromechanical systems (MEMS). SU-8 has 

been processed using excimer laser micromachining to give features on the order of 100 µm 37, 
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and it has been shown that the process does not affect the material’s cytotoxicity 38, making it a 

viable technique for producing electrode arrays for biological applications. Furthermore, the 

technique is ideal for device prototyping in research environments as the design can be iterated 

without the time or expense of producing a new photomask.  Consequently, laser 

micromachining was investigated as a means of defining our distinctive probe shape in SU8.  

The work here presents the design and fabrication of a probe on SU-8 that can be easily 

lifted off a wafer after laser micromachining with a shape that provides ease of connectivity to an 

edge connector on one end and insertion into tissue on the other. The probe has nine individually 

addressable, co-planar, microband gold electrodes that were photolithographically fabricated 

near the tip and can be used to perform generation-collection experiments by strategic activation. 

Electrochemical characterization of each electrode was performed, and the redox cycling 

behavior of the electrodes was assessed with the model compound potassium ferricyanide in 

potassium chloride electrolyte and with dopamine in artificial cerebral spinal fluid and compared 

to theoretically expected responses. The suitability of the dimensions of the probe shank for 

insertion into rat brain and extent of tissue damage were also established in anticipation of future 

studies in vivo.  

2.3 Materials and Methods 

2.3.1 Chemicals and Materials 

Unless otherwise stated, chemicals were reagent grade and used without further 

purification. Hexylmethyldisilazane (HMDS), acetone (ACS reagent, ≥99.5%) and isopropyl 

alcohol (IPA, ≥99.7%) were obtained from Sigma Aldrich. Water (ACS reagent grade, 18 MΩ 

cm or greater) was obtained from Ricca Chemical (Arlington, TX, USA). Dopamine 

hydrochloride, calcium chloride, sodium dihydrogen phosphate monohydrate, and 4-(2-
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hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (all ACS grade) were obtained from 

Alfa Aesar (Ward Hill, MA, USA). Magnesium sulfate, potassium ferricyanide (99.8% pure) and 

sodium chloride were obtained from EMD Chemicals (Gibbstown, NJ, USA). Sodium hydrogen 

carbonate was obtained from J.T. Baker (Phillipsburg, NJ, USA). Sodium sulfate was obtained 

from Aldrich Chemical (St. Louis, MO, USA). D(+)-glucose (anhydrous) and potassium chloride 

were obtained from BDH/VWR (Radnor, PA, USA). Carbon fiber microelectrodes were 

constructed from T650 fibers from Cytec LLC (Piedmont, SC, USA) in a borosilicate glass 

housing from A-M Systems (Sequim, WA, USA) sealed with Spurr Epoxy from Polysciences 

Inc. (Warrington, PA, USA) with a nichrome lead wire from Goodfellow (Oakdale, PA, USA). 

Components for artificial cerebrospinal fluid (aCSF, 142 mM NaCl, 1.2 mM CaCl2, 2.7 mM 

KCl, 1.0 mM MgCl2, 2.0 mM NaH2PO4, pH 7.4) and phosphate buffered saline (PBS, 137 mM 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) were purchased from Sigma-Aldrich. 

Concentric microdialysis probes (280 μm o.d., 4 mm long) were constructed with hollow fiber 

dialysis membrane (Spectra-Por RC Hollow Fiber, MWCO: 13,000, 160 μm i.d., Spectrum 

Laboratories, Inc., Rancho Dominguez, CA) and fused silica outlet lines (150 μm o.d., 75 μm 

i.d., Polymicro Technologies, Phoenix, AZ) as described elsewhere 39. Perfusion solutions 

include 4% paraformaldehyde (electron Microscopy Sciences), in 0.1 M phosphate buffer pH 7.3 

and a 0.1% solution of yellow-green fluorescent nanobeads as received (0.1 μm diameter, 

FluoSpheres® carboxylate-modified polystyrene microsphere suspensions (2% solids) in water 

plus 2 mM sodium azide, Molecular Probes, Inc., Eugene, OR) in PBS. Sucrose was obtained 

from Fisher (Fisher Scientific, Pittsburgh, PA).  

Silicon (100) wafers (125 mm diameter, 650 μm thickness, 2 μm thermally grown silicon 

dioxide) used as the substrate material during probe fabrication, were purchased from Silicon 
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Quest International, Santa Clara, CA. Chromium adhesion and gold electrode layers were 

deposited on the silicon wafers using chromium coated tungsten rods (Kurt J. Lesker Company, 

Clairton, PA) and the small pieces of gold (99.99%) placed in a molybdenum boat (Kurt J. 

Lesker Company, Pittsburg, PA). Aluminum pellets (99.99%, from Alfa Aesar, Ward Hill, MA) 

in a molybdenum boat were used to deposit the sacrificial layer. The chromium mask was 

designed in house using AutoCAD® 2017 and manufactured by Advance Reproduction 

Corporation, North Andover, MA.  The S1805 positive photoresist (Rohm and Haas Electronic 

Materials LLC, Marlborough, MA), AZ 300 MIF developer (AZ Electronic Materials, 

Somerville, gold etchant (Transene, GE8148) and chromium etchant (HTA Enterprise, CEP200) 

were used to pattern electrodes. SU-8 3050, SU-8 2000, adhesion promoter (Omnicoat), and SU-

8 developer were obtained from MicroChem (Newton, MA). 

2.3.2 Fabrication of the Electrodes 

The design of the electrodes, insulation layer and substrate shape are shown in Fig. 1. To 

pattern the electrodes and insulate them on the SU-8 probe, conventional photolithography was 

employed. The bare wafer was first rinsed thoroughly with a sequence of acetone, IPA, and 

water, and then dehydrated in a convection oven (Blue M Convection oven, Baker Furnace Inc., 

Brea, CA) at 200 ˚C for 20 min. Then, the silicon wafers were coated with an Al layer (~50 nm) 

by thermal evaporation (Edwards 306 Auto thermal evaporator, Edwards Electronics, Clinton, 

MA). This acted as a sacrificial layer that was dissolved to release the probes from the wafer in 

the last step.  Omnicoat (MicroChem, Newton, MA) was used in an attempt to improve adhesion 

to the Al layer, but it caused SU-8 to lift off in an unexpected manner especially at baking and 

development steps. Hexamethyldisilazane (HMDS) did not improve adhesion, either. Therefore, 
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SU-8 was spin-coated (Eaton spin coater, Excel TeQ, Boston, MA) onto the aluminum-coated 

wafer directly and without an adhesion promoter.  

The SU-8 layer (SU-8 3050) was spin coated onto the rinsed and dried Al-coated carrier 

wafer at 2500 rpm. It was observed that pouring SU-8 directly out of the bottle (versus 

dispensing it through a syringe) minimizes trapping of air bubbles. These bubbles make the 

surface of the SU-8 non-uniform and lead to imperfect contact of the chromium photomask with 

the wafer. Solvent was removed by pre-exposure baking on a hotplate at 95˚C. Use of a hotplate 

instead of an oven was critical at this stage. In an oven, a crust forms on the surface of the SU-8 

layer due to heating from the outside, inward, which traps solvent inside and prevents it from 

evaporating.  The manufacturer suggests ramping the temperature of the hotplate up and down. 

Without these ramps, the internal stress within the SU-8 film causes the SU-8 to exhibit a curl 

after the probe release step. However, there is a tradeoff between the ramps and the bake time. 

Long ramps mean increased time on the hotplate, which leads to SU-8 sheets that are not photo-

definable. In the cases described below, the wafer was pre-baked with a 70 ˚C/h ramp from 65 to 

95 ˚C. The wafer was held at 95 ˚C for 20 min and then the cool-down ramp was achieved by 

turning the hotplate off and letting the wafer cool to 55 ˚C, which took about 1 h. 

For the thick SU-8, a ring of polymer with an increased height that forms around the rim 

of the wafer, called an edge bead, can prevent the mask from making sufficient contact with the 

wafer, and substantially deteriorate the spatial resolution of the transferred pattern. In the 

literature, there are multiple ways of addressing edge bead issues of photoresists. For this study, 

we removed them by creating an edge bead mask, where the blank mask was modified to be dark 

field around the edges of the wafer (Fig. 2(a)). Thus, when the rest of the SU-8 substrate layer 

was cross linked by exposure through this mask, the edge bead was unaffected and could be 
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dissolved away in the subsequent developer solution. The exposure under the edge bead mask 

was performed right after the pre-bake step with a dosage of 300 mJ/cm2 using a Karl Suss 

MA150 mask aligner (Suss Microtec, Garching, Germany). A short post developer bake was 

performed by moving the wafer from a 45 °C hotplate to a 65 °C hotplate (keeping the wafer on 

each hotplate for 1 min) to the 95 °C hotplate for 5 min and then repeating the process in reverse 

order. 

The postbaked wafer was strongly agitated in the SU-8 developer solution for 20 min to 

dissolve the edge beads. The wafer was subsequently rinsed with IPA and inspected. If the 

presence of white residue over the un-crosslinked areas was observed, further development was 

performed to remove this uncrosslinked SU-8. To dry the wafer, it was put in the spin coater and 

spun at 1000 rpm.  Then, 50 mL of IPA were dispensed through the hole in the lid of the spin 

coater onto the spinning wafer, once the dispensing of IPA finished, the spinner was allowed to 

ramp down to zero rpm over 10 s. The wafers were placed in an oxygen plasma cleaner (Model: 

APE 110, LFE plasma systems, Clinton, MA) at 60 sccm oxygen flow, 60 W for 2 min. This step 

is recommended because it also roughens the surface of the SU-8 so that the adhesion of the 

subsequent metal layers is improved 40. A Cr layer (~8 nm) and Au layer (~100 nm) were 

thermally evaporated onto the SU-8-coated substrate. Then, positive photoresist was spin coated 

at 3000 rpm for 30 s and baked on a hotplate at 65 °C for 30 s. See Fig. 2(b).  

The electrodes, leads and contact pads were then patterned into the resulting metal film 

using conventional photolithography methods. See Fig. 3(a)-3(c). In short, the positive resist was 

exposed through the electrode chrome mask at a 70 mJ/cm2 exposure rate (Fig. 3(a)). The wafer 

was developed for 45 s in the AZ-300 MIF solution and the metals were etched using their 

respective wet etchant solutions (15 s for gold and 5 s for Cr) (Fig 3(b)). The protective 
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photoresist layer was then flood exposed for 1 min and developed for 2 min, and the wafer was 

cleaned from residual photoresist by using a plasma cleaner at 60 sccm oxygen flow, 40 W for 1 

min. 

A thin SU-8 layer (SU-8 2002) was then spin coated at 100 rpm for 30 s, baked on a 65 

°C hotplate for 30 s and moved to the 95 °C hotplate for 2 min. The wafer was allowed to cool 

for 20 min after being taken off the hotplate. The wafer was then patterned using the insulation 

layer mask at 275 mJ/cm2. The wafer was post baked for 2 min on a 65 °C hotplate and 

developed in the SU-8 developer solution for 1 min (Fig 3(c)). This step created openings 

through the insulator layer over the array electrodes and over the contact pads.  

2.3.3 Shaping of the Probes 

The shapes of the individual probes were produced by cutting a trench through the SU-8 

layers of the patterned and insulated wafers, which allowed access of etchant to the underlying 

Al sacrificial layer (Fig. 3(c)). A 355 nm Nd:YAG 34 laser micromachiner (E-355H-ATHI-O 

system, Oxford lasers, UK) was used with 2 passes at a pulse fluence of 29 J cm-2 and pulse 

spacing of 3 µm to minimize burning the material.  The Al layer was subsequently etched 

overnight in a static solution of concentrated KOH in a chemical release step.  The probes could 

then be lifted individually from the substrate (Fig. 3(d)).   

Scanning electron microscopy (SEM) was performed by a Philips XL30 ESEM with 

1000x magnification, using a secondary electron detector, 10 kV acceleration voltage and at a 

pressure of 0.4 to 1.1 Torr.  
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2.3.4 Electrochemical Studies 

Electrochemical experiments were performed with a bipotentiostat (CHI 750A, 760E and 

760B, CH Instruments, Austin, TX), equipped with a Faraday cage and a picoamp booster (CH 

Instruments, Austin, TX). The reference electrode was AgǀAgCl in saturated KCl and the 

working electrode was a Pt flag. A Molex zero insertion force (ZIF) edge connector with 1.00 

mm pitch and 9 circuits (part number 52610-0972) was used to connect the device to the 

bipotentiostat.  Because the edge connector is small and fragile, it was soldered onto a circuit 

board (OSHPark company) and the board was connected to the pin header leading to wires that 

could be clamped to the potentiostat’s leads.   

Electrochemical characterization of individual electrodes (Fig. S1) on the probe was 

performed by cyclic voltammetry (CV) in a 1.02 mM solution of [Fe(CN)6]
3- and 0.1 M KCl.  

The potential was swept at 0.020 V/s from 0.550 V to -0.150 V and back to 0.550 V vs AgǀAgCl 

(saturated KCl). 

Redox cycling involved activating five adjacent band electrodes in the array at a time, 

where the second and fourth were shorted together to serve as generators and the first, third, and 

fifth were shorted together to serve as collectors.  CV was performed at the generators at 0.020 

V/s, and the collectors were held at a constant potential equal to the starting potential of the CV 

at the generators. Before each redox cycling run, the CV response was recorded at the shorted 

generators, with the collectors at open circuit. For the solutions containing [Fe(CN)6]
3- in 0.1 M 

KCl, CV at 0.020 V/s was performed at the generators from 0.550 V to -0.150 V and back to 

0.550 V vs AgǀAgCl (saturated KCl), while the collectors were held at a constant anodic 

potential of 0.550 V. Concentration studies were performed by spiking a solution of 0.10 M KCl 

in the electrochemical cell with different volumes of a stock solutions of 0.21 mM, 5.18 mM, or 
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9.94 mM [Fe(CN)6]
3- in 0.10 M KCl, to achieve consecutively higher concentrations of 

[Fe(CN)6]
3-: 1.0 µM, 2.0 µM, 4.5 µM, 13.0 µM 20.4 µM, 99.7 µM, 226.5 µM, 410.9 µM, and 

1.2 mM.  

For solutions containing dopamine in artificial cerebral spinal fluid (aCSF) (consisting of 

100 mM NaCl, 5.0 mM KCl, 1.2 mM NaH2PO4, 5.0 mM NaHCO3, 10 mM glucose, 2.5 mM 

HEPES, 1.2 mM MgSO4, 1.0 mM CaCl2 at 7.4 pH), CV at 0.020 V/s was performed at the 

generators from -0.100 to 0.500 V and back to -0.100 V vs AgǀAgCl (saturated KCl), while the 

collectors were held at a constant cathodic potential of -0.100 V. Concentration studies were 

performed by spiking a solution of aCSF in the electrochemical cell with different volumes from 

a freshly prepared stock solution of 0.52 mM dopamine in fresh aCSF to achieve consecutively 

higher concentrations of dopamine: 2.2 µM, 3.6 µM, 10.7 µM and 49.1 µM. To minimize 

oxidation of catecholamines by oxygen, the Faraday cage and all the solutions containing aCSF 

and dopamine were purged with argon prior to and during the experiments. The probe was kept 

dry in an enclosed container before the initial electrochemical studies involving [Fe(CN)6]
3- . The 

probe was then stored in water between the initial studies with the model compound and 

subsequent dopamine studies. 

To measure plateau current from CV responses, a tangent to the background current early 

in the forward sweep was first extrapolated through plateau current region. Then, the difference 

was taken between the plateau current (the current at -0.100 V for [Fe(CN)6]
3- and 0.400 V for 

dopamine) and the value of the extrapolated background current at that same potential.  

2.3.5 Assessment of Tissue Damage 

A microdialysis probe (made in house, 280 µm o.d 41), a carbon fiber electrode (made in 

house, 7 µm in diameter and 350 µm in length of electroactive region) and a “blank SU-8 probe” 
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(SU-8 substrate with non-patterned Cr and Au layers on top) were implanted into rat brain. Each 

probe was inserted into a different rat and on a different day. The SU-8 probe was removed after 

1 h and both the microdialysis probe and carbon fiber were removed after 4 h.  An aCSF solution 

was perfused at 1.67 µL/min through the microdialysis probe while in the tissue using a syringe 

pump. The probe was perfused prior to insertion to confirm that there were no leaks and was 

perfused continuously throughout the experiment. The University of Pittsburgh’s Institutional 

Animal Care and Use Committee reviewed and approved all procedures involving animals. Male 

Sprague−Dawleys (Charles River, Raleigh, NC) were anesthetized with isoflurane (5% initially, 

2.5% for maintenance) and maintained at a body temperature of 37 °C using a heat blanket 

(Harvard Apparatus; Holliston, MA). The anesthetized rat was placed in a stereotaxic frame 

(David Kopf, Tujunga, CA) and the dura mater was exposed by craniotomy and removed to 

allow insertion of one type of probe in the dorsal striatum at AP, +1.0 mm; ML, +3.8 mm; and 

DV, 4.8 mm, and held there for a given time while the animal was still anesthetized.  

Once the probe was taken out, the tissue was fixed by transcardial perfusion with 200 mL 

phosphate buffer saline (1x PBS: 155 mM NaCl, 100 mM phosphate, pH 7.40) followed by 250 

mL of 4 % paraformaldehyde (PFA) and 50 mL of 0.1 % fluorescent nanobeads (Invitrogen, 

Eugene, OR). The brain was removed and then post fixed for 2 h in 4 % PFA, soaked overnight 

in 30 % sucrose at 4 °C for cryoprotection. The brain was removed from sucrose solution and 

frozen by dipping in liquid nitrogen-cooled 2-methylbutane and stored at -80 °C until sliced. 

Horizontal tissue sections (perpendicular to the insertion track) were cut at 30 µm using a 

cryostat. Sections were covered with gelvatol (Electron Microscopy Sciences) mounting medium 

(polyvinyl alcohol, glycerol, Tris buffer pH 8.5, and sodium azide in water) and covered with a 

cover slip Fluorescence microscopy was performed with a 20× objective (Olympus BX61, 
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Olympus; Melville, NY) and filter sets (Laser: Diode laser :  488nm) as appropriate for the 

nanobeads and IgG-CY3 (Chroma Technology, Rockingham, VT). The center of the probe track 

in each slice was positioned so that it was in the middle of the microscope viewing area. Image 

processing was performed with Metamorph/Fluor 7.1 software (Universal Imaging Corporation; 

Molecular Devices).  

2.4 Results and Discussion 

2.4.1 Probe design and rationale 

The completed probe and SEM image of the probe tip are shown in Fig. 4. It was 

carefully designed based on several criteria and a schematic with all of the dimensions is in Fig. 

1(a). Critical for in vivo studies are the dimensions of the shank, which needs to be narrow 

enough to minimize tissue damage upon insertion and long enough to reach regions of interest. 

The shank of our probe is 6 mm for feasibility of in vivo dopamine measurement in the dorsal 

striatum and the nucleus accumbens of the rat, where structures of common interest are located 

about 4 mm and 3.2 mm deep in the rat brain, respectively (depth of the region is reported after 

clearing the skull). The 100-µm width of the shank is a compromise between being broad enough 

to accommodate an array of microband electrodes easily constructed with conventional 

photolithography and allow sufficient space flanking the outermost electrodes to avoid damage 

during the shaping step, while being narrow enough to minimize tissue damage. It is known that 

widespread tissue damage and glial response can occur after insertion of a 280-µm diameter 

microdialysis probe has a radius that extends to 300 µm 10. However, penetration injury 

surrounding a narrow 7-µm carbon microfiber electrode is merely 3 µm, which is smaller than 

the diffusion sphere of dopamine (100 µm wide and 100 ± 10 µm deep), and can be placed closer 

to dopamine-releasing terminals 10. The electrode design on the probe consists of nine parallel, 



47 

  

individually addressable bands, each of 4 µm width, with 4 µm gaps between them (Fig. 1(b)). 

(Actual measured width of the fabricated electrodes was 3.8 µm with 4.2 µm gaps.) These 

dimensions were chosen because they are easily resolved with conventional photolithography 

and results can be compared with our prior redox cycling studies on arrays having the same 

width and gap measurements 4, 42. A thin insulating layer of SU-8 covers the leads on the probe 

and leaves an opening of 76 × 100 µm2 near the tip that exposes the band electrodes for 

electrochemical analysis. This opening also defines the electroactive length of the electrodes to 

100-µm, which is similar to the length of conventional carbon fiber electrodes used for in vivo 

measurements in the striatum 15, 43.  The exposed contact pads allow for connection to the 

bipotentiostat through the edge connector. The shape of the tip was designed to come to a point, 

because it is conventionally accepted that increased sharpness helps improve insertion in 

biological tissue 44. 

2.4.2 Characterization by Cyclic Voltammetry of Individual Electrodes with a Model 

Compound 

CV in a 1.02 mM solution of the model compound [Fe(CN)6]
3- and 0.1 M KCl was used 

to characterize the probe electrodes. Sigmoidally shaped responses for each of the nine 

electrodes are shown in Fig. S-1 of Supporting Information. The scan rate is slow enough to 

achieve an average quasi-steady state plateau current, iqss, at 0 mV vs. Ag/AgCl (sat’d KCl) of -

4.72 ± 0.13 nA for electrodes 1 through 8 (± one standard deviation). The magnitude of electrode 

9’s plateau current is only -2.95 nA. This is due to partial coverage of that electrode by the 

nearby top insulation layer. 

The iqss from a potential step experiment with a microband electrode is expressed by Eq. 

1  45,  
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    iqss =  
2πnF𝑙𝐶∗𝐷

ln(
64𝐷t

w2 )
                                          (1) 

where w is the electrode width (3.8 µm), l is the electrode length (100 µm), C*is the bulk 

and initial concentration of the oxidized form of the redox species (1.02 x 10-6 mol/cm3), n is the 

number of moles of electrons needed to reduce a mole of [Fe(CN)6]
3- (n = 1), F is the Faraday 

constant (96485.3 C/mol e-), D is the diffusion coefficient for [Fe(CN)6]
3- (7.20 x 10-6 cm2/s at 

25 °C) 46 and t is the time after stepping to a diffusion-limited potential. For a slow scan rate, the 

plateau current of the CV response at a microband electrode can be estimated by this equation. 

Here, t is taken as the time for the CV to sweep from E1/2 to 0 V, where the plateau current was 

measured, t = 0.25 V / 0.02 V/s = 12.5 s.  With these parameters, Eq. 1 yields iqss = -4.53 nA, 

which is outside the 95% confidence interval of the experimental data. A plausible explanation 

comes from the uncertainty in estimating t for Eq. 1 from a CV response and the derivation of 

Eq. 1, where the current approximates a two-dimensional diffusion and therefore ignores end 

effect contributions. It has been suggested that the length-to-width ratio should be 50 for end 

effects to be negligible 47. Our length-to-width ratio is only 25. The five adjacent electrodes that 

had the most similar CV responses (3 through 7) were then selected to perform the redox cycling 

experiments. Throughout this paper, the electrodes in the array that are activated for the redox 

cycling studies are referred to as the “first” through “fifth” electrodes, to facilitate discussion. 

2.4.3 Redox Cycling and Calibration Curves for a Model Compound  

To determine the performance of redox cycling at the array on the probe, five adjacent 

electrodes were activated in solutions of different concentrations of [Fe(CN)6]
3- in 0.1 M KCl. 

The second and fourth electrodes were shorted together and served as generator electrodes.  The 

first, third, and fifth electrodes were shorted together and served as collector electrodes. CV was 
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used at the generator electrodes, instead of a potential step, given its diagnostic power to view 

electrochemistry throughout a potential range rather than at a single value. The potential was 

initially swept cathodically (between 0.550 and -0.150 V), at 0.020 V/s to ensure a steady state 

redox cycling response across the 4-µm gap, with the collectors held at a constant anodic 

potential of 0.550 V which is sufficient to oxidize cathodically-generated Fe(CN)6
4- and 

increasing the flux of Fe(CN)6
3-. The electrochemical responses are shown in Fig. 5. 

At first, CV was performed at the shorted generators, iGEN, while the collector electrodes 

were left at open potential and are sigmoidally-shaped (Fig. 5 (c1) and (c2)), similar to the single 

electrode responses (Fig. S1 in the Supporting Information). The solution containing 1.02 mM 

[Fe(CN)6]
3- has a cathodic plateau current of -7.63 nA, only 1.6 times (not 2 times) the average 

of the individual electrode plateau currents, because of shielding effects, when diffusion layers of 

the closely spaced, similarly biased electrodes overlap. To approximate the diffusion length in 

one dimension, we use 𝑥 = √2𝐷𝑡 where x is the root mean squared distance that molecules 

diffuse in time t 45. For D = 7.20  × 10-6 cm2/s  and t = 12.5 s, x = 137 µm, which extends well 

beyond the gap of 12 µm between the generators and confirms that shielding takes place. 

The experiment was then repeated with the collector electrodes turned held at constant 

oxidizing potential to achieve redox cycling. The current responses at the generators, iGEN/RC  are 

shown in Figs. 5 (b1) and (b2), and those at the collectors, iCOLL/RC, are shown in Figs. 5 (a1) and 

(a2). During CV, as the potential at the generator nears the half-wave potential of the redox 

species, E1/2, and shows current due to reduction of [Fe(CN)6]
3-, the anodic current at the 

collector electrode increases as [Fe(CN)6]
4-, arriving from the generator electrode, oxidizes back 

to its starting form, [Fe(CN)6]
3-. In the return sweep, at potentials more positive of E1/2, the 

collector current drops toward zero, as [Fe(CN)6]
4- is no longer produced at the generators.  
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Linear calibration curves for the absolute values of background-subtracted plateau 

currents of iGEN, iGEN/RC, and iCOLL/RC at 0.400 V were produced for a series of concentrations of 

[Fe(CN)6]
3- and yielded the following slopes (calibration sensitivities): 0.0064 ± 0.0002, 0.0112 

± 0.001, and 0.00777 ± 0.0007 nA/µM, respectively. See Fig. 6. That for iGEN/RC is greater than 

for iGEN by a factor of 1.76 ± 0.06, because of the enhanced concentration gradient established by 

re-oxidization of the reduced form at the neighboring collector electrodes.  This ratio is called the 

amplification factor: 

 Af =
iGEN/RC

iGEN
     (2) 

The calibration sensitivity of the anodic iCOLL/RC is greater than that for the cathodic iGEN 

because of the concentration gradient established by reduction of the oxidized form at the 

generator electrodes. The ratio of the slopes of iCOLL/RC and iGEN/RC is 69.15 ±0.73%. This 

quantity represents the percent collection efficiency, %Ce, which is a measure of the relative 

number of molecules recycled between generator and collector electrodes: 

 %Ce = 100% (
iCOLL/RC

iGEN/RC
)       (3)  

The amplification factor and collection efficiency depend on the relative widths and 

numbers of generators to collectors and the size of the gaps between them. Comparisons of our 

results can be made to those obtained with similar array designs reported previously. The 

electrode lengths and model compounds are different but should not affect Af and %Ce 

substantially. One is by Aggarwal et. al. (2 mm-long electrodes, but with the same electrode 

widths, gaps and configuration as the work described here), who report an Af of 1.4 and %Ce of 

60.6% for 5.0 mM Ru(NH3)6
3+ 5. Another is the Si3N4 probe, which exhibited an Af of 1.5 and 
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2.0 and %Ce of 54.0 and 65.0% for 1 mM Ru(NH3)6
3+  on the 2-pair and 3-pair IDA (250-µm 

long and 3-µm wide electrodes with 2-µm gaps), respectively 21. 

The experimental calibration sensitivity for iGEN/RC is a factor of 0.67 at the Aggarwal 

microband electrode array 5 compared to the theoretical slope (0.016 nA/µM) of the diffusion 

limited current, ilim, vs. C* using Eq. 4 48 for redox cycling, 

 ilim = mlnFC∗D [0.637 ln(2.55(1 +
w

wg
) − (

0.19

(1+
w

wg
)2

))].     (4)  

Here, ilim is the same at the generators and collectors, m is number of generators and 

collectors (m = 2.5, accounting for a total of five electrodes used in redox cycling experiments in 

this paper), w is the width of an individual electrode, where generator and collector widths are 

equal (w = 3.8 µm) and wg is the width of the gap between anodes and cathodes (wg = 4.2 µm). 

The value we use for D (6.93 × 10-6 cm2/s) in Eq. 4 is the average of DO and DR for potassium 

ferri- and ferrocyanide in 0.1 M KCl at 25 ˚C reported by Konopka et al. 46. This is because the 

expression of Eq. 4 assumes that the diffusion coefficients of reduced and oxidized forms are the 

same 48.  Eq. 4 makes several assumptions: (1) the array comprises of so many electrodes that the 

edge effects of the outermost electrodes are negligible; (2) the length-to-width ratio for each 

electrode is so large that end effects can be ignored; (3) the diffusion coefficients of reduced and 

oxidized forms of redox species are the same; (4) the system is at steady state; and (5) w > 0.18 

wg. The experimental slope is a factor of 0.46 of that predicted by Eq. 4. This can be explained at 

least partially by the fact that the first two assumptions do not apply to our probe design. (It has 

been shown previously that with increasing numbers of pairs of generators and collectors that 

|iCOLL/RC| approaches that of |iGEN/RC| 49, 50.) 
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Detection limits for [Fe(CN)6]
3- were 2.19 µM, 1.25 µM and 2.08 µM, for iGEN, iGEN/RC, 

and iCOLL/RC, respectively. These were determined by the quotient of three times the standard 

deviation of the background current and the slope of the calibration curve. The background was 

obtained by performing CV in the blank KCl solution (N = 4). For the most part, these detection 

limits are higher than detection limits using redox cycling reported elsewhere but for different 

model compounds (e.g. 10.0 nM [Ru(NH3)6]
3+ 51 and 20 nM of [Ru(NH3)6]

3+ 21) . This is likely 

due to the fact that our probe has at least one or more of the following: shorter electrodes, fewer 

pairs of them and wider gaps.  

2.4.4 Redox Cycling and Calibration Curves for Dopamine 

Redox cycling of dopamine in aCSF in vitro and at the same probe electrodes as for the 

model compound was performed to demonstrate an application to an analyte of biological 

significance and a target for future in vivo studies. The potential was swept between -0.100 V to 

0.500 V at 0.020 V/s to oxidize the dopamine to the o-quinone, with the collectors held at a 

constant potential of -0.100 V to reduce the o-quinone form back to dopamine. The redox 

cycling responses are shown in Fig. 7. As in the ferricyanide solutions, the generator and 

collector electrode responses in the dopamine solutions are sigmoidal and similar in behavior, 

except in opposite directions of potential and current, because dopamine is in its reduced form. 

However, not all background currents align when overlaid for reasons that are unknown and are 

being investigated at this time.  

Linear calibration curves for iGEN, iGEN/RC, and iCOLL/RC were produced from the 

background-subtracted plateau currents at 0.4 V for a series of concentrations of dopamine and 

yielded the following calibration sensitivities: 0.021 ± 0.002, 0.0420 ± 0.0004, and 0.0328 ± 

0.0003 nA/µM, respectively. See Fig. 8. As for [Fe(CN)6]
3-, the calibration sensitivities for 
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dopamine also increase in the order of iGEN, iCOLL/RC and iGEN/RC. These values are higher by a 

factor of ~3.8 compared to those obtained for [Fe(CN)6]
3-. The calibration sensitivity based on 

Eq. 4 (using D = 7.5 × 10-6 cm2/s 52) is 0.035  nA/µM.  The expected increase is only 2.2 times 

that for [Fe(CN)6]
3-, which should result from an increase in n from 1 to 2 and a slightly larger 

diffusion coefficient for dopamine.  The unexpectedly higher experimental response could be 

due to increasingly clean electrode surfaces and hydration of SU-8 53 over extended use and 

storage in aqueous solution between the [Fe(CN)6]
3- and dopamine studies.  (More studies would 

be needed to understand this effect). 

The amplification factor for dopamine for redox cycling at the probe’s array using five 

electrodes is 2.01 ± 0.16, obtained from the ratio of the slopes of calibration curves for iGEN/RC 

and iGEN. The percent collection efficiency for dopamine during redox cycling is 78 ± 1%, 

obtained from the ratio of the slopes for iCOLL/RC and iGEN/RC.  These numbers are only slightly 

higher, by 1.1 times, than those obtained for the model compound, because it is the electrode 

array geometries that contribute to these numbers, and that little to no effect is expected on Af 

and Ce% of enhancement to the electroactivity of the electrodes (assuming all electrodes are 

similarly enhanced).   

The calculated detection limits for dopamine with this probe are 1.94 µM, 1.08 µM and 

5.66 µM for iGEN, iGEN/RC, and iCOLL/RC, respectively. To our knowledge, a detection limit of 10 

nM dopamine is the lowest value demonstrated by redox cycling, using the vertical-stacked, 

interdigitated microelectrode arrays 51.  However, that particular device is not suitable for in vivo 

measurements because of the large footprint with more and longer electrodes and narrower gaps 

compared to this work. The insertable Si3N4 probe with IDA electrodes has reported detection 
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limits of 1.0 µM of dopamine at the collector electrode at a 5-pair IDA 21, consistent with our 

results. 

2.5 Insertion of probe and assessment of resulting tissue damage in rat brain 

Fig. 9 shows fluorescence microscopy images of tissue sections from the dorsal striatum 

of rat brain where three different probes had been inserted and vascularization labeled by 

subsequent perfusion with fluorescent nanobeads. The white outlines indicate that of the probe 

traces in the tissue. The control image was obtained from the opposite hemisphere of the brain in 

which the SU-8 probe was inserted. In the case of the 7-µm carbon microfiber, the track of the 

glass pipet encapsulating the carbon fiber was followed to the smallest visible extent.  The trace 

of the electrode itself is very hard to find under the microscope and its size and shape can only be 

estimated, because the diameter of the electrode is so small 10. As for the microdialysis probe, the 

tissue damage is substantial as can be seen by the absence of blood vessels around the probe’s 

track. The SU-8 probe shows relatively low tissue damage as seen by the presence of many 

blood vessels around the track. Note, the time differences of these devices in Fig. 9 is 4 h and 1 

h.  The dwelling time of each device is indicative of the timeframe typically used in brain tissue. 

For example, 4 h is a very common timescale for microdialysis probe implantation, although 

current literature cite up to 10 days of dwelling time 41, 54. Damage to the tissue from the SU-8 

probe is most similar to that of the carbon fiber microelectrode (Fig. 9 b and c). Regardless of 

these timeframes it is clear that the SU-8 probe offers the benefits of the smaller single carbon 

fiber electrodes but with the additional capabilities of multiple electrodes and redox cycling. 

2.6 Conclusions  

The studies here emphasize the fabrication of a flexible SU-8 probe with an array of 

individually-addressable microband electrodes and the preliminary results of their redox cycling 
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behavior.  The dimensions and shape are suitable for in vivo measurements. Because the 

electroactive tip occupies a volume of only about 1 µL, analysis in other kinds of ultrasmall 

samples of this size is possible. The electrode fabrication process was performed with 

modifications to established lithographical procedures, and the shape of the probe was 

accomplished by laser cutting through the SU-8 substrate and lift off by dissolving the metallic 

sacrificial layer. Tissue damage in rat dorsal striatum was minimal.  Redox cycling produced 

predictable behavior and detection limits for a model compound and dopamine, comparable to 

other microelectrode arrays reported in the literature, accounting for the different designs and 

geometries, but most of which are not on tissue-insertable probes. A unique contribution is that 

the probe electrodes can be independently activated to allow for other electrochemical detection 

methodologies such as those that investigate following chemistry and kinetics or differentiate 

between analytes in mixtures based on these phenomena.  

There remains a need to lower detection limits further to be able to measure 

physiologically relevant concentrations of dopamine 55. To do so, narrowing the separation 

between generators and collectors while maintaining the same footprint can be considered. 

Achieving more electrode pairs with smaller gaps with stacked electrode arrays that also use the 

space perpendicular to the probe surface would further enhance signals. For an increasing 

number of electrodes to remain individually addressable, the need for more space for the leads 

should also be accounted for. Other possible modifications to improve detection limits include 

lengthening the electrodes, if larger detection regions are acceptable, and widening the probe 

shank to accommodate more electrodes, if tissue damage is tolerable. A more quantitative 

investigation of electrochemical performance of the array design, analysis of contributions of the 

SU-8 substrate and electrode imperfections toward electrochemical signal, and an assessment of 
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alternative electrode dimensions that fit on the probe and improve detection limits will be 

reported elsewhere. 

2.7 Supporting Information 

Supporting information includes CV responses for individual electrodes in the 

ferricyanide solution. 
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2.13 Figures  
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Fig. 1 AutoCAD drawings of the probe and microelectrode array. (a) The view of the entire 

probe. The blue outline defines the shape of the probe in the substrate layer (SU-8 3050), the red 

areas are the contact pads, leads, and electrodes in the metal layer. (b) Magnified view of the tip 

of the probe containing the electrode array. The green outline indicates the openings in the 

insulation layer (SU-8 2000) over the contact pads and electroactive region of the microband 

electrodes. Microband electrodes are assigned names of E1 to E9 from left to right with the 

paddle oriented to the top of the page   



60 

  

 

 

 

 

 

 

 

 

 

Fig. 2 Process flow of whole wafer (not to scale). (a) Blanket UV-exposure of the SU-8 substrate 

layer, excluding the edge bead, after spin-coating and pre-baking.. (b) Subsequent removal of the 

edge bead with developer, post-baking of the remaining substrate SU-8, followed by coating of 

wafer with Cr and Au metal layers, and spin coating and baking of positive photoresist 
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Fig. 3 Expanded view of the process of a single probe (not to scale) that follow steps in Fig. 2. 

(a) Defining an image of the electrodes in the photoresist through UV exposure through a 

chrome mask. (b) Developing unexposed positive resist followed by etching of Cr and Au metal 

layers. (c) Spin coating, pre-baking, UV-exposure through an aligned insulation chrome mask, 

development, and post-baking of insulating SU-8 layer, followed by laser cutting to create 

trenches through both SU-8 layers in a probe shape. (d) Releasing probes from substrate by 

dissolution of the underlying aluminum layer in a KOH solution  
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Fig. 4 (a) Photograph of a completed probe. (b) SEM image of the microarray on the tip of the 

SU-8 probe.  A faint rectangular outline can be observed over the array, which is the edge of the 

top layer of insulating SU-8 that borders an opening exposing the electrodes and defining their 

electroactive length 
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Fig. 5 Electrochemical responses for different concentrations of K3Fe(CN)6 in 0.10 M KCl 

during redox cycling when (a1) and (a2) collectors are held at +0.550 V vs. Ag|AgCl (saturated 

KCl) (anodic, positive current) and while (b1) and (b2) generators undergo CV at a scan rate of 

0.020 V/s  (cathodic, negative current), and without redox cycling when (c1) and (c2) generators 

undergo CV at a scan rate of 0.020 V/s  and collectors are left at open circuit. Arrows indicate 

responses in the direction of increasing concentration.  (a1), (b1) and (c1) overlay responses for 

concentrations of 1.0 µM, 2.0 µM, 4.5 µM, 13.0 µM, 20.4 µM, 49.4 µM, 99.7 µM, 226.5 µM 

and 410.9  µM and 1.2 mM.  (a2), (b2) and (c2) are expanded views of (a1), (b1) and (c1), 

respectively, where the largest response corresponds to 99.7 µM 
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Fig. 6 Calibration curves of background-subtracted, plateau current (measured at 0.0 V) on 

increasing concentrations of K3Fe(CN)6 for generators without redox cycling (green squares),  

and for generators (red circles) and collectors (blue diamonds) with redox cycling. The absolute 

value of current has been plotted for a simpler overlay. The least squares fit and corresponding 

R2 values for curves for iGEN, iGEN, and iGEN/RC are: y = (6.38 (± 0.22) x 10-3 nA µM-1) x+ (0.11 (± 

0.01) nA), R2 = 0.990; y = (1.12 (± 0.01) x 10-2 nA µM-1) x+ (0.17 ± 0.03 nA), R2 =0.999 and y = 

(7.77 (±0.07) x 10-3 nA µM-1) x+ (0.14 ± 0.03 nA), R2 =0. 999; respectively. Inset shows 

calibration curve for concentrations below 50 µM  
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Fig. 7 Electrochemical responses in different concentrations of dopamine in aCSF without redox 

cycling for (a) generators at 0.020 V/s, and with redox cycling for (b) generators at 0.020 V/s and 

(c) collectors held at -0.100 V vs. Ag|AgCl (saturated KCl). Arrows indicate responses in the 

direction of increasing concentration of dopamine: 2.2 µM, 3.6 µM, 10.7 µM and 49.1 µM 
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Fig. 8 Calibration curve of background-subtracted, plateau current (measured at 0.4 V) on 

increasing concentrations of dopamine for generator without redox cycling (green diamonds), 

generator with redox cycling (red circles) and collector with redox cycling (blue squares).. The 

absolute value of current has been plotted for easier overlay. The least squares fit and 

corresponding R2 values for curves for iGEN, iGEN, and iGEN/RC are: y = (2.09 (± 0.17) x 10^-2 nA 

µM-1) x+ (4.71 (± 0.34) x 10-2 nA), R2 = 0.975; y = (4.20 (± 0.04) x 10-2 nA µM-1) x+ (2.60 (± 

0.94) x 10-2 nA), R2 =0.999; y = (3.28 (± 0.03) x 10^-2 nA µM-1) x+ (1.74 (± 0.60) x 10^-2 nA), R2 

=0.999 respectively  
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Fig. 9 Fluorescence microscope images of tracks of an inserted probe. White outlines show the 

perimeter of the probe’s track. The green streaks show blood vessels in the slice. The scale bar is 

the same for all images. (a) The control image was obtained from the opposite side of the brain 

in which the microelectrode array probe was inserted. (b) Track of the probe used for this study.  

(c) Track of a 5-µm diameter carbon microfiber electrode. (d) Track of a typical 300-µm 

diameter microdialysis probe. In the control image, the round green outline is the cross section of 

a blood vessel  
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Supplementary information includes CV responses for individual electrodes in the ferricyanide 

solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1 responses at 0.020 V/s of individual electrodes on a probe in a solution of 1.02 mM 

K3Fe(CN)6 and 0.10 M KC
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3.1 Abstract 

Electrochemical characterization and design considerations for a microfabricated 

electrochemical device on an SU-8 chip substrate and insulated with a thin layer of SU-8 is 

reported. The device.  consists of nine individually addressable microelectrodes with an electrode 

width and gap of 4 µm and electrode length of 100 µm. First, electrochemical behavior of 

individual electrodes and redox cycling on the device is assessed with cyclic voltammetry of 

potassium ferricyanide and ruthenium (III) hexamine chloride as model compounds and obtained 

values are compared with theory. Then, a calibration curve for dopamine is obtained using redox 

cycling, and the detection limit is obtained as 800 nM on the generator electrodes. This is within 

physiological range of dopamine in the brain. In addition, the quality of electrode-electrolyte 

interface is evaluated by scan rate studies. The high capacitance at lower scan rates is indicative 

of imperfect interfaces between layers. Electrochemical impedance spectroscopy method is 

utilized to propose an equivalent circuit for a single electrode on SU-8 substrate. The proposed 

model indicated a layer of polymerized dopamine on the surface of the electrode.  Finally, 

theoretical models are used to predict currents and detection limits for proposed optimized 

electrode designs. 
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3.2 Introduction 

An electrochemical technique such as redox cycling provides amplified currents for 

electrochemically active species. This amplification is due to increased concentration gradients 

of molecules at oppositely polarized and closely-spaced microelectrodes.1, 2 Amplification of the 

signal exponentially improves with smaller gaps between electrodes.3 Also, redox cycling allows 

analysis of current at oppositely-charged electrodes, where species are generated at one set of 

electrodes and recycled at oppositely charged set and provides insights into solution 

composition, kinetics, and mechanisms of reactions.4-6  

Redox cycling has been studied using electrode arrays with various geometries, mainly 

interdigitated arrays 1, 7-11 and ring/recessed microdisk arrays. 12-14 Advanced 

micro/nanofabrication techniques are used to fabricate these devices.12, 13, 15-20 Most of these 

devices consist of  electrodes that are not individually addressable.1, 2, 21-23 Activation of 

individual electrodes at various gaps to better understand kinetics and following chemistry and to 

be able to differentiate and simultaneously measure catecholamines is a feat only achievable by 

individually addressable electrode arrays. These studies have been performed in our group 

previously..1, 2  

Of the catecholamines, dopamine has been most extensively studied due to its diverse 

role in neurological functions. 24-26 Sampling of the extracellular fluid with microdialysis probe, 

has led to a wealth of information about the roles and effects of dopamine in the brain.27-30 

However, this method does not provide real time responses and can lead to tissue damage due to 

the size of the probes (>200 µm in diameter).31 Fast scan cyclic voltammetry (FSCV) using 

carbon fiber electrodes (4-20 µm in diameter) provides real time electrochemical analysis with 

high temporal resolution (100 ms) of dopamine with minimal tissue damage, because of the 
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probe dimensions.32 However, rapidly changing voltage used for this technique causes a large 

background current due to double-layer charging that overtakes faradaic current.33 Thus, 

background subtraction is critical for quantitative analysis. This background subtraction leads to 

the inability of this method to measure basal or slowly changing levels of chemicals as they are 

embedded in the background current. In addition, because background current in vivo has limited 

stability, FSCV is typically not used for measurements that exceed 1 min without reestablishing 

background signal measurements.34 Because redox cycling does not utilize fast scan rates, 

measurement of basal levels of DA is feasible in absence of high and unstable background 

currents.  

Redox cycling has been used to detect and quantify dopamine in vitro on devices that are 

not suitable for in vivo studies. 1, 35-39 Some of these studies report detection limits for their 

devices and conditions; to the best of our knowledge, the lowest detection limit of 0.5 fM for 

dopamine achieved by redox cycling is by utilizing a device with 300 microband electrodes, with 

a gap and electrode width of 5 µm and electrode length of 2 mm. 40 Other devices with various 

geometries have reported detections limits in the range of 0.5 nM to 2 µM. 38, 41, 42 To the best of 

our knowledge, there are only two devices capable of redox cycling with suitable dimensions for 

in vivo analysis.10, 43 Xi et al reported a dagger shaped probe with a 2 mm long and 70 µm wide 

shank with 2-5 pairs of electrodes. The electrode’s width, gap, and length are 3 µm, 2 µm, and 

250 µm, respectively. This device has a detection limit of 1 µM for DA at 5 pairs of electrodes; 

however, the microfabrication process on silicon nitride substrate and etching of the device to 

create the shape of the probe is extremely rigorous, time consuming, and irreproducible. In 

addition, silicon nitride is a rigid substrate that is prone to breakage during insertion into the 
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tissue. Another device reported by Dengler et al. features three 10-µm wide and 100-µm long 

carbon-based electrodes with 8 µm gaps. This probe is also patterned on silicon nitride substrate.  

In a previous publication, we presented a miniaturized neural probe with suitable 

dimension for for in vivo and small volume analysis of dopamine with a detection limit of 1.2 

µM. This device is microfabricated on a laser cut, dagger shaped, SU-8 polymer substrate. SU-8 

is a great candidate for implantable neural devices as it shows no biotoxicity44 and enough 

rigidity to penetrate soft tissue without breakage but also enough flexibility to minimize tissue 

damage due to mechanical mismatch between the tissue and probe.45-47 The shank of this probe is 

6 mm long with width and thickness of 100 µm, leading to very small tissue damage.48 The 

device consists of nine microband electrodes with electrode width and gap of 4 µm and a length 

of 100 µM. A thin SU-8 layer insulates the device with only the contact pads and a window at 

the tip (70 µm x 100 µm) exposed.  

All the microfabricated devices mentioned above are insulated by a layer of polymer or 

silicon nitride. The purpose of this insulation is to define the geometry of the electrodes and 

provide an accurate value for electrochemically active areas. A concern for these devices is the 

quality of the adhesion or the seal between the metal layer, the substrate and insulation layers. 

Defects in the seal can be in the form of cracks or poor integrity of interfaces between these 

layers. These defects can be studied by performing charging current studies with cyclic 

voltammetry.49  

Redox cycling has been used at a variety of different electrode geometries and 

configurations.8, 50, 51 The most prominent designs are interdigitated array (IDA) electrodes 22, 52, 

53 and the recessed disk-ring microelectrodes. 12, 13, 54 An equation was developed by Aoki et. al. 

to predict diffusion limited redox cycling current for the IDA design (Eq.1). 
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 𝑖𝑙𝑖𝑚 = 𝑚𝑙𝑛𝐹𝐶∗𝐷 [0.637 ln(2.55(1 +
𝑤

𝑤𝑔
) − (

0.19

(1+
𝑤

𝑤𝑔
)2

))]    Eq. 1 

Here, ilim is the same at the generators and collectors, m is number of generators and 

collectors, w is the width of an individual electrode, where generator and collector widths are and 

wg is the width of the gap between anodes and cathodes. The length of the electrodes is denoted 

as l, D is diffusion coefficient (assuming Do and DR are equal), F is the Faraday Constant, n is the 

number of electrons transferred and C is concentration (mol/cm3). This equation assumes infinite 

number of band electrodes with insignificant edge and end effects and demonstrates the 

significance of the gap width (compared to electrode width) for redox cycling. Other groups have 

also performed experimental and computer-simulated studies on the effects of geometry of the 

IDA on redox cycling performance and associating the gap between the electrodes to steady state 

current at the electrodes.55-57 All these simulations are one dimensional and do not take into 

account different diffusion profiles at the ends of the microelectrodes. In addition, the array 

designs in these studies are not suitable for in vivo investigations, where probe size and active 

region of the brain constrains electrode dimensions and geometries, thus limiting analyte signal.  

Here, we consider these restrictions in evaluating our present electrode design and propose 

alternative widths and gaps to determine realistic expectations for signals obtainable from 

coplanar band arrays on a probe tip.  

In our report describing successful fabrication of an in vivo probe intended for redox 

cycling, we only demonstrated preliminary electrochemical function of the electrodes.48 In the 

work presented here, we establish a quantitative evaluation of the electrodes for these probe 

dimensions and offer predictions for improvement of array design. Redox cycling behavior of 

model compounds and dopamine using the electrode band array were evaluated. The 
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electrochemical responses are compared with theory, and detection limit and sensitivity are 

reported for dopamine. In addition, the background current of the electrodes is studied and is 

associated with the quality of the insulation layer seal with SU-8. Electrochemical impedance 

spectroscopy was utilized to propose an equivalent circuit for the electrodes on an SU-8 

substrate.  Furthermore, Eq. 1 is used to evaluate possible future designs with electrodes fitting 

on the same footprint and the enhancements in current and detection limits are reported. 

3.3 Materials and Methods  

3.3.1 Chemicals and Materials 

Unless otherwise stated, chemicals were reagent grade and used without further 

purification. Dopamine hydrochloride, calcium chloride, sodium dihydrogen phosphate 

monohydrate, and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (all ACS grade) 

were obtained from Alfa Aesar (Ward Hill, MA, USA). Magnesium sulfate, potassium 

ferricyanide (99.8% pure) and sodium chloride were obtained from EMD Chemicals 

(Gibbstown, NJ, USA). Sodium hydrogen carbonate and ruthenium hexaaamine (III) chloride 

was obtained from J.T. Baker (Phillipsburg, NJ, USA). Sodium sulfate was obtained from 

Aldrich Chemical (St. Louis, MO, USA). D(+)-glucose (anhydrous) and potassium chloride were 

obtained from BDH/VWR (Radnor, PA, USA). Components for artificial cerebrospinal fluid 

(aCSF, 142 mM NaCl, 1.2 mM CaCl2, 2.7 mM KCl, 1.0 mM MgCl2, 2.0 mM NaH2PO4, pH 7.4) 

and phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4) were purchased from Sigma-Aldrich. Water (ACS reagent grade, 18 MΩ cm or 

greater) was obtained from Ricca Chemical (Arlington, TX, USA). 
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3.3.2 Design and Microfabrication of the Device 

The design of the device, its justifications and microfabrication process have been well-

documented by our group in a previous publication.48 In short, the device consists of nine 

parallel individually addressable microband electrodes on an SU-8 substrate (Fig.1). An SU-8 

top insulation layer covers all areas of the device except for exposed contact pads and the 

electrodes at the tip. Fig.1 (b) is a schematic showing the electrode array design that fits within a 

70 x 100 µm electroactive window at the tip of the shank. In the CAD drawing to make the 

fabrication masks, each electrode is 4 µm wide and is separated by a 4 µm gap from the next 

electrode. The exposed length of the probe at the tip is 100 µm. The gold electrodes on the 

microfabricated device are 4.3 µm wide with a gap of 3.7 µm and a length of 99.2 µm. The 

electrodes and leads are designed to fit on a shank with suitable dimensions for in vivo analysis 

with minimal tissue damage. For the work described herein, the 90 µm thick SU-8 substrate was 

not laser machined to form the implantable shank. Instead, the SU-8 substrate was cut into 

rectangular chips.  This was carried out by first creating a trench with the tip of a scalpel in an 

outline of the chip. The rectangular-shaped devices could be released from the substrate after 5 

hours of soaking in concentrated potassium hydroxide solution that etched the underlying 

aluminum layer adhering the SU-8 to the wafer’s surface.  The devices were then stored in water 

prior to and between experiments. 

3.3.3 Characterization of Individual Electrodes 

All electrochemical experiments were performed with a bipotentiostat (760B, CH 

Instruments, Austin, TX), equipped with a Faraday cage and a picoamp booster (CH Instruments, 

Austin, TX). The reference electrode was AgǀAgCl in saturated KCl, and the Pt wire was used as 

the working electrode. To connect the device to the edge connector, it was aligned inside a 
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Molex zero insertion force (ZIF) edge connector with 1.00 mm pitch and 9 circuits (part number 

52610-0972).  For ease of connectivity and spatial availability, the edge connector was soldered 

onto a circuit board (OSHPark company), and the board was connected to the pin header leading 

to the potentiostat’s leads. The cage’s purge inlet was connected to argon gas (Ultra high purity, 

Airgas, PA). All solutions were kept under argon purge for at least 15 mins before each 

experiment. A conical cardboard cover was placed around the electrochemical cell inside the 

faradaic cage to protect the solution from convection flows due to argon purge. 

Electrochemical impedance spectroscopy (EIS) experiments were performed with the 

CHI 760b potentiostat at 0.00 V, in a 0.1 to 10,000 Hz frequency range. Electrochemical 

characterization of individual electrodes on the device was performed by cyclic voltammetry 

(CV) in a 5.01 mM solution of [Fe(CN)6]
3- in 0.1 M KCl and a 5.06 mM solution of [Ru(NH3)6]

3-
 

in 0.1 M KCl.  Cyclic voltammetry was chosen for characterization due to its diagnostic 

capabilities. For the [Fe(CN)6]
3- solution, the potential was swept at 0.02 V/s from 0.55 V to -

0.15 V and back to 0.55 V vs AgǀAgCl (saturated KCl). For the [Ru(NH3)6]
3-

  solution, the 

potential was swept at 0.02 V/s from 0.20 V to -0.40 V and back to 0.20 V vs AgǀAgCl (saturated 

KCl). Electrochemical characterization of single electrodes was first performed. Next, five 

adjacent band electrodes in the array were selected for the redox cycling study, for which the 

second and fourth electrodes were shorted together to serve as generators, and the first, third, and 

fifth electrodes were shorted together to serve as collectors.  Before each redox cycling study, the 

CV response was recorded at the shorted generators, with the collectors at open circuit. Then, for 

the solutions containing [Fe(CN)6]
3- in 0.1 M KCl, CV at 0.02 V/s was performed at the 

generators from 0.55 V to -0.15 V and back to 0.55 V vs AgǀAgCl (saturated KCl), while the 

collectors were held at a constant anodic potential of 0.55 V, and for the solutions containing 
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[Ru(NH3)6]
3-

 in 0.1 M KCl, CV at 0.020 V/s was performed at the generators from 0.20 V to -

0.40 V and back to 0.20 V vs AgǀAgCl (saturated KCl), while the collectors were held at a 

constant anodic potential of 0.20 V.  

For solutions containing dopamine in artificial cerebral spinal fluid (aCSF) (consisting of 

100 mM NaCl, 5.0 mM KCl, 1.2 mM NaH2PO4, 5.0 mM NaHCO3, 10 mM glucose, 2.5 mM 

HEPES, 1.2 mM MgSO4, 1.0 mM CaCl2 at 7.4 pH), CV at 0.02 V/s was performed at the 

generators from -0.10 to 0.50 V and back to -0.10 V vs AgǀAgCl (saturated KCl), while the 

collectors were held at a constant cathodic potential of -0.100 V. Concentration studies were 

performed by spiking a solution of aCSF in the electrochemical cell with different volumes from 

a freshly prepared stock solution of 0.93 mM and 25.52 mM dopamine in fresh aCSF to achieve 

consecutively higher concentrations of dopamine: 0.71 µM, 1.02 µM, 3.28 µM, 7.77 µM, 38.02 

µM, 70.24 µM, 127.69 µM, 196.29 µM and 219.08 µM.  

To measure plateau current from CV responses, the difference was taken between the 

plateau current (the current at -0.30 V for [Ru(NH3)6]
3-, -0.10 V for [Fe(CN)6]

3- and 0.40 V for 

dopamine) and the value of the background current at 0.1 and 0.5 V for [Ru(NH3)6]
3- and 

[Fe(CN)6]
3-, respectively. 

3.4 Results and Discussion 

3.4.1 Electrochemical Performance of the Device using Model Compounds 

CVs in a 5.01 mM solution of [Fe(CN)6]
3- in 0.1 M KCl and a 5.06 mM solution of 

[Ru(NH3)6]
3-

 in 0.1 M KCl were used to characterize single electrodes. The electrodes were 

characterized with both [Ru(NH3)6]
3-

 and [Fe(CN)6]
3- to assure for reproducibility and 

performance. The Characterization for [Fe(CN)6]
3- was carried out with a 30 min gap after the 

characterization of [Ru(NH3)6]
3-. A semi steady-state plateau current was achieved for both 
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model compounds because of the slow scan rates. The average current (for electrodes three to 

seven) at the plateau was -27.8 ± 0.37 nA for [Ru(NH3)6]
3-

  (measured at -0.30 V), and -26.06 

±0.81 nA for [Fe(CN)6]
3- (measured at 0.00 V) (Fig. S1 (a) E1-E9 and (b) E1-E9). Electrodes one 

and two on the array did not show an electrical response due to visible disconnection of the leads 

as a result of microfabrication issues.  

The iqss from a potential step experiment with a microband electrode is expressed by Eq. 

2,58 

                                          iqss =  
2πnF𝑙𝐶∗𝐷

ln(
64𝐷t

w2 )
        (2) 

where n is the number of moles electrons needed to reduce the model compounds (n=1 

for [Ru(NH3)6]
3-

  and [Fe(CN)6]
3-), F is the Faraday constant (96485.3 C/mol e-), D is the 

diffusion coefficient (7.65 x 10-6 cm2/s for [Ru(NH3)6]
3-

  and 7.20 x 10-6 cm2/s for [Fe(CN)6]
3-), 

C*is the bulk and initial concentration of the oxidized form of the redox species (5.06 x 10-6 

mol/cm3 for [Ru(NH3)6]
3-

  and 5.01 x 10-6 mol/cm3 for [Fe(CN)6]
3-), w is the width of the 

electrode (4.3 µm) and t is the time after stepping to a diffusion-limited potential. This equation 

can be used to predict the plateau current of a CV during slow scan rates at a microband 

electrode. In this case, t can be calculated as the time from E1/2 to where the plateau current was 

measured (t = 8 sec for [Ru(NH3)6]
3-

  and 12.5 sec for [Fe(CN)6]
3-). Considering these parameters, 

the iqss is calculated to be 26.52 nA for [Ru(NH3)6]
3-

  and 23.61 nA for [Fe(CN)6]
3-. These values 

are not within the 95% confidence interval. One justification for this could be that Eq.1 is written 

for infinitely long and flat electrodes and does not consider the role of different diffusion profiles 

at the two ends and the sidewalls of the electrodes.  
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Of the seven active electrodes on the device, five adjacent ones were chosen for redox 

cycling characterization studies. For this publication, these electrodes will be referred to as 

electrode one to five. The second and fourth electrodes were shorted together and served as 

generator electrodes.  The first, third, and fifth electrodes were shorted together and served as 

collector electrodes. The redox cycling responses overlaid with the response of a single electrode 

(electrode six) and two shorted electrodes (generators) are shown in Fig. S2 (a) and (b). At first, 

the generator response while the collectors were held at open potential were recorded. The 

plateau currents obtained for [Ru(NH3)6]
3- and [Fe(CN)6]

3- are 42.4 nA and 39.7 nA, 

respectively. These currents are about 1.6 times of the single electrode currents. This can be 

justified by the shielding of diffusion layers for closely spaced electrodes.58 At low scan rates, 

when the diffusion layers have time to expand, they overlap with neighboring electrodes; 

therefore, the total current of the two electrodes is smaller than the doubled current of one 

electrode. The approximate length of the diffusion layer in one dimension can be calculated by 

√2𝐷𝑡 where D is the diffusion coefficient and t is time. For [Ru(NH3)6]
3- at 7.5 sec, and 

[Fe(CN)6]
3- at 12.5 sec (times to reach the quasi-steady state current), diffusion length is 

calculated to be 107 µm and 134 µm, respectively. Both values extend well beyond the 

neighboring electrode, confirming that shielding effect plays a role.  

The experiments were then repeated with collectors held at oxidizing potentials. In this 

case, as the species are reduced on the generator electrodes, they diffuse to the adjacent collector 

electrode where they get oxidized. The oxidized species can diffuse back to the generator, and 

the cycle can be repeated multiple times until the species diffuse into the bulk of the solution.  

The two important factors that characterize the efficiency of redox cycling are 

amplification factor (the ratio of generator response with the collectors on to the one with the 
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collectors off) and collection efficiency (the ratio of the collector electrodes response to the 

generators while collectors are on). The amplification factors are 2.51 and 2.37 for [Ru(NH3)6]
3- 

and [Fe(CN)6]
3-, respectively. The collection efficiencies are 0.84 and 0.85 for [Ru(NH3)6]

3- and 

[Fe(CN)6]
3-, respectively. These values are in agreement and better than previously reported 

values by our group for the same design of electrodes or other works with similar electrode 

geometry and dimensions. 10, 48, 59 This is probably due to improved fabrication processes utilized 

for this publication that leads to electrodes with fewer carbon and dust residues on the surface.   

The equation Aoki et. al. developed as theoretical formula to predict the diffusion limited 

current during redox cycling (Eq. 1) makes a few assumptions. One is that there is no loss of 

compound to the bulk solution due to diffusion and therefore the current at the generators is the 

same as the collectors. In addition, it assumes that the number of generators and collectors is 

equal (m). For this work, we set m to be 2.5, to account for a total of five electrodes used in 

redox cycling experiments. Another assumption for this equation that the diffusion coefficients 

of reduced and oxidized forms of the molecules are the same 60. The value we use for D (6.93 × 

10-6 cm2/s for potassium ferri/ferrocyanide pair and 7.65 × 10-6 cm2/s for ruthenium (II) and (III) 

haxaamine chloride pair) in Eq. 1 is the average of DO and DR for these compounds reported by 

Konopka et. al.61 w and wg values are obtained from observing the device under the microscope 

(w = 4.3 µm and wg = 3.8 µm). Eq. 1 makes several other assumptions: (1) the array comprises of 

so many electrodes that the edge effects of the outermost electrodes are negligible; (2) the 

length-to-width ratio for each electrode is so large that end effects can be ignored; (3) the system 

is at steady state; and (4) w > 0.18 wg. The experimental generator currents during redox cycling 

for 5.01 mM solution of [Fe(CN)6]
3- in 0.1 M KCl and a 5.06 mM solution of [Ru(NH3)6]

3-
 are 

100.70 nA and 99.71 nA, respectively. The ilim calculated for each compound are 89.11 nA and 
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85.32 nA for [Fe(CN)6]
3- and [Ru(NH3)6]

3-, respectively. Both experimental values are ~ 16-25% 

higher than the theoretical predictions. This can be justified by the fact that at least the first two 

assumptions do not hold for our system and that the end effects play a role in the diffusion 

profiles of these compounds.   

3.4.2 Capacitive Behavior of the Microelectrodes on SU-8 

Evaluation of the scan rate dependence of charging current for an electrode can reveal 

information about the capacitance at the electrode and its seal with insulation layers.49, 62 For a 

microelectrode, at faster scan rates, minor defects (such as poor adhesion to the upper or lower 

substrates or cracks on the surface of the electrode), play a small role in the capacitance value of 

the electrode.62, 63 In general, this is due to the effects of uncompensated resistance, Ru. A large 

iRu drop in the cracks occurs at fast scan rates when the current is high, and a small iRu drop 

appears at slow scan rates when the current is low. The smaller the iRu drop, the greater the 

contribution from the portions of the metal in the cracks to the total electrode area, and thus, the 

higher the charging current.54 Fig. S3 shows response of charging current to increasing scan rates 

for a single electrode in 0.1 M KCl. Area-normalized capacitance for each scan rate is calculated 

using 𝐶𝑑 =
𝑖𝑐

𝐴𝑣⁄  , where ic is the charging current at 0.0 V potential, A is the nominal area of 

the single electrode and v is the scan rate. Fig. 2 shows a plot of log of the normalized 

capacitance vs the log of scan rate. The slope of this line is an indication of the quality of the 

seal; 49, 54, 64 therefore for a macro electrode where the cracks and crevices play minimal role this 

slope should be zero.49 For the device reported in this work, the slope of the log-log plot is -0.37. 

Other groups with defective seals have reported similar values for their micro/nano electrodes. 49, 

54, 64 It can be concluded that the seal of the gold band electrodes to the SU-8 upper and lower 
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insulation layers for this work is not perfect and therefore the electroactive surface area of the 

electrode is bigger than observed under optical microscope.  

In addition to higher electrochemically active surface area, the imperfect seal around the 

electrode leads to increased capacitance. For the microelectrodes discussed in this work, an area-

normalized capacitance of 303.1 ± 16.8 µF/cm2 is obtained from the slope for lower scan rates 

(0.02 to 0.5 V/s) where crevices and defects play a role in the capacitance. This value is in close 

agreement with Pt microelectrodes on SU-8 with similar dimension to electrodes on our device 

and at the same scan rates by Altuna et. al. 65 By plotting normalized current vs. scan rates above 

10 V/s, area-normalized capacitance unaffected by crevices and imperfect seal is calculated to be 

57.6  ± 1.8 µF/cm2 which is in agreement with the expected value for similar electrode 

dimensions and electrolyte strength. 66-72  

3.4.3 A Model Electrochemical Circuit for a Band Electrode on SU-8 Substrate in KCl 

In an alternative treatment to Altuna et al.’s approach, electrochemical impedance 

spectroscopy (EIS) was performed on a single band electrode in 0.1 M KCl solution at 0.00 V 

with an amplitude of 0.005 V to better understand the electrochemical behavior of 

microfabricated gold electrodes on an SU-8 substrate. The spectra obtained from EIS studies in 

the frequency range of 0.1-10,000 Hz were evaluated. It can be seen in the Bode plots (Fig. 6 (b)) 

that the impedance phase shift is less than -90 degrees (average = -77.4 degrees) indicating non-

faradaic psudocapacitance by a constant phase element (CPE) in the equivalent circuit. Using 

ZView® software, an equivalent proposed circuit with a good match to the experimental data was 

developed (Fig 6(a)). The values for these circuit elements are reported in table 1.  
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Table 1: Fitted circuit elements 

Element Value 

Rs 1.63 x 104 Ω 

R1 1.71 x 107 Ω 

CPE1 4.83 x 10-10 F 

α1 0.90 

R2 3.16 x 108 Ω 

CPE2 1.17 x 10-9 F 

α2 0.88 

Where Rs represents the solution resistance and the resistance along the electrode path on 

the SU-8 substrate, R1, CPE1 and R2, CPE2 represent resistances and capacitances as CPEs. The 

best fit model suggests parallel R-CPE components in series to each other which indicates the 

presence of two separate layers of material.73 One layer is the electrode surface, and the other is 

possibly a layer non homogenous layer with a different dielectric constant. This layer could be 

the residual carbon layer from the laser-micromaching step, the residual insulating SU-8 2000 

from the microfabrication step or polymerized dopamine from previous experiments on the 

electrode. The potential range and the pH for the previous experiments with dopamine are 

suitable for polymerization on the electrode,74 however, comparing our EIS experiments with 

Altuna et. a shows similarity of EIS behavior and close CPE and phase shift.65, 75, 76 Considering 

their probe was not exposed to dopamine, there seems to be a lower chance that the top layer on 

our electrode could be polymerized dopamine. In addition, analysis of the background aCSF 

current from dopamine experiments does not indicate lowering capacitance values as a function 

of increasing dopamine concentration, further ruling out the polydopamine hypothesis (Fig. S4). 
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We have however, previously observed the presence of residues on our electrodes. At this point 

we are unable to assign which parallel combination is the electrode and which is the layer on top. 

More studies need to be done to better understand this circuit model. A comparison of the current 

from circuit during linear potential scan at high and low scan rates will provide valuable insights 

into this proposed equivalent circuit The high value for Rs also needs to be investigated further 

as the expected value should be in the range of 1000 Ω (obtained from Eq. 1)   

                                                  𝑅 =
𝑙

𝑘𝐴
      Eq.1 

Where k is conductivity of 0.1 M KCl solution (12.9 mS/cm), A is surface area of the 

electrode (380 x 10-8 cm2) and l is the distance between the microelectrode and the reference 

electrode (0.3 cm). 

3.4.4 Redox Cycling of Dopamine using the Device 

The same electrodes used for redox cycling of model compounds were used to 

characterize the response of in vitro dopamine in aCSF at different concentrations ranging 

between 0.70 to 220.0 µM, with and without redox cycling. The CV responses are shown in Fig. 

3.  

The potential was swept between -0.100 V to 0.500 V at 0.020 V/s to oxidize the 

dopamine to the o-quinone, with the collectors held at a constant potential of -0.100 V to reduce 

the o-quinone form back to dopamine. The redox cycling responses are shown in Figure 5. The 

shape of the curves is sigmoidal, however, due to slower electron transfer kinetics of dopamine, 

they do not reach the steady state current as sharply as the model compound.77 In the forward 

sweep at the generator both with and without redox cycling, past the E½ of dopamine, the anodic 

current at the electrode rises as dopamine is oxidized to for its o-quinone form. When RC mode 
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is on, these oxidized species diffuse to the collector currents and lead to cathodic currents. On the 

return sweep and at potentials more negative to E1/2, the generation of o-quinone does not occur 

and the current at both electrodes drops towards zero.  

The linear calibration curve for each mode is shown in fig. 4. For ease of visualization, 

the absolute values of currents are plotted. The slope of these lines are representations of 

sensitivity. The amplification factor (Af) is an efficient way to represent the amplification of 

signal at the generator electrodes due to shuttling of dopamine molecule between the two 

electrodes. Using slopes of the calibration curve, an amplification factor of 1.66 and a collection 

efficiency (Ce) of 0.74 is achieved. These values are smaller than the values reported in the 

literature with various designs. This is because amplification factor and collection efficiency are 

dependent on the geometry of the electrodes. In this work, we intend to achieve a device with 

suitable dimensions for in vivo measurements and therefore the area available for 

electrochemical detection is very limited.  By utilizing more sophisticated microfabrication 

methods, more electrodes with smaller gaps can be achieved in the future.  

Using Eq. 1, with D = 7.5 × 10-6 cm2/s 78 and n= 2 mole e-/mole molecules, a theoretical 

slope of 3.74 × 10-2 nA/µM is calculated. The experimental slope of the line for the generator 

during redox cycling is 2.85 × 10-2 nA/µM. The smaller slope for the experiment can be justified 

by the fact that dopamine o-quinone is known to undergo following chemistry, therefore making 

it unavailable to the generator electrode for re-oxidation. 79 

Detection limits were calculated (3 x standard deviation of the background divided by 

slope of the line) to be 0.98 µM, 0.80 µM and 1.09 µM for generator alone, and generators and 

collectors during redox cycling, respectively. The background was obtained by performing CV in 

the blank aCSF solution (N = 3). Compared to our previous work, there is an improvement in the 
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detection limit that is justified by cleaner electrodes.48 Other devices presented in the literature 

have a wide range of detection limits, however the devices with detection limits in the range of 

low micromolar and sub micromolar all consist of more than 100 electrodes and lengths of more 

than 2 mm.7, 9, 41 A device reported in the literature that has similar electrode design to the work 

presented here is reported by Xi et. al.10 This device is an insertable Si3N4 probe with IDA 

electrodes and has reported detection limits of 1.0 µM of dopamine at the collector electrode at a 

5-pair IDA, consistent with our results. The detection limits for dopamine obtained by FSCV are 

in the low nanomolar range due to higher surface area of the carbon fiber electrode used for this 

technique. However, FSCV is incapable of differentiation of dopamine and norepinephrine80 and 

due to background subtraction, basal levels and slowly changing concentrations of chemicals 

cannot be detected. Both issues can be alleviated using redox cycling.  

3.4.5 Design optimization of the electrode array 

The device used here has been designed with electrode geometry to fit on a probe shank 

with suitable dimensions for in vivo analysis and compatible with the capabilities of 

microfabrication at the University of Arkansas (4 µm-wide electrodes and 4 µm-wide gaps). The 

100 µm-wide shank has enough space to fit nine electrodes with enough space on the edges. This 

probes’ shank has been shown to cause minimal tissue damage to the tissue of rat’s brain.48 The 

length of the electrodes (100 µm, through the 70 ×100 µm uninsulated window on the shank tip) 

was chosen to be comparable with FSCV electrodes (exposed carbon microfiber protruding from 

the tip of the glass pipette) for benchmarking.  

To optimize the electrochemical performance of the device, other electrode dimensions 

were studied. Since the width of the probe and the length of the electrodes were chosen to 

comply with biological and FSCV considerations, proposed designs fit on the same footprint. 
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The proposed designs also consider the reasonable approach to fabricate the electrodes. 

Currently laser writing technology allows for electrodes as small as 600 nm to be patterned in a 

short amount of time. E-beam has also been used to resolve features as small as 500 nm, 

however the beam in this method moves very slowly and therefore producing features that are 

longer than a few hundred microns would be unreasonably time consuming. Another 

consideration for the method is the individual addressability of the electrodes in the current 

design. Available connectors in the marked support a maximum of 20 pins (more pins are 

available for the electronics industry but manually aligning the probe pads in those connectors is 

impractical). Hence, if the number of electrodes is higher than 20, the collectors and the 

generators need to be shorted together to make two contact pads. This will lead to the loss of 

individual addressability feature of the electrodes as well as the possibility of gap studies where 

electrodes would be activated at various distances from each other. To avoid this, widening the 

pad of the probe should be considered.  

The basis of these prediction for design is the equation developed by Aoki et. al. (Eq. 1). 

In the current design, there are 9 electrodes; however, only 5 of them were used for the studies in 

the publication. Fig. 5 shows the theoretical current (ilim) vs. the width of the gap for a 5.01 mM 

solution of [Fe(CN)6]
3- in 0.1 M KCl. For all proposed designs, the electrodes occupy the same 

footprint (100 µm long, fitting in a 70 µm wide window). The electrode width ranges from 600 

nm to 6 µm, the gap width ranges from 600 nm to 4 µm. The value for number of electrodes (m) 

is calculated based on how many electrodes can fit in the 70 µm window at the tip of the device. 

It can be seen form Fig. 5 that by decreasing the gap, the current increases. The 

prediction is compatible with the redox cycling theory that species shuttle between the electrodes 

and therefore, fewer molecules will be lost to diffusion when the gaps are small.  
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The present detection limit of the device (at the generators during redox cycling, using 

five electrodes on the device) is 800 nM. This is in the higher range of physiological 

concentration range of dopamine (10-1200 nM). The proposed design with electrode width and 

electrode gap of 0.6 µm improves the detection limit (assuming noise does not change) to 60 nM. 

To be able to obtain detection limits for the lowest physiological ranges, a proposed design of 

stacked electrodes could be considered. This design has been proposed and evaluated by Aoki et. 

al.41 By adding three stacks of electrodes on top of the current array, the detection limit could 

theoretically be lowered by to 20 nM.  The microfabrication of such device is challenging, and 

further studies need to be conducted on feasibility on SU-8 substrate.  

Eq.1 was used for the predictions provided above which makes assumptions on the end 

effects, length to width ratios and number of electrodes. Additional 3D simulations would 

provide us with valuable information about these aspects. Numerical approximation using finite 

element methods are analyzed to understand 2D vs 3D single electrode diffusion systems, scan 

rate study, and design optimization. Potassium ferricyanide is the model compound of choice. In 

the 2D model, band electrode is simulated as a hemicylindrical system. It is assumed that the 

electrode length is much larger than the width, where electrode ends would not contribute to the 

overall diffusive mass transport. Unlike 2D, 3D model would include electrode end 

contributions. Also, a band electrode does not provide a true steady-state current at long times, 

thus making chemical analysis of redox species more challenging. Fabrication of design is a very 

demanding task. Lastly, finding an optimized design without the need for fabrication would 

positively influence the understanding of these chemicals. Preliminary results suggest (1) 

approximately 21% of single electrode current magnitude (2D vs 3D) contributes to the overall 

diffusive process; (2) a scan rate of 1 mVs-1 seems optimal; and (3) approximately 10% of 
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collection efficiency can be gained from 4 µm (width and gap, No. 9 electrodes) to 1 µm (width 

and gap, No. 34 electrodes) and amplification factor would be enhanced from 3 to 10. This work 

is still in progress and more details of these studies will be published elsewhere. 

3.5 Conclusions 

The studies here discuss the electrochemical characterization of a microfabricated device 

on a polymeric SU-8 substrate and individually addressable electrode array using redox cycling. 

The cyclic voltammetry data obtained here was compared to the literature for model compounds 

and dopamine. The detection limit is 800 nM which is in the upper range of physiological 

concentration of dopamine. The seal between the electrodes and the insulation layer was 

evaluated by scan rate studies proposed by Wehmeyer et. al.49 The data indicated high 

capacitance at lower scan rates which suggests defects in the integrity of the seal. EIS 

experiments were performed, and an equivalent circuit was proposed for a single electrode on 

SU-8 substrate. This model indicated the presence of a layer covering the electrode. This layer 

can be the particles accumulated on the surface of the electrode or polymerized dopamine. 

Finally, using equations developed for redox cycling by Aoki et. al. other possible electrode and 

gap widths are investigated. By reducing the width of the gap, the limiting current increases 

semi-exponentially, therefore improving the detection limit to lower physiological concentrations 

of dopamine. Preliminary 3-dimensional computer simulations are used to study the effect of 

factors not considered by Aoki (the end effects of the electrodes) and proposed future designs.  

There remains a need to further improve the detection limits to be able to detect the 

whole range of basal levels of dopamine in the brain. This can be achieved by improving the 

design of the electrodes to include narrower gaps and more electrodes. In addition, stacking the 

electrodes vertically could provide a path to more sensitivity. These require new 
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microfabrication techniques, developed with the available instruments. The quality of the 

microfabrication also plays an important role in the electrochemical response of the device. The 

imperfections in the seal lead to high capacitances at lower scan rates which makes the current of 

sub-micromolar concentrations harder to distinguish from the background. These defects are 

artefacts of microfabrication processes and optimization for those processes will lead to 

significant improvements. Finally, the present literature provides little information about the end 

effects of band electrodes. These effects can be studied by 3D simulations of arrays and can lead 

to improved designs and theoretical predictions of currents.   
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3.6 Figures 
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Fig. 1 AutoCAD drawings of the device and microelectrode array on an SU-8 chip. (a) The view 

of the entire device. The blue outline defines the shape of the insulation layer, the red areas are 

the contact pads, leads, and electrodes in the metal layer and the black lines indicate the 

perimeters of the chip. (b) Magnified view of the tip of the device containing the electrode array. 

The window on the electrodes shows where they are exposed. 
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Fig. 2 Dependence of log of normalized capacitance to log of scan rate for a single electrode in 

0.1 M KCl. The measurements were obtained from data shown in Fig. S3, at 0.0 V vs Ag/AgCl. 

The line equation is y = -(0.37 ± 0.01) x – (3.53 ± 0.2) with R² = 0.995 
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Fig. 3 CV responses at 0.020 V/s for different concentrations of dopamine in aCSF for (a1) 

generators without redox cycling, (b1) generators with redox cycling and (c1) collectors with 

redox cycling, respectively. On the left, overlay CV responses for concentrations from 0.72 µM, 

1.02 µM, 3.28 µM, 7.78 µM, 38.06 µM, 70.24 µM, 128.07 µM, 196.87 µM and 219.61 µM. CVs 

on the right correspond to the lowest four concentrations from the CVs on the left  
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Fig. 4 Calibration curve of background-subtracted, plateau current (measured at 0.4 V) on 

increasing concentrations of dopamine for generators without redox cycling (green), and for 

generators (blue) and collectors (red) with redox cycling. The absolute value of current has been 

plotted for a simpler overlay. The least squares fit and corresponding R2 values for curves for the 

generator without redox cycling, and the generator and collector with redox cycling are: y = 

(1.71 (± 0.12) x 10-2 nA µM-1) x+ (3.89 (± 0.04) x 10-2 nA), R2 = 0.999; y = (2.85 (± 0.73) x 10-2 

nA µM-1) x- (1.88 (± 0.20) x 10-2  nA), R2 =0.999 and y = (2.09 (±0.02) x 10-2 nA µM-1) x+ (0.14 

(± 0.20) x 10-2  nA), R2 =0. 999; respectively. Inset shows calibration curve for concentrations 

below 40.0 µM  
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Fig. 5 Prediction of current vs. gap for different electrode widths. Each curve corresponds to a 

certain width of electrode (0.6 µm, 1 µm, 2 µm, 4 µm and 6 µm). The two independent point 

correspond to the redox cycling performed for this paper with two generators and three 

collectors.  
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Fig. 6 (a) equivalent circuit for a gold electrode on SU-8 substrate obtained from modeling the 

EIS data (b) Nyquist plot and (c) and (d) Bode plots of a single gold microband electrode on SU-

8 substrate in 0.1 M KCl. The green line is the experimental data, and the red is the simulated 

values obtained from the equivalent circuit in the ZView software 
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3.S Supplemental information: In situ Quantitative Analysis of Dopamine and Theoretical 

Considerations for Design Optimization for Redox Cycling at a Coplanar Array of 

Individually Addressable Electrodes with Dimensions Suitable for in vivo Detection on 

SU-8 Polymeric Substrate 
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Fig S1 CV responses at 0.020 V/s of individual electrodes (E1-E9) on a microfabricated device 

in (a) solution of 5.01 mM potassium ferricyanide in 0.10 M KCl (b) in a solution of 5.06 mM 

ruthenium hexamine chloride in 0.10 M KCl 
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Fig S2 Overlay of CV response for one electrode (green), generators (two electrodes shorted) 

with collectors off (blue), generators with collectors on (red), and collectors (three electrodes 

shorted) (gray) for (a) 5.01 mM solution of potassium ferricyanide. Collector current was held at 

0.55 V vs. Ag|AgCl (saturated KCl) and (b) 5.06 mM solution of ruthenium hexamine chloride. 

Collector current was held at 0.2 V vs. Ag|AgCl (saturated KCl)  
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Fig. S3 Scan rate study on a single electrode in 0.1 M KCl solution. Scan rate ranges from 0.01 

V/s to 76.9 V/s 
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Fig S4 Expanded view of the Charging region of cyclic voltammograms of dopamine for 

generators (collectors on) mode. The charging current does not show indications of change as a 

function of dopamine concentration change
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4. Conclusion and Future Work 
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4.1 Conclusion  

The work described here focuses on the design, fabrication, and characterization of a 

novel neural probe suitable for in vivo detection of electrochemically active compounds. The 

device is designed with proper shank dimensions for minimally invasive insertion into brain 

tissue. The length of the shank allows for in-depth (up to 6 mm, after clearing the skull) 

measurements of concentrations of electrochemically active species in rat’s brain. The probe is 

fabricated on a 100-µm thick SU-8 substrate that provides a suitable balance between stiffness 

(leading to the straight path through the tissue and therefore accurately locating targeted regions 

using stereotaxic placement) and flexibility (causing less damage to the tissue and smaller 

chance of breakage during insertion). The probe consists of nine individually addressable 

microelectrodes, making the probe suitable for redox cycling studies with choice of distance 

between and grouping of activation of electrodes.1 

A significant part of this work focuses on the design and microfabrication of the neural 

device. Here, we report the successful fabrication of the probe with an improved design. The 

improvements in the design include longer contact pads which allow for more convenient and 

precise alignment with the edge connector and wider window in the insulation layer at the tip 

providing leverage in case of alignment errors when patterning the insulation layer.  

The microfabrication process for this probe is discussed in detail in this document. In 

short, a layer of SU-8 was deposited on an aluminum-coated silicon wafer. The wafer was then 

processed following microfabrication protocols explicitly established for this work and the metal 

electrodes were patterned.  Next, a SU-8 insulation layer was spun coated and patterned on top of 

the device. Laser micromachining was used in the next step to create the individual shapes of the 
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probes. The laser created trenches around each probe, giving the potassium hydroxide solution 

access to the bottom aluminum layer so that individual devices were lifted from the wafer.  

The device was then characterized electrochemically using the model compounds 

[Ru(NH3)6]3- and [Fe(CN)6]3- . For the redox cycling experiments in this dissertation, five 

adjacent electrodes were used. Two of these electrodes were shorted to act as generators and 

three as collectors. Each generator is flanked by two collectors. The generators are set to 

reduction potentials for the model compounds, and the collectors are held at oxidizing potentials. 

Under these conditions, amplification factors of 1.6-2.5 and collection efficiencies of 0.60-0.85 

are reported.  

The devices that showed electrochemical responses consistent with theoretical 

predictions for the electrolyte solution and model compounds were then used for redox cycling 

experiments with dopamine. In this case, the generator electrodes were set to oxidize dopamine 

and the collectors to reduce it. The detection limit obtained with this technique for dopamine was  

800 nM for dopamine at the generators (redox cycling, generators on/collectors on mode), which 

is in the higher range of physiological concentrations of dopamine (10-1200 µM)2, 3 and shows a 

significant improvement compared to the response obtained from generators on/collectors off 

mode (1500 nM).  

In addition, some electrochemical studies were performed to understand the quality of the 

insulation provided by the top-coating SU-8 layer. Scan rate studies reveal the presence of 

capacitance-dependent behavior which indicates the presence of cracks and crevices in the 

material. 4, 5 EIS studies were also performed to proposed a model equivalent circuit with a good 

fit. 
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To test the tissue damage of the probes, they were inserted into the brains of Sprague-

Dawley rats in collaboration with the group of Professor Adrian Michael at the University of 

Pittsburgh. The results indicate that the probe made for this work does not cause extensive tissue 

damage. Damage to the tissue from the SU-8 probe is like that of the carbon fiber microelectrode 

and it is clear that the SU-8 probe offers the benefits of the smaller single carbon fiber electrodes 

but with the additional capabilities of multiple electrodes and redox cycling.  

4.2 Future Work 

The accomplishments achieved to-date enable future work in testing the unique 

advantages of redox cycling in applications that benefit from probe-sized analysis.  

4.2.1 Differentiation of catecholamines and their quantification in vitro 

By having the capability to activate electrodes at certain potential and with various gaps, 

we can differentiate catecholamines using redox cycling. The following chemistry and the 

difference in internal cyclization rate for each catecholamine lead to different survival times for 

these molecules. Based on previous works in our lab (scaled for numbers and length of 

electrodes)6, 7 differentiation of dopamine and norepinephrine is feasible with the current probe. 

However, to be able to differentiate dopamine and epinephrine (with closer cyclization rate 

constants), a gap of 28 µm is needed.7 This means simultaneous measurement of dopamine and 

epinephrine on this probe is not practical with a two generator and three collector configurations. 

A proposed experiment is to set the outer most electrodes (e.g., electrodes 1 and 2 or both) as 

generator and the following electrodes as collectors. This way, the diminishing current of each 

catecholamine as a function of distance from the generator can be studied. These experiments 

can provide us with valuable information about the mechanism and kinetics of the following 

chemistry for the catecholamines. 
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The probe was initially designed with suitable dimensions and materials for in vivo 

measurements. Several additional considerations now need to be addressed to determine its 

function for in vivo studies.  These include calibration, types of analytes and interferents and 

their concentrations, benchmarking against FSCV, immune response, reproducibility of signal, 

and more advanced differentiation among the catecholamines. To provide quantitative 

information, probes need to be calibrated pre-insertion, then inserted into the tissue, and finally 

re-calibrated post-insertion.8-11  

A first experiment to be performed in vivo, would be to focus on dopamine and its 

detection because of numerous studies of dopamine using other electrochemical techniques in the 

literature with which to compare. Dopaminergic neurons are present in abundance in the striatum 

of the rat. A back of the envelope calculation that scales experimental data12 to the dimensions 

and numbers of electrodes for the probe design suggests that redox cycling can detect basal 

levels of dopamine of around 200 nM. This cannot be achieved by FSCV because it requires 

subtraction of a high and varying background current.  

The inability to distinguish dopamine from norepinephrine is another shortcoming of 

FSCV. Redox cycling achieves this by taking advantage of different reaction rates of the 

following reaction for catecholamine oxidation, where catecholamine o-quinone goes through an 

internal cyclization and become electrochemically inactive in the applied potential range. We 

have shown previously in our lab that differentiation can be achieved by varying the gap between 

the electrodes. This gap is translated into diffusion time which affects the survival possibility of 

the catecholamine o-quinone. These experiments involved bigger number and length of 

electrodes and on a device on a chip unsuitable for in vivo analysis. To differentiate these 

compounds in vivo using the probe, a probe with nine functioning electrodes is necessary. With 
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nine electrodes, a few configurations can be used that have generators and collectors either 

flanking each other (e.g. CGCGCGCGC or CCGGCCGGC)or one generator and a series of 

collectors (e.g. GCCCCCCCC or GGCCCCCCC). As mentioned before, since the number of 

electrodes is limited, differentiation of dopamine and norepinephrine with the flanking 

configuration might be a challenge.  

Another important consideration is the immune response in the formation of glial 

accumulation around the probe and fouling of the electrodes by proteins in the blood.  The role 

these factors play in changing or diminishing the electrochemical response of the probe need to 

be studied. More experiments need to be done with the probe implanted inside the brain. These 

experiments should be evaluated in two aspects. First, he electrochemical response of the probe 

before, during and after the implant should be studies to see how the response changes with 

fouling. Second, implanted tissue should be studied for signs of damage after varying times of 

implantation. Microdialysis near the implantation site can also provide valuable information 

about the effects of insertion and the immune response of the tissue.13   

It is suggested that redox cycling studies first be performed in perfused slices of the brain 

and then expanded to in vivo experiments. Brain slices are obtained after perfusion of the tissue 

and therefore most fouling agents are absent from the environment making interpretation of the 

data more straight forward.  

4.2.2 Optimization of the probe 

The probe described in this dissertation was designed and made with the current 

capabilities at the University of Arkansas. The feasible resolution of the instruments available to 

us was ~4 µm. However, more state-of-the-art tools are now available to researchers. It is clear 

that reducing the gap and increasing the number of electrodes on the device can lead to 
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significant changes in the probe's performance. By increasing the number of electrodes, two 

goals can be achieved: 1) improved amplification factors, collection efficiencies, and detection 

limits, and 2) feasibility of activation of more electrodes for kinetics and following chemistry 

studies which will lead to differentiation of catecholamines.  

The best candidate for improved microfabrication is to use E-beam lithography. 

Currently, the University of Arkansas has one of these instruments in the Department of Physics. 

This instrument can pattern features as small as 500 nm.14 However, various challenges are 

involved with the use of this instrument for microfabrication of the probe. The most important 

one is that the speed of the beam is very slow, and therefore developing features that are bigger 

than 1000 µm2 are temporally impractical. This means that bigger features on the device (the 

leads and contact pads) should be patterned using conventional photolithography and the 

electrodes at the probe's tip be patterned using the E-beam. This requires alignment techniques 

and adjustments to photoresists as E-beam and UV lithography use different types of 

photoresists. All these approaches, however, are challenging.  

In conclusion, the miniaturized neural device developed and characterized for this 

doctoral project is a valuable tool for studies of electrochemically active compounds in small 

volume and sensitive tissue environments. The microfabrication approach for this device is 

simple and involves laser micromachining of the substrate to create easy lift off from the carrier 

wafer. The unique design of this device makes it capable of performing redox cycling in vivo 

with minimal tissue damage.  
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