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Extracellular communication relies on signaling molecules for cellular survival, 

division, differentiation, and even organized cell death, or apoptosis. The types of 

molecules that are used for cellular communication are highly varied in size and type, 

ranging from large proteins to small diffuse gaseous molecules. The focus of the research 

discussed in this dissertation is on the development of an electroanalytical sensing 

platform for the in vitro detection of biogenic reactive oxygen species (ROS) and various 

cellular metabolites. The biogenic species of analytical interest are hydrogen peroxide 

(H2O2), nitric oxide (NO•), and pyocyanin. H2O2 is a product of a wide variety of 

metabolic processes and is a crucial signal transducer in cellular processes. NO • is a 

major immunological defense mechanism and its production is upregulated in response to 

infections caused by pathogenic species. Pyocyanin is a bacterial warfare toxin that is 

secreted by pathogenic bacteria in order to damage host/immune cells.  

 Although these molecules are known to play key roles in cellular function as well 

as pathophysiological mechanisms, little is known about how their concentrations 

fluctuate and direct cellular behavior. The primary explanation as to why this is true is 

because these molecules are very diffuse, highly reactive, and exist at low concentrations, 

ranging from nM to μM, respectively. Discussed in this dissertation is an electrochemical 

approach to detect these biogenic species, in vitro. Here, transparent carbon 

ultramicroelectrode arrays (T-CUAs) were fabricated using a facile and cheap method.  
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The electrodes are biocompatible and it is demonstrated that they can be easily modified 

to enhance their response and selectivity to NO •. The T-CUAs are transparent, therefore 

cellular behavior could be examined or optical spectroscopic experiments could be 

performed as the concentration of the analyte is electrochemically determined. The 

optical transparency of the electrodes also allows for the in situ mechanistic and kinetic 

characterization of heterogeneous electrochemical and intermediate homogeneous 

chemical reactions while simultaneously using spectroscopic techniques with high 

electroanalytical sensitivity.  

The figures of merit determined for each of the biogenic analytes will be used to 

determine the concentrations of cellularly-derived biogenic species of interest, in vitro to 

observe concentration dependent sociomicrobial phenomena. Discussed in more detail is 

the simultaneous fluorescent and electrochemical detection of NO• at the T-CUAs, in 

vitro. Thus, the dual capabilities of the electrochemical platform for biological 

applications are demonstrated.   
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Chapter 1: Introduction 

1.1 CARBON MICROELECTRODE ARRAYS 

In the early 1980s investigations examining microelectrode behavior showed that 

they have many advantages over standard macroelectrodes. [1, 2] A circular 

microelectrode is defined as an electrode with a diameter of 25 μm or less. [3] In general, 

the diameter limit for circular microelectrodes is at least one dimension smaller than the 

diffusion layer thickness for an electroactive species. [3] Diffusional profiles at 

microelectrodes are radial and are linked to fast steady state diffusion.  The enhanced 

diffusion at microelectrodes permits the acquisition of measurements in stagnant 

solutions with negligible agitation of the system. [4, 5]  Due to their small sizes, 

microelectrodes have low non-faradaic capacitive currents (or background currents), 

small resistive/ohmic drops, rapid formation of a steady-state signal, and reduced double-

layer capacitance. [6] Therefore, microelectrodes can be used to detect low 

concentrations of analytes in solutions with low concentrations of supporting electrolyte. 

[7] Although microelectrodes can detect low concentrations of analytes and exhibit a 

large current density, one drawback of their capabilities is that the absolute signal at a 

microelectrode is extremely low, typically ranging from picoamperes to nanoamperes. [8] 

Therefore many microelectrode experiments require the use of a Faraday cage with a 

precision potentiostat in order to reduce the electromagnetic interference from local 

electronics. 

The experimental shortcomings of microelectrodes can be bypassed by utilizing 

microelectrode arrays normally consisting of tens to hundreds to thousands of 

microelectrodes. The current outputs of microelectrode arrays are several orders of 
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magnitude larger than that of a single microelectrode.  For arrays, the current increases 

proportionally to the quantity of electrodes within the array. [5, 9-14]  

Consequentially, microelectrode arrays have received a significant amount of 

attention, and they have been used in environmental analyses to determine trace amounts 

and have been used as biological sensors among other applications. [8, 11, 15-25] The 

voltammetric response for microelectrode arrays is directly affected by the geometric 

features of the arrays, such as the average inter-electrode distance and the average 

microelectrode radius.  This response is also affected by the scan rate. [8, 11, 14, 26] 

Therefore the diffusion profile associated with individual microelectrodes within the 

array is either independent of the experimental timescale, exhibiting radial diffusion, or 

overlaps on the experimental timescale.  Though, this is dependent on the microelectrode 

size and space between each individual microelectrode. [27] For an identical scan rate, 

microelectrode arrays with larger inter-electrode distances result in voltammetric 

responses similar to those of individual microelectrodes while microelectrode arrays with 

smaller inter-electrode distances display macroelectrode behaviors.  

For electrode materials, glassy carbon or carbon based substrates are considered 

principal materials due to their hardness, inertness, wide working potential range, 

availability, low cost, and high degree of biocompatibility. Since they possess excellent 

analytical qualities and biocompatibility, carbon microelectrode arrays have been used to 

measure oxygen and nitric oxide from fibroblast cells, [28] nucleic acids, [29] and 

neurotransmitter release from rat pheochromocytoma cells. [30, 31]  
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1.2 CARBON OPTICALLY TRANSPARENT ELECTRODES 

Optically transparent electrodes (OTEs) are excellent platforms for a wide range 

of applications such as spectroelectrochemical investigations of electron transfer 

mechanisms, [32, 33] photovoltaic devices, [34–38] and organic light-emitting diodes, 

[39-41] and have been useful in biosensing applications. [42] Conventional OTEs consist 

of thin metal films, [43, 44] indium tin oxide (ITO), and [45-48] aluminum zinc oxide. 

Preparation of conventional metal or metal oxide OTEs involves many different 

processes including metal deposition [43, 44] (i.e., Au, Pt), physical vapor deposition or 

sputtering deposition processes of metal oxides [45–48] (i.e., indium tin oxide (ITO), 

aluminum zinc oxide), onto borosilicate glass or quartz glass substrates.  

Carbon based OTEs [30, 49–53] come in the form of boron-doped diamond, 

pyrolyzed carbon nanotubes, and graphene.  In some applications, carbon OTEs are 

superior alternatives to metal and metal oxide OTEs by being abundant materials, with 

exceptional chemical inertness, high conductivity, and can be easily modified. Within this 

dissertation carbon OTEs are rapidly made from pyrolyzed photoresist, [54, 55] and act 

as the electroactive material for transparent carbon ultramicroelectrode arrays.   

Optical investigations of conventional metal oxide OTEs focus on visible light. 

[56] The transparency window within the electromagnetic spectrum for metal oxide 

films, such as ITO, is limited to wavelengths of light above the UV region (above 350 

nm).  Therefore, it inhibits the application of these OTEs for the analysis of 

electrochemical species that absorb in the UV [57, 58] and for simultaneous fluorescence 

experiments with chromophores that excite in the UV region. The pyrolyzed photoresist 
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carbon OTEs discussed in this dissertation demonstrate optical transparency over a wide 

range of wavelengths that include those below 350 nm.    

1.3 SUMMARY OF CHAPTERS 

This dissertation describes the development of optically transparent carbon 

ultramicroelectrode arrays (T-CUAs) and their application for the in vitro detection of the 

notable biogenic species nitric oxide (NO•), hydrogen peroxide (H2O2), and pyocyanin 

(PYO). Chapter 2 discusses the development and characterization of T-CUAs and uses 

H2O2 as a model compound for investigating figures of merit for electroanalysis with T-

CUAs. Chapter 3 illustrates how readily T-CUAs can be modified by chitosan and gold 

nanoparticles (CS/GNPs) to enhance their ability to electrooxidize NO•. Additionally, the 

improvement of the selectivity of the T-CUAs to NO• by the introduction of a gas 

permeable cellulose acetate membrane is presented. Chapter 4 describes the ability of the 

T-CUAs to detect the diagnostic biotoxin, PYO within solutions containing the 

pathogenic bacteria, P. aeruginosa. Chapter 5 evaluates the T-CUA’s biocompatibility 

with NIH 3T3 fibroblasts and macrophages, and their ability to monitor the 

immunological response of RAW 264.7 macrophages via in vitro NO• detection.   
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*Chapter 2: Transparent Carbon Ultramicroelectrode Arrays (T-
CUAs): Figures of Merit for Quantitative Spectroelectrochemistry for 

Biogenic Analysis of Reactive Oxygen Species, H2O2 

 

2.1 INTRODUCTION 

There has been an extensive amount of research to detect nano- and pico-molar 

concentrations of analytes, by using ultramicroelectrodes for electroanalyses. [1-5] Due 

to their size, microelectrodes increase radial diffusion of analyte to the electroactive area 

which allows for larger signals and lower background currents. This results in an 

enhanced signal to noise ratios and lower detection limits. Ultramicroelectrodes harbor 

advantages over bulk or macroelectrodes because of their unique physical, chemical, and 

electronic properties. Compared to macroelectrodes, they have lower ohmic drops, or 

resistance, enabling the use of less supporting electrolyte, faster response times, greater 

mass transport to the electrode boundary, and quick achievement of steady state signals. 

[2,6] Nevertheless due to their small size ultramicroelectrodes produce currents at or 

below the picoampere (pA) range, thus becoming noise limited. To mitigate this effect, 

arrays of ultramicroelectrodes have been fabricated to function in parallel. [2,7-9]   

The Stevenson group has previously reported and demonstrated [10] a fast, 

controllable, and adaptable way to fabricate ultramicro- to nanoelectrode arrays (CUAs) 

with consistent electrode radii and spacing. When compared to other nanofabrication 

techniques of arrays, the manufacturing of these CUAs is more facile, cheaper, and 

                                                 
* Portions of this chapter were published in  Elliott, J. et  al. Anal. Chem. 2015, 87 (19), 10109-10116. 
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adjustable. [10] Fabrication of the CUAs involves dropcasting polystyrene spheres 

(PSSs), with varying micrometer-diameters (here, 1.54, 11, and 90 μm), onto a 

conductive carbon pyrolized photoresist film (PPF) electrode.  The organization of the 

spheres is that of a hexagonal close-packed two dimensional ordered network. After the 

PSSs are applied, atomic layer deposition (ALD) is used to produce a conformal 10 nm 

thick layer of Al2O3 onto the surface of the electrode and PSS.  The electrodes are then 

placed in alternating sonic baths of isopropanol and acetone to remove the PSSs.   After 

the PSSs are removed, the residual bare PPF is patterned having circularly shaped carbon 

electroactive areas with ultramicro- to nano- radii CUAs. [10]   

The PPF material that is used for the CUA electrodes is an amorphous carbon film 

that similar to glassy carbon. Like glassy carbon, it is hard, inert, and has a high hydrogen 

evolution overpotential and thus a wide electrochemical window of stability.  

Additionally, it is highly conductive, chemically inert, biocompatible, and can be easily 

modified, as well as made optically transparent. Currently, CUA electrodes and 

microelectrodes reported have been made from opaque materials that prevent them from 

being able to perform simultaneous spectroscopic measurements or transmission-based 

spectroelectrochemical measurements. Indium tin oxide (ITO) films deposited onto glass 

are conventionally used electrodes for spectroelectrochemistry. Though, ITO is extremely 

costly, and is chemically unstable in aqueous solutions and at cathodic potentials.  It is 

also spectroscopically limited due to its transparency being restricted below 350 nm. 

[11,12] Therefore ITO cannot detect electronic transitions of electrochromic redox 

species in the UV region. Alternatively, PPFs have a high transparency window that 
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extends well into the UV region and is fabricated at a lower cost. [11, 13-15] There has 

been a growing interest concerning the detection of hydrogen peroxide (H2O2) within 

biological samples.  Therefore I have focused on evaluating the analytical response of 

CUAs and transparent CUAs (T-CUAs) using H2O2.  H2O2 is a biogenic reactive oxygen 

species that initiates and moderates a plethora of important cellular functions as well as 

being a ubiquitous cytotoxin. [16] It is also a considered a signal transducer that 

modulates signal transduction in vascular remodeling, immune response mechanisms, 

and apoptosis. [17-21] A common biological pathway for H2O2 generation is the 

spontaneous or enzymatic dismutation of superoxide, O2
-, which is considered to  “lea ” 

from the mitochondria. Then it undergoes a Fenton-like process creating hydroxyl 

radicals (.OH) in the presence of iron species, consequently causing damage to the cell 

and surrounding tissue.  It is also a product of several oxidative enzymatic processes 

stemming from a slew of oxidase enzymes, including glucose oxidase, alcohol oxidase, 

lactate oxidase, and various others. [22] Standard methods for H2O2 detection consist of 

fluorescence, chemiluminescence, and spectrophotometry, but these methods are costly 

and time consuming. [22] Alternatively, electrochemical methods are currently becoming 

an increasingly attractive substitute to the aforementioned detection methods, because 

they can provide real-time, continuous monitoring of H2O2 with fast response times, easy 

manufacturing, low cost, and simple modification for enhanced selectivity and sensitivity 

of a chosen analyte.  

The T-CUAs’ spectroelectrochemical responses were examined by using an 

electrochromic redox probe, ferrocene methanol (FcMeOH) that has been used to probe 
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biological environments. FcMeOH is a relatively hydrophobic redox probe that can 

penetrate cellular lipid bilayer membranes, and it has been used to determine mass 

transfer rates across the cell membrane, evaluate membrane potentials, investigate 

electron transport through membranes, and visualize receptor proteins on live cellular 

membranes. [23-26] Furthermore, the oxidative product of FcMeOH, ferrocenium 

methanol (FcMeOH+), is UV-active which allows the UV transparency of our T-CUAs to 

be examined. [27]  

In this chapter, I discuss the characterization and the use of these CUAs and T-

CUAs.  The T-CUAs are fabricated utilizing diluted photoresist.  Their analytical figures 

of merit concerning H2O2 are determined using cyclic voltammetry as well as their 

spectroelectrochemical response to the oxidation of ferrocenemethanol (FcMeOH). 

 

2.2 EXPERIMENTAL METHODS 

2.2.1 Reagents and Materials 

All chemicals were used as received. Photoresist AZ 1518 was purchased from 

Microchemicals. Polystyrene spheres (Polybead®) with diameters of 1.54, 11, and 90 µm 

were purchased from Polysciences, Inc. Ferrocenemethanol, 1-methoxy-2-propanyl 

acetate, and potassium chloride were acquired from Sigma-Aldrich Co. Monosodium 

phosphate, disodium phosphate, and hydrogen peroxide (30%) were purchased from 

Thermo Fisher Scientific Inc. 
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2.2.2 Preparation of Pyrolized Photoresist Film (PPF) electrodes  

Opaque and transparent pyrolized photoresist films (PPFs) were prepared by a 

previously reported procedure. [14,28,29] Accordingly, quartz microscopic slides (6.45 

cm2 and 1 mm thick, Technical Glass Products) were heated at 800 C in air to remove 

organic contaminations and placed in piranha (3:1 H2SO4: 30% H2O2) to remove any 

additional residual organics. (Caution: Piranha is a strong oxidizing solution and must be 

prepared in a fume hood with proper protection. Always add the H2O2 to H2SO4.)  

Undiluted AZ1518 photoresist for opaque PPFs and a 1:3 dilution of AZ1518 with 

PGMEA, 1-methoxy-2-propanol acetate, for transparent PPFs was spun onto the piranha 

cleaned quartz slides at 6000 rpm for 60 s. 

After spin coating, the photoresist slides were soft baked for 10 min at 90°C on a 

hotplate, and then transferred to a tube furnace. After purging with 5% H2: 95% N2 (~100 

mL/min) for 15 minutes, the photoresist slides were pyrolized by heating to 1000 °C at 5 

°C/min and holding at that temp for 1 hour before allowing them to cool slowly back to 

room temperature at 5°C/min. The PPFs were then removed from the furnace and stored 

for 3 days prior to use to allow for the oxide layer to stabilize. [30] As detailed elsewhere, 

[31] Opaque and transparent PPFs prepared by this method are 250±20 and 11±1 nm 

thick, display an rms roughness of 0.39±0.07 and 1.01±0.06 nm, and have a sheet 

resistance of 97±3 and 1850±70 Ω □-1, respectively.  

2.2.3 Fabrication of Carbon Ultramicroelectrode Arrays (CUAs) 

 PPF electrodes were plasma treated to enhance spreading of PSSs and increase 

nucleation sites for ALD alumina deposition. [32] Polystyrene spheres of 1.54, 11, or 90 
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μm diameters were drop cast from a 5.2, 10.4, and 20.8 wt% methanol solutions, 

respectively, onto the PPF electrodes. After methanol evaporation, the electrodes were 

put on a hot plate held at 110°C for 10 minutes to promote evenly size-distributed PSS-

PPF contact areas.  Before atomic layer deposition (ALD), portions of the electrodes 

were masked using commercially available nail polish (Sally Hansen Insta-Dri®) to 

allow connection to the electronic circuit later.  A Cambridge Nanotech Savannah S100 

ALD system was then used to coat the electrodes with Al2O3.  Electrodes were placed in 

the 80°C ALD chamber.  For each cycle, Trimethylaluminum (TMA) was pulsed for 

0.015 seconds followed by a 30 second nitrogen purge followed by a water pulse of 0.015 

seconds which is then followed by an additional 60 second nitrogen purge.  This process 

was previously calibrated by the manufacturer to deposit a 0.089 nm conformal Al2O3 

layer for each cycle on silicon.  Therefore, the process was cycled 112, 224, and 560 

times in order to form 10, 20, and 50 nm thick Al2O3 films.  The thickness of the 

deposited film was supported by atomic force microscopy measurements. 

The electrodes were then sonicated in isopropanol to physically remove the PSS 

array.  This was followed by sonication in acetone to remove the previously applied nail 

polish which incidentally dissolved any remaining spheres that were still adhered to the 

surface of the substrate.  The electrodes were then successively sonicated in isopropanol 

and water. Finally, the electrodes were dried using a nitrogen stream prior to 

electrochemical characterization. 
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2.2.4 Electrochemical Measurements. 

 All electrochemical measurements were done using a three-electrode cell. The 

ultramicroelectrode arrays were used as the working electrode with a total exposed 

geometric area of 0.495 cm2.  All voltammograms are displayed with a positive cathodic 

current and a negative anodic current. 

For the hydrogen peroxide detection experiments, a saturated calomel electrode 

(SCE) was used as the reference electrode, and a platinum mesh as the counter electrode.  

Experiments were performed in a Faraday cage. Cyclic voltammetry (CV) was performed 

at scan rates of 2.5, 25, 250, and 2500 mV s-1 between potentials of 0.45 and 1.15 V vs. 

SCE.  The background solution consisted of 5 mL of a 0.1 M KCl, 0.1 M sodium 

phosphate buffer solution (PBS) with a pH of 7.  After a background CV curve was 

collected, an aliquot (20 µL of a 25 mM H2O2 solution for each 0.1 mM additions) of 

H2O2 was added and homogeneously mixed before each subsequent CV curve was 

collected.  The CV curves shown are for the fifth cycle.  

All spectroelectrochemical measurements were performed in a 250 µM 

ferrocenemethanol aqueous solution with 0.1 M PBS to maintain a neutral pH=7.  A 

platinum (Pt) electrode was used as the reference electrode, and a steel electrode was 

used as the counter electrode.  CVs were performed for 2 cycles at scan rates of 1, 10, 25, 

and 50 mV s-1, between potentials of -0.1 and 0.3 V vs. Pt.  Absorbance spectra were 

acquired with an Agilent Instrument 8453 UV-Vis-NIR spectrometer. A homemade 

Teflon spectroelectrochemical cell was used, and contact to the working electrode was 
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made with copper tape.  A CHI 700 potentiostat  (CH Instruments Inc) was used to 

perform the CVs.   

2.3 RESULTS AND DISCUSSION 

2.3.1 Geometry of CUAs  

Here, the carbon ultramicroelectrode arrays (CUAs) are labeled as 1.54CUA, 

11CUA, and 90CUA with the numeric value specifying the diameter of the micron-sized 

polystyrene spheres (PSS) used during their fabrication, 1.54, 11, and 90 μm, 

respectively.  Figure 2.1 presents an accurate graphic depiction of a CUA cross-section 

with the scaled unit-cell geometry, where d is the inter-electrode distance, a is the 

electrode radius, and t is the alumina layer thickness.  The electrochemical behavior of 

the CUAs will mimic that of a coplanar electrode as t<<a. 
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Figure 2.1: Above:  (a) Schematic of the cross-section of the carbon ultramicroelectrodes, 

where d is the inter-electrode distance, a is the electrode radius, and t is the 
Al2O3 layer thickness.  Below:  top-view scaled representations of a (b) 

macro, (c) 1.54CUA, (d) 11CUA, and (e) 90CUA electrodes with their d/a 
value indicated. 

 

 

 

 

 

 

 

 

 

 

 



 

18 

 

For the CUAs, the majority of the geometric area consists of the insulating 

alumina layer while a minor area consists of active exposed carbon electrodes, 

represented as black dots in figure 2.1 c-e (circles represent the residual alumina that had 

coated the PSS). The scaled representation shows that the exposed carbon area is 

extremely small relative to the area covered by alumina. This area is so small that it 

cannot be resolved for the 90CUA in figure 2.1 e. The geometric parameters for each 

array are presented in Table 2.1.  By increasing the PSS diameter, the radius of the 

individual electrode in the array increases, however, the overall exposed carbon surface 

area decreases. According to Johnson-Kendall-Roberts contact mechanics for the elastic 

contact of a sphere on a planar substrate, the decreased exposed carbon area corresponds 

with the larger diameter PSSs having a projected area proportional to their radii squared, 

R2, while the individual microelectrode area increases by R4/3. [33]  Consequentially, the 

theoretical decrease for the total exposed carbon area is  R2/3 (proportional increase in 

projected area divided by the proportional increase in individual electrode area (R2/R4/3)) 

as the PSS radius is increased. Therefore the carbon area should decrease by 15 times as 

the sphere diameter increases from 1.54 to 90 µm.  The experimental decrease equates to 

19 times, which agrees well with the theoretical estimate.  The large standard deviations 

associated with each size of the PSS (provided by the manufacturer) are perhaps 

responsible for the variance in the experimental calculation.   
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Table 2.1: Geometric parameters for the Macro, 1.54CUA, 11CUA, and 90CUA 
electrodes.  Radii were measured by AFM in a previous report.10 Total 

exposed carbon area calculation assumes perfect hexagonal closed packed 
array over the entirety of the total geometric area.   
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2.3.2 CUA Geometry Effects for the Analytical Response of H2O2 Oxidation 

A characteristic of the CUAs, as well as any microelectrode array system, is that 

the peak shape of their CV curve changes, with increasing scan rate, from having 

diffusion limited peaks, indicating linear diffusion, to a sigmoidal-shaped curve 

indicating that each electrode acts as an individual microelectrode with a radial diffusion 

profile. [10] Based off of this scan rate dependence, the electrodes’ analytical qualities 

were evaluated by scan rate.  Here, the opaque PPFs are utilized in order to obtain a clear 

understanding of the generalized trends.  The H2O2 oxidation reaction was evaluated 

without electrode modification to compare its performance at the different CUAs.  Figure 

2 shows cyclic voltammograms for H2O2 oxidation at the various CUAs, covered with a 

10 nm alumina insulating layer (t = 10 nm), using 3 different scan rates (ν = 25, 250, and 

2500 mV s-1).  Aliquots of 0.1 mM H2O2 were sequentially added. The PPF active carbon 

electrode is similar to glassy carbon electrodes. [34] As such, the oxidation of H2O2 is 

very high, signifying that it is kinetically unfavorable on unmodified PPF.  Therefore no 

diffusion limited redox peak is observed within the potential range used (0.45-1.15 V vs. 

SCE), instead only an increase in current is observed with an increase in H2O2 

concentration.  Regardless, the current response at each electrode for H2O2 scales linearly 

with concentration.  

Upon qualitative assessment of the CV curves, it is noted that the signal to noise 

ratio (SNR) increases with decreasing scan rate.  Additionally, as the density of the arrays 

increase, from 90CUA to 1.54CUA, the SNR increases (Table 2.1). The background is 

dependent on the scan rate, therefore an increase in scan rate is associated with a decrease 
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in SNR.  The faradaic reaction is associated with the signal and should scale with the 

square root of the scan rate, according to the Randles-Sevcik equation.  The background 

voltammogram represents a non-faradaic reaction and should increase proportionally 

with the scan rate. Therefore the background current should increase more than the 

signal, as seen in figure 2.2. Nonetheless, the relationship between scan rate and SNR for 

the CUAs is more complicated and will be explained later in this chapter.   
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Figure 2.2: CV response curves upon addition of hydrogen peroxide (red = 0.0 mM, 

orange = 0.1 mM, yellow = 0.2 mM, green = 0.4 mM, and blue = 0.6 mM 
H2O2) for the (a-c) Macro, (d-f) 1.54CUA, (g-i) 11CUA, and (j-l) 90CUA 

electrodes utilizing a 10 nm Al2O3 insulating layer at scan rates of 25, 250, 
and 2500 mV s-1 as indicated. 
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The complicated nature of the electrode arrays, concerning the decrease in SNR 

with decreasing electrode density, was investigated quantitatively.  Figure 2.3 shows the 

signal and noise associated with each array.  The signal corresponds to the current 

response at 1.15 V for a solution of 0.1 mM H2O2 at a 25 mV s-1 scan rate. The noise is 

defined by the peak-to-peak currents of the baseline background CV trace.  The signal 

increases by an order of magnitude with each iteration in electrode density (90CUA-

1.54CUA). This correlation between signal and density is also true for the exposed 

carbon area and array density.  Conversely, the noise decreases by approximately 50% 

from the 1.54CUA to the 90CUA.  The SNR decreases to the point that the 

macroelectrode outperforms the 90CUA.   As such, the SNR can be considered an 

analogous way of qualitatively estimating the limits of detection (LOD) for each 

electrode.  The SNR then indicates that the 90CUA will have a higher LOD than the 

macroelectrode. At a scan rate of 25 mV s-1 the calculated 3σ/slope LODs for the 90CUA 

and the macroelectrode are 2.5 and 1.4 µM, respectively.  According to the 

electrochemical theory of microelectrode arrays, the enhanced radial diffusion and the 

small electrode area of the arrays should cause them to express a better SNR and lower 

LOD relative to the macroelectrode.  
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Figure 2.3: The signal and noise for the 1.54CUA, 11CUA, 90CUA, and Macro- 

electrodes.  The left y-axis in mA is associated with the signal and noise 
represented by the bars, while the right y-axis is associated with the signal to 

noise ratio (SNR) represented by the blue diamond points. 
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 Unlike the signal, the voltammetric noise is proportional to electrode capacitance 

and not to electrode area. [35] Therefore the capacitance of the CUAs is not proportional 

to their exposed carbon area.  The alumina layer has a capacitive effect to the electrode 

and therefore contributes to the background noise level. The CUA system behaves as an 

electrolytic capacitor, where the thin layer of alumina acts as the dielectric while the 

conductive carbon film and electrolyte act as the two conductive plates. Accordingly the 

capacitance of the alumina layer can be calculated. For example, the theoretical specific 

capacitance (F cm-2), Cspec, for a 10 nm ALD deposited alumina layer can be obtained 

from the following equation:  

      
    

 
                     (1) 

 

where ε0 is the permittivity of free space (8.854 × 10−14 F cm−1), εr is the dielectric 

constant of Al2O3 (7 for ALD grown Al2O3
36), and d is the thickness of the Al2O3 layer 

(1.0 × 10-6 cm) resulting in a specific capacitance of 6.2 × 10-7 F cm-2 for the 10 nm 

alumina layer.  Accordingly, a 10 nm alumina coated PPF was electrochemically 

characterized for its specific capacitance by integrating the area of its CV curve of the 

background solution (0.1 M PBS) and it was found to be 5.6 × 10-7 F cm-2, which is 

within 10% error of the expected theoretical value indicated above.    

The capacitance of the alumina covered PPF is significantly less than that of a 

bare PPF electrode (1.1 × 10-5 F cm-2). The alumina’s capacitance has a large effect on 

the CUA’s total capacitance, because it covers the majority of the geometric area of the 
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electrode. Figure 2.4 graphically shows its contribution to the total capacitance. The 

experimentally determined capacitance for the arrays was proportioned between that from 

the exposed carbon (hashed bars) and that from the alumina layer (solid bars).  The 

exposed carbon capacitance values were calculated using the experimental specific 

capacitance obtained from the bare PPF carbon and the total exposed carbon area from 

Table 2.1 for each CUA. The specific capacitance of alumina coated PPFs with differing 

thic nesses of 10, 20, and 50 nm and the alumina’s areal coverage for each CUA was 

used to determine the alumina capacitance values. The capacitances are assumed to act in 

parallel and are added together. The alumina layer is responsible for the majority of the 

total capacitance for the 10 nm alumina layer (red bars), and the capacitance from the 

exposed carbon area contributes very little to the total capacitance. This result explains 

why the SNR is larger for the macroelectrode in comparison to the 90CUA. The entire 

surface of the macroelectrode contributes to the capacitance or noise and the analytical 

signal. Only a small portion of the 90CUA contributes to both the capacitance and 

analytical signal. This consequence can be diminished in two ways.  First, the capacitance 

is inversely proportional to the thickness, t, of the dielectric i.e. the alumina layer.  This 

relationship is expressed in equation 1. Thicker alumina layers (t = 20 and 50 nm) were 

deposited on the arrays and their capacitance was experimentally determined.  Figure 2.4 

represents the capacitances for the 20 and 50 nm alumina layers with blue and green bars.  

(Note that the 50 nm alumina layer coats the 1.54 μm PSSs so well that they adhere to the 

PPF carbon strongly and the alumina layer is also pinhole free so that neither sonication 

nor chemical dissolution can remove them.)  It was observed that as the alumina layer 
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thickness was increased the capacitance decreased for all 3 CUAs.  Furthermore, the 

proportion of the capacitance contributed by the alumina decreases as the thickness 

decreased.   
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Figure 2.4: Partitioning of the capacitance between the exposed carbon area (hashed bars) 
and the alumina layer (solid bars) for the 1.54CUA, 11CUA, and 90CUA 

electrodes at different thicknesses of the alumina layer (red = 10 nm, blue = 
20 nm, and green = 50 nm Al2O3 layer).  *Polystyrene spheres could not be 

removed due to the relatively thick compared to sphere diameter ALD 
alumina layer.  
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Secondly the noise due to the alumina layer can be reduced by decreasing the scan 

rate. To reiterate a concept described earlier in the chapter, the capacitance provides a 

non-faradaic current which increases linearly with the scan rate, and the signal increases 

to linearly with the square root of scan rate and vice versa. The non-faradaic current for 

the CUAs decreases with the geometric area, while the faradaic current only decreases 

with respect to the exposed carbon area. Therefore the SNR increases with a decrease in 

scan rate more dramatically for the CUAs than the macroelectrode.  For this reason a scan 

rate of 2.5 mV s-1 was used to evaluate the LODs for the electrodes.   

Accordingly, the LOD for the 90CUA is lower than that of the macroelectrode 

(0.25 to 0.72 μM, respectively), demonstrating that the SNR increases more dramatically 

with a decrease in the scan rate for the CUAs.   The LOD values for all electrodes and 

scan rates as well as alumina layer thickness can be found in Table 2.2.   

Moreover, the thicker alumina layers provided an improvement in the LODs, and 

the 90CUA eventually has a lower LOD than the macroelectrode when the alumina 

thickness is doubled. Thus confirming that by reducing the capacitance the noise is also 

reduced while the signal is unchanged, improving the LODs for the CUAs.   The 

provided improvement in LODs by the discussed methods drastically improves the LODs 

for the 11CUA and 90CUA. Regardless, the 1.54CUA has the best LODs at all scan rates 

and alumina thicknesses, which can be attributed to the individual microelectrode’s radii 

being the smallest and allowing for enhanced radial diffusion. Nonetheless, there is not 

much advantage in increasing the alumina layer thickness for the 1.54CUA. Table 2.2 

shows that by increasing the alumina thickness by a factor of 2 the LOD barely improves.  



 

30 

 

Additionally, the ALD deposition time drastically increases as the thickness is increased. 

(ALD deposition time, 10 nm = 3 hours, see experimental section).  I would like to 

enhance the deposition time by increasing the deposition temperature and replacing the 

PSSs with silica microspheres that can withstand higher temperatures because the 

transition temperature of PSSs is 90°C. [37]   
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Table 2.2: Experimentally determined limits of detection (LOD) for the Macro, 
1.54CUA, 11CUA, and 90CUA electrodes at variable scan rates from 2.5, 

25, 250, and 2500 mV s-1 and at different thicknesses of the Al2O3 layer of 
10, 20, and 50 nm as indicated.  Each standard deviation is derived from the 

LOD measurement of three different electrodes. 
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 As well as on opaque CUAs (O-CUAs made from opaque PPF), LOD trends 

were observed on transparent 1.54CUAs (1.54 T-CUAs made from transparent PPF) with 

an alumina layer of 10 nm. The transparent electrodes were analyzed as previously 

discussed for their analytical response to H2O2 oxidation. At scan rates below 250 mV s-1, 

the LOD for the 1.54T-CUA was within experimental error of the opaque 1.54CUA 

LOD.  At the fastest scan rate, 2500 mV s-1, the LOD of the 1.54 T-CUA is significantly 

different than its opaque analogue. The significant deviation is due to the large difference 

in the sheet resistance between the transparent and opaque PPFs, 1850 to 97 Ω □-1, 

respectively. [31] The resistance is larger for the transparent film because it is 

substantially thinner than the opaque film, 11 nm vs. 250 nm. [31]  
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Figure 2.5: Log-log plot of the limit of detection versus scan rate for the 1.54O-CUA (red 
squares) and 1.54T-CUA (black circles) utilizing a 10 nm Al2O3 insulating 

layer. 
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The LOD for the 1.54T-CUA at a scan rate of 2.5 mV s-1 (35±30 nM) is extremely 

competitive. It is the best LOD for H2O2 oxidation when compared to other nanomaterials 

reported in the literature. [22] I cannot completely peddle this value though because the 

described detection of H2O2 is non-selective. Selectivity towards an analyte of interest is 

a key component to any sensor. Hence in the next chapter, I will describe a method in 

which I focused on modifying the transparent electrodes to improve their selectivity’s as 

well as their catalytic conversion of the chosen analyte.    

2.3.3 Spectroelectrochemistry of T-CUAs  

The spectroelectrochemical performance of the T-CUAs was evaluated in the UV 

region, where common ITO electrodes fail, by using the electrochromaphoric 

ferrocenemethanol, FcMeOH.  FcMeOH is a well-characterized outer sphere redox 

probe. Therefore, its redox reaction is a facile, and reversible one-electron 

electrochemical conversion. The UV-active oxidative product of FcMeOH, ferrocenium 

methanol, has two absorption peaks at 254 and 287 which correspond to ligand-metal 

charge transfer processes. [34]    

The in situ spectroelectrochemical conversion of FcMeOH was generated at the 

1.54T-CUA, 11T-CUA, and T-macro electrodes and simultaneously monitored via UV-

Vis and cyclic voltammetry at varying scan rates (1, 10, 25, and 50 mV s-1) between 

potentials of -0.1 and 0.3 V vs. Pt.  Figure 2.6 shows the resulting data.  (It should be 

noted that the 90T-CUA was also analyzed for its spectroelectrochemistry, but due to its 

small electrode area and thus low ferrocenium methanol production, no systematic 
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spectroscopic modulation was observed.)  The linearly varying scan rate is moved from 

negative to positive potentials. As this process occurs, the corresponding absorbance 

spectrum is obtained, simultaneously. When the absorbance spectrum of FcMeOH 

reaches its maximum absorbance value the oxidative apex of the corresponding CV trace 

is reached, 0.3 V vs. Pt, correlating to the maximum concentration of ferrocenium 

methanol ions generated at the electroactive surfaces of the T-CUAs and transparent 

macroelectrode. The ferrocenium methanol’s absorbance behavior is dependent on scan 

rate. The absorbance of ferrocenium methanol ions are of consequence to a faradaic 

reaction hence the current or flux of the ions is related to the square root of scan rate, ν1/2.  

Consequentially, doubling the scan rate will increase the flux by 21/2 and decreases the 

scan time. The associated absorbance measurement is also reduced.  The trend observed 

is that at faster scan rates the change in absorbance is reduced.  This is true at all of the 

electrodes and is depicted in figure 2.6 D-F.   
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Figure 2.6: In situ UV-Vis spectroelectrochemical plots of FcMeOH oxidation at (A) T-

Macro, (B) 1.54T-CUA, and (C) 11T-CUA electrodes, potential scan rate 1 
mV s-1 in a solution containing 0.1 M PBS. The corresponding cyclic 

voltammetric responses for each electrode (inset: (a) T-Macro, (b) 1.5T-
CUA, and (c) 11T-CUA) are shown with different scan rates (1, 10, 25, and 
50 mV s-1).  Right column:  The correlating absorbance spectra for the 

various scan rates at each electrode ((D) T-Macro, (E) 1.54T-CUA, and (F) 
11T-CUA), absorbance at 0.3 V is plotted.  
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The derivative of the absorbance with respect to the varying potential (ΔA/ΔE) 

was plotted as function of the potential (E).  The resulting plot is regarded as a derivative 

cyclic voltabsorptammogram (DCVA).  The differential ΔA/ΔE plot is the optical 

analogue to that of the CV. [33] Figure 2.7 illustrates the DCVA plots obtained at the 

scan rate of 1 mV s-1 for the T-Macro, 1.54T-CUA, and 11T-CUA used here.  The DCVA 

plots produced at 254 nm track the CV traces for the oxidation/reduction of FcMeOH.  

The maximum slopes in the absorbance-potential plots correspond to the absolute 

maximum flux of ferrocenium methanol ions diffusing to and from the electrodes’ 

surface. Hence, the current peaks in the voltammograms align with the peaks in the 

DCVAs. Therefore diffusional flux of the electrochromophore can be quantitatively 

measured both electrochemically and optically at the transparent electrodes.  
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Figure 2.7: Cyclic voltabsorptammogram (CVAs), absorbance-potential (black squares) 

plots, and derivative cyclic voltabsorptammograms (DCVAs), colored 
squares (ΔA/ΔE), at the 254 nm wavelength showing the oxidation of 250 

µM FcMeOH in 0.1 M PBS, scan rate 1 mV s-1, at the T-Macro (A, green 
squares), 1.54T-CUA (B, blue squares), 11T-CUA (C, red squares) 
electrodes.   
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 To examine the dependence of the absorbance on the scan rate the dependence of 

the maximum peak height of the DCVA, (dAO/dE)p, on the scan rate, ν, was used.  This 

relationship is defined by an optical analogue of the Randles-Sevcik equation, established 

by Bancroft et al: [33] 

      ⁄            
       

                         (2) 

 

Where β is a constant (-0.08810 mV-1/2), n is the number of electrons, εR is the 

molar extinction coefficient, D is the diffusion coefficient, and C0 is the concentration.  

Thus, the peak of the DCVA should scale linearly with the inverse square root of the scan 

rate.   
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Figure 2.8: Variation of the maximum DCVA anodic peak response vs. the inverse 
square root of the scan rate for 250 µM FcMeOH at the 254 nm wavelength.  
The R² values for the TPPF, 1.54T-CUA, and 11T-CUA are 0.92, 1.00, and 

0.89, respectively. 
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Figure 2.8 shows the ΔA/ΔE anodic peak response vs. the inverse square root of 

the scan rate for the T-CUAs and macroelectrode. Indeed this relationship is linear and 

true for the macroelectrode and the 1.54T-CUA, given that the R2 values are 0.92 and 

1.00, respectively. The 11T-CUA deviates from linearity at scan rates at or above 10 mV 

s-1 because the resulting CV trace becomes more sigmoidal (insets in figure 2.6; a-c). 

Consequentially the diffusional flux and current response of the ferrocenium methanol 

ions approaches steady-state at faster scan rates.   According to previous results, [10] at 

scan rates above 970 mV s-1, a purely steady-state DCVA for the 11CUA should 

theoretically be observed, but the optical sensitivity and temporal resolution of the 

spectrometer limit my capabilities to observe this process.  

2.4 CONCLUSIONS 

Both opaque and transparent carbon ultramicroelectrode arrays (O-CUAs and T-

CUAs), fabricated with polystyrene spheres of varying diameter (1.54, 11, and 90 μm), 

were characterized here for their analytical performance as well as their voltabsorptive 

responses. The alumina insulating layer on the electrodes acted as a capacitive dielectric 

layer in an electrolytic capacitor (our electrochemical system). This reduced the 

analytical performance of the arrays at fast scan rates, but at slow scan rates, very low 

detection limits in the nanomolar range were achieved for H2O2 for both opaque and 

transparent CUAs. Moreover, the spectroelectrochemical response of the transparent 

electrodes proved to be exceptionally adept in the UV region where traditional 

transparent electrodes fail. Derivative cyclic voltabsorptammograms (DCVAs) at the 254 
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nm wavelength enabled me to confirm that they exhibit good morphological correlation 

with the CV curves, specifically at slow scan rates.  Thus it is evident that the 1.54 and 11 

T-CUAs can be used to make spectroelectrochemical measurements and should be 

applicable to the in situ studies of a wide range of complex electrochemical and 

intermediate chemical processes.  
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†Chapter 3: Gold Nanoparticle Modified Transparent Carbon 
Ultramicroelectrode Arrays for the Selective and Sensitive 

Electroanalytical Detection of Nitric Oxide  

 

3.1 INTRODUCTION 

Much attention is garnered around the detection of  Nitric oxide (NO•) in 

biological systems. [1, 2] It is a major biogenic reactive oxygen species (ROS).   In 

complex organisms, NO• assumes many roles. It is a messenger molecule for neuronal 

communication, the endothelium-derived relaxing factor (EDRF), which is pivotal in 

vasodilation as it is released by the endothelium to relax smooth muscle, and it functions 

as an immunological defense mechanism by host organisms to fight pathogenic 

infections. [1, 3-7, 18]  There are three different kinds of nitric oxide synthases (NOS) 

that generates  NO•, neuronal nitric oxide synthase (nNOS), immunological or inducible 

nitric oxide synthase (iNOS),  and endothelial nitric oxide synthase (eNOS). [8] NOS 

converts L-arginine and O2 to L-citrulline and NO•
.. 

ROS molecules are very diffuse and highly reactive; the latter is particularly true 

within biological systems. Electrochemical detection methods are gaining recognition as 

one of the most sensitive, robust, and direct detection methods for cellularly derived NO• 

among other ROS. [1, 9-11]  NO• exists in biological organisms at low concentrations (≤ 

µM) with a half-life of ~6 s, in physiological conditions. [12] This implies that the 

analytical method used for sensing NO• has the following: fast kinetics, high sensitivity, 

                                                 
† Portions of this chapter were published in Elliott, J. et al. Anal. Chem., 2017, 89 (2), pp 1267–1274. 
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selectivity, as well as a low limit of detection (LOD). [1] Lengthy, and costly methods 

markedly fluorescence, chemiluminescence, and spectrophotometry are usually used to 

detect NO•. [13, 14]  Electroanalytical detection schemes are a great substitute for the 

continuous monitoring of NO•, because they are easy to fabricate, cheap, responsive, and 

can be easily modified to enhance the selectivity and sensitivity to particular analytes. 

[13, 15-17]   

In Chapter 2 I discussed using unmodified transparent carbon ultramicroelectrode 

arrays (T-CUAs) for detecting the biogenic ROS molecule hydrogen peroxide (H2O2). 

[18] In this chapter, I discuss using T-CUAs for the electroanalytical detection of NO•
.   I 

intend on integrating the device within biological consortium for the in vitro detection of 

cellularly derived NO•, which is discussed in a later chapter. In order to achieve sensing 

in the biological realm, the T-CUA was modified with a cellulose acetate (CA) gas 

permeable membrane that is selective to NO•. [1,20] The membrane acts as a filter by 

having a fine pore size of 6 Å, which allows only neutral gases to permeate the 

membrane, and excludes large molecules, such as proteins, secreted. Adsorption of large 

molecules and proteins on the working electrode surface, which causes the electrode to 

foul, is minimized. [21 The membrane was characterized via chronoamperometry, 

electrochemical impedance spectroscopy (EIS), and atomic force microscopy 

(AFM).  AFM and EIS were actively used to determine the average membrane thickness. 

[18] To verify the selectivity of the membrane to NO•, and to determine the partition and 

diffusion coefficients for both NO• and nitrite (NO2
-) I used chronoamperometry and EIS. 

[22] NO2
- is the oxidative product of NO• and is known as a major interferent to NO• 
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detection. [23] I quantitatively compared the membrane’s permeability to NO• and NO2
- 

by determining their diffusional and partitioning coefficients across the membrane. This 

assessment of the membrane considers kinetic parameters to explain why the membrane 

is more selective to NO•.     

The sensitivity, catalytic activity and, LOD of the electrode to NO• was improved 

by a second modification. The modification used includes the electrochemical 

polymerization of chitosan in the presence of gold nanoparticles (GNP) onto the 

microelectrode. [24] Presently, several nanomaterials are used to electrocatalyze the 

oxidation of NO• for biosensory applications. [18, 25-28] At small sizes, GNPs have an 

electrocatalytic effect by stabilizing NO• intermediary redox species. [29, 30] GNPs are 

incorporated in a copious amount of bioanalytical sensing schemes, [32-35] because they 

are biocompatible. [31] In this chapter, I electropolymerize a biocompatible polymer, 

chitosan (CS) in an easy, manageable procedure around GNPs.  [24] CS has anti-

interference properties, and it can complex to metals. Acting as a metal-complexing agent 

it encapsulates the GNPs upon electropolymerization, forming a composite CS/GNP film 

on the electrodes. [24] The films were characterized using scanning electron microscopy 

(SEM) and the catalytic enrichment via CS/GNP modification was evaluated with cyclic 

voltammetry (CV) and square wave voltammetry (SWV). SWV was chosen as the 

electroanalytical method to determine the respective LODs for NO• at the CA membrane 

covered electrodes (T-CUA and transparent macroelectrode (T-Macro) with and without 

chitosan-gold nanoparticle (CA/CS/GNP and CA) modification, because of its ability to 

increase the signal to noise ratio of the current response to NO • oxidation.  
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3.2 EXPERIMENTAL METHODS 

3.2.1 Reagents and Materials 

All chemicals were used as received. Photoresist AZ 1518 was purchased from 

Microchemicals.  Polystyrene spheres (Polybead®) with diameters of 1.54 and 90 µm 

were purchased from Polysciences, Inc.  Potassium chloride, acetic acid, cyclohexanone, 

isopropanol, glucose (G), uric acid (UA), ascorbic acid (AA), hydrogen peroxide (H2O2), 

dopamine (D), and nitric acid were acquired from Sigma-Aldrich Co.  Monosodium 

phosphate, disodium phosphate, cellulose acetate (CA), fetal bovine serum (FBS), and 

sodium nitrite were purchased from Thermo Fisher Scientific Inc. 

 

 

3.2.2 Preparation of Pyrolized Photoresist Film (PPF) electrodes  

 
Transparent pyrolized photoresist films (PPFs) were prepared by a previously 

reported procedure. [18, 19] Accordingly, quartz microscopic slides (6.45 cm2 and 1 mm 

thick, Technical Glass Products) were heated at 800 C in air to remove organic 

contaminations and placed in piranha (3:1 H2SO4: 30% H2O2) to remove any additional 

residual organics. (Caution: Piranha is a strong oxidizing solution and must be prepared 

in a fume hood with proper protection. Always add the H2O2 to H2SO4.)  A 1:3 dilution 
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of AZ1518 with PGMEA, 1-methoxy-2-propanol acetate, for transparent PPFs was spun 

onto the piranha cleaned quartz slides at 6000 rpm for 60 s. 

After spin coating, the photoresist slides were soft baked for 10 min at 90°C on a 

hotplate, and then transferred to a tube furnace. After purging with 5% H2: 95% N2 (~100 

mL/min) for 15 minutes, the photoresist slides were pyrolized by heating to 1000 °C at 5 

°C/min and holding at that temp for 1 hour before allowing them to cool slowly back to 

room temperature at 5°C/min. The PPFs were then removed from the furnace and stored 

for 3 days prior to use to allow for the oxide layer to stabilize. Opaque and transparent 

PPFs prepared by this method are 250±20 and 11±1 nm thick, display an rms roughness 

of 0.39±0.07 and 1.01±0.06 nm, and have a sheet resistance of 97±3 and 1850±70 Ω □-1, 

respectively.  

 

3.2.3 Fabrication of T-Macro and T-CUAs 

PPF electrodes were plasma treated to enhance spreading of PSSs and increase 

nucleation sites for ALD alumina deposition. Polystyrene spheres of 1.54, 11, or 90 μm 

diameters were drop cast from a 5.2, 10.4, and 20.8 wt% methanol solutions, 

respectively, onto the PPF electrodes.  After methanol evaporation, the electrodes were 

put on a hot plate held at 110°C for 10 minutes to promote evenly size-distributed PSS-

PPF contact areas.  Before atomic layer deposition (ALD), portions of the electrodes 

were masked using commercially available nail polish (Sally Hansen Insta-Dri®) to 

allow connection to the electronic circuit later.  A Cambridge Nanotech Savannah S100 
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ALD system was then used to coat the electrodes with Al2O3.  Electrodes were placed in 

the 80°C ALD chamber.  For each cycle, Trimethylaluminum (TMA) was pulsed for 

0.015 seconds followed by a 30 second nitrogen purge followed by a water pulse of 0.015 

seconds which is then followed by an additional 60 second nitrogen purge.  This process 

was previously calibrated by the manufacturer to deposit a 0.089 nm conformal Al2O3 

layer for each cycle on silicon.  Therefore, the process was cycled 112 times in order to 

form 10 nm thick Al2O3 films.   

The electrodes were then sonicated in isopropanol to physically remove the PSS 

array.  This is followed by sonication in acetone to remove the previously applied nail 

polish which incidentally dissolved any remaining spheres that were still adhered to the 

surface of the substrate.  The electrodes are then successively sonicated in isopropanol 

and water.  Finally, the electrodes are dried using a nitrogen stream prior to 

electrochemical characterization. 

Here, T-CUAs are labeled “1.54T-CUA” and “90T-CUA”, where the numeric 

value indicates the micron-sized diameter of the polystyrene spheres (PSS) used during 

their fabrication, 1.54 and 90 µm, respectively. Additionally, “T-Macro” is the label for a 

planar carbon electrode where no PSSs were used during fabrication. 

3.2.4 Preparation of CS/GNPs  

 PPF electrodes were plasma treated to enhance spreading of PSSs and increase 

nucleation sites for ALD alumina deposition. [32]  The CS/GNP solution was prepared in 

accordance with a modified procedure described in the literature. [24] A 10.00 mg/mL 
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solution of CS in 0.05 M acetic acid and a 3.76×10-3 M HAuCl4 were prepared and mixed 

in a 20:1 (v/v) ratio, respectively. The mixture was well shaken and placed in a heated 

sonic bath for 1 hr until the solution color went from cloudy white to pink, indicating 

GNP formation. The solution pH was adjusted to 2.0 using nitric acid (HNO3) to dissolve 

the CS.  

3.2.5 Preparation of the CS/GNP Modified 1.54T-CUA and T-Macro  

 The CS/GNP film was electrodeposited on the 1.54T-CUA and T-Macro via 

chronoamperometry by holding a potential at -1.00 V for 60 seconds in the 

aforementioned CS/GNP solution.  The selected potential and time for the deposition was 

determined by Wang and collaborators.  [24] The prepared 1.54T-CUA and T-Macro 

were rinsed with deionized water and gently dried with N2 gas. 

3.2.6 Preparation of the CA Membrane  

  The CA membrane precursor solution was prepared according to a previous 

procedure. [20]  riefly, 7.5 μL of a precursor solution containing cyclohexanone, 

isopropanol, and cellulose acetate was cast on the surface of distilled water.  It was then 

allowed to cure 5-10 minutes. The electrode was submersed in the water and then was 

slowly lifted out drawing the membrane on top of it (Scheme 1). N2 gas was lightly 

blown on top of the membrane/electrode for 5 minutes. The pressure of the gas created a 

fitted, taut, and dry physical contact between the membrane and the surface of the 

electrode. 

 



 

53 

 

 

 

Figure 3.1: Arrangement of T-CUA with chitosan gold nanoparticles and cellulose                  
acetate membrane on a quartz slide.  
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3.2.7 Preparation of a Stock Standard NO• Solution   
 

  The stock NO• solution was prepared as previously reported, with modifications. 

[1] 6 M sulfuric acid (H2SO4) was slowly added drop wise into a saturated sodium nitrite 

(NaNO2) solution, which generated NO• gas. The gas was passed through a 30% sodium 

hydroxide (NaOH) solution, the remaining NO• gas was bubbled through 10 mL of 0.1 M 

SPB, 7.0 pH for 40 min. The resulting NO• concentration is 2 mM at 22°C. [18, 36] The 

entire procedure must be performed very carefully because the NO• gas is toxic.  The 

saturated NaNO2, 30% NaOH, and SPB solutions were purged with N2 for 3 hours to 

remove any oxygen. The NO• stock solution was used immediately upon preparation to 

make the standard NO• solutions. 

3.2.8 Preparation of Standard NO• Solutions   
 
  Standard NO• solutions, 20 mL each, were prepared having the following 

concentrations: 5 µM, 25 µM, 50 µM, 75 µM and 100 µM NO• in SPB. The solutions 

were prepared by diluting from the 2 mM NO• stock solution, respectively. NO• gas 

easily autoxidizes in the presence of O2, therefore standard solutions were purged with N2 

gas for 2 hours before adding any NO• stock solution. 

3.2.9 Electrochemical Measurements  
 
  The electrochemical measurements were performed using a three-electrode cell 

system. Electrochemical experiments including EIS, SWV, CV, and chronoamperometry 

were performed using an Autolab PGSTAT30 potentiostat. The CA/90T-CUA, 
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CA/1.54T-CUA, CA/CS/GNP 1.54T-CUA, CA/CS/GNP T-Macro CA/T-Macro, or 

glassy carbon rotating disc electrode (GCRDE) was used as the working electrode, 

platinum mesh was used as the counter electrode and a saturated calomel electrode (SCE) 

was the reference. The T-CUAs and the T-Macro were used as the working electrodes 

with a total exposed geometric area of 0.495 cm2.  The geometric area is defined by the 

electrode area exposed to solution in our homemade Teflon electrochemical well.  

Therefore, the electroactive area for the T-Macro is 0.495 cm2. For the T-CUAs, the 

geometric area is not to be confused with the electroactive area, which is determined by 

the total exposed carbon area. The total exposed carbon area for the 1.54 and 90T-CUAs 

are 0.0071 and 0.00038 cm2, respectively. [18] CV was performed at a scan rate of 100 

mV s-1, and SWV was performed using a current of 5 A, 3 mV step potential, and a 

frequency of 15 Hz.  The potential ranged from 0 – 1.2 V vs. SCE. The background 

solution, SPB, pH 7.0, was purged with N2 gas for 3 hours.  After a background CV or 

SWV curve was collected, subsequent NO• measurements were obtained. All experiments 

were carried out in the presence of N2.  SWV calibration curve experiments had N2 gas 

blowing over the surface of an enclosed standard solution, and EIS experiments were 

carried out within an N2 filled glove bag.  

3.3 AFM Characterization of CA Membrane and SEM Characterization.  
 

The thickness of the cellulose acetate membrane was measured by atomic force 

microscopy (AFM) using an Asylum Research MFP-3D instrument, the tip was a 

Tap150Al-G with a resonance frequency of 190 ± 60 kHz.  
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Imaging of the GNPs encased in CS on the microelectrodes was done using a 

Hitachi S5500 SEM.  First, samples were sputter coated with a gold/palladium target.  

Next, a 1-5 kV accelerating voltage was used to image the sputter coated samples. 

 

3.4 RESULTS AND DISCUSSION 

3.4.1 Geometry of CUAs Characterization of the Cellulose Acetate Membrane.    

The cellulose acetate membrane’s selectivity was evaluated via 

chronoamperometry and SWV.  Figure 3.2A shows the potential of a CA/GCRDE held at 

0.75 V vs. SCE.  In vitro and physiological concentrations of common interferents were 

added to a buffer solution in the presence of a CA modified and unmodified GCRDE.  

The electrode’s response to the interfering compounds were also compared to that for a 

100 μM NO• addition. The following additions occurred every 100 s: 1 mM uric acid 

(UA), 1 mM ascorbic acid (AA), 5.5 mM glucose (G), 1 mM dopamine (D), 100 μM 

NO2
-, 100 μM H2O2, and 1% fetal bovine serum (FBS). The initial current decay is likely 

due from the reduction of active oxidation sites on the GCRDE, and do not affect the 

results presented as they are only semi-quantitative in nature. The chronoamperogram 

shows that H2O2 was the only interferent that gives a noticeable current response.  This 

observation indicates that the membrane has excellent resistance to biofouling.  As 

described in the previous chapter and in the literature, [18] the T-CUAs can detect H2O2 

with its onset oxidation potential at 0.9 V. Oxidation of NO• occurs at a potential before 

the onset potential of H2O2 (0.71 vs. 0.9 V). Therefore the NO• current response can be 
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selected by using any potential sweep method such as SWV, which is demonstrated in 

figure 3.2B. SWV was used at the CA/T-Macro to demonstrate that H2O2 has an 

unappreciable influence on the signal for NO• at 0.71 V, and indeed it does because the 

current changes by only 7 ± 3% (figure 3.2B).   

EIS was employed to quantify the selectivity of the CA membrane to NO• vs. 

NO2
-, which is the oxidative product of NO• and is considered a major interferent.    

Various CA membranes were individually evaluated on a GCRDE with no additional 

support.  Then two EIS experiments were performed to characterize the faradaic and non-

faradaic electrochemical elements of the membrane system. [22] Buffer solution without 

NO• or NO2
-
 was initially used to determine the electrode system’s non-faradaic elements 

such as the capacitance, C, and resistance, R.   
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Figure 3.2: (A) Chronoamperograms of GCRDE electrode modified with and without 

(inset) a CA membrane.  The current response was monitored where 
common biological interferents were added every 100 s: 1 mM UA, 1 mM 

AA, 5.5 mM G, 1 mM D, 100 μM NO ∙, 100 μM NO2
-, 100 μM of H2O2, and 

1% FBS.  The potential was held at +0.75 V vs. SCE.  Hydrogen peroxide is 
the only interferent to permeate through the membrane.  (B) SWV 

voltammograms of 100 μM NO• and 100 μM H2O2 at CA/T-Macro.  
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Figure 3.3 depicts an EIS Bode plot and corresponding Randles Circuit for a 

typical membrane at four different concentrations of SPB. [37] The following 

characteristics of a Bode plot indicate the following electronic components: a slope of 

zero represents resistance, a slope of -1 represents capacitance, and a slope of -1/2 

represents the Warburg or diffusional impedance, indicating a faradaic reaction.  Upon 

the increase in buffer concentration, the slope, representing the membrane capacitance 

(Cm), increases to a value nearing -1. One advantage of EIS is that it is relatively easy to 

distinguish the double layer capacitance, Cdl, from the membrane capacitance, Cm and the 

membrane resistance, Rm, from the solution resistance, RS. From the membrane 

capacitance obtained from the Bode plot, the thickness of the membrane can be 

calculated using the following equation: 

   
      

   
            (1) 

Where Cm is the membrane Capacitance, A is the geometric area of the membrane, 

εef is the effective membrane dielectric constant, ε0 is vacuum permittivity, and δef is the 

effective membrane thickness.  
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Figure 3.3: Bode plot and corresponding Randles Circuit for a typical cellulose acetate 
membrane at four different concentrations of SPB. 
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Using equation 1, the membrane thickness was calculated to be 88±15 nm, which 

is reinforced by the AFM measurements shown in figure 3.4 where the thickness of the 

membrane was approximated to be ~100 nm.  It should be noted that the thickness 

determined by EIS is the effective average thickness, and is a more relevant metric than 

the thickness obtained by AFM. 
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Figure 3.4: AFM measurements of the cellulose acetate membrane (A) top view, (B) 

view of an edge of the membrane, and (C) profile of red line found in (B).    
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To probe the intrinsic permeability of the membrane to NO• and NO2
- the faradaic 

processes of these analytes were investigated at the GCRDE using EIS and 

chronoamperometry.  The following equation is used: [22] 

     
    

      
            (2) 

Where P is the intrinsic diffusion permeability of the membrane to NO •, K is the 

partition coefficient of NO•, D is the diffusion coefficient of NO•, the R is the gas 

constant, T is the temperature, δ is the thickness of the membrane, R0 is the diffusion 

resistance taken from the steady state diffusion current obtained by chronoamperometry, 

F is Faraday’s constant, A is the geometric area of the electrode, and c is the 

concentration of NO•. 
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Figure 3.5: Bode plots of (a) solutions with 0 mM and 2 mM NO•, and (b)  the difference 
in admittance converted to impedances for the varying frequencies. 
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In order to determine K and D, EIS and the following equations are used: [22] 

          
 

  √   
                      (3) 

               
     

    
                 (4) 

 

Where YO is the admittance of NO• by the membrane determined from EIS.  This 

is obtained by taking the difference in admittance (reciprocal of the impedance, ZO) 

between the curves in figure 3.5a. This difference was converted back to impedance and 

replotted, which can be observed in figure 3.5b and displays a slope close to -1/2 

indicating Warburg diffusion, and a faradaic event at the electrode. By dividing (4) by 

(2), K can be calculated and plugged back into (2) or (4) to find D   The same experiment 

and analyses were performed for NO2
- (figure 3.6). The values for K and D were 

compared to that for NO2
-, a major interferent, and presented in Table 3.1. It was 

determined by EIS that the CA membrane is nearly 10 times more permeable to NO• than 

it is for NO2
-. Therefore the membrane is more impermeable to NO2

-. Peroxynitrite 

(ONOO-) is another major direct oxidative product of NO• and interferent is oxidized at 

potentials above 1.35 V vs. Ag/AgCl. [38] Therefore any interference caused by the 

generation of ONOO- at the electrode is avoided because its oxidation potential is outside 

the potential window for T-CUAs.  
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Figure 3.6: Bode plot and corresponding Randles Circuit for a typical membrane at four 

different concentrations of nitrite, from which values of K and D were 
obtained and shown in Table 1.  
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Table 3.1: The values for the Intrinsic diffusion permeability, P, the partition coefficient, 
K, and the diffusion coefficient, D, for NO• and NO2

-. 
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3.4.2 Detection of NO• at CA coated CS/GNP Modified and Unmodified T-CUA and 
T-Macro Electrodes 

 

 The arrays are fabricated using microsphere lithography, and consisted of drop 

casting PSSs, with different diameters (1.54 and 90 μm) onto a PPF electrode. The 

diameters of the spheres dictate the size of the individual electrodes within the array as 

well as the space between them. [19] The larger the diameter of the PSS used in the 

microsphere lithographic process, the less dense the array and the larger the individual 

electrodes within the array.  In turn, the fabrication process allows for a high-throughput 

of tunable T-Macro and T-CUA electrodes permits us to determine the best geometric 

dimensions for a given analyte and sensing scheme. [18] Therefore, the figures of merit 

of the electrodes can be attenuated, by the fabrication process, to match those required for 

the detection of NO•. Figure 3.7 shows the current-potential square wave voltammograms 

and calibration curves for the CA/1.54T-CUA, CA/90T-CUA and the T-Macro. The limit 

of detection (LOD) for NO• with the CA/90T-CUA, CA/1.54T- CUA, and CA/T-Macro 

electrodes are 4, 0.4, and 0.8 µM, respectively. As the concentration of NO• was 

increased from 5-100 µM the current response increased linearly.  The LOD was 

calculated as 3σ/slope of our calibration curve, utilizing standard approach 1 (SA1). [39]   

The standard detection method for detecting NO• is the use of the Greiss reagent, which is 

a colormetric technique that detects the oxidative product of NO•, NO2.
-, and its LOD is 

within the range of (0.5-1 µM).  Therefore the LODs for NO• at the CA/T-CUA 

electrodes are comparable or superior to the Greiss reagent. [40-42] It is an indirect 

detection method that measures the NO2
- concentration as an index of NO• production. 
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The reaction required for the detection of NO• requires strong acid and a long period of 

time to proceed to completion.  Therefore, real-time in vitro and in vivo analyses on NO• 

concentration are impossible to achieve with this current standard detection method.  
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Figure 3.7: The graphs in the left column depict the square wave voltammetric response 

for five different concentrations of NO• at (A) CA/T-Macro, (B) CA/1.54T-
CUA, and (C) CA/90T-CUA electrodes.  The middle column illustrates the 

background corrected voltammograms at (D) CA/T-Macro, (E) CA/1.54T-
CUA, and (F) CA/90T-CUA electrodes. The right column shows the 
corresponding calibration curves for NO• for each of the three electrodes, 

(G) CA/T-Macro, (H) CA/1.54T-CUA, and (I) CA/90T-CUA. 
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Figure 3.8: Charging current decays for the various electrodes. They were held at 0.25 V 

vs. SCE for 1000 s followed by a potential step to 0.20 V in electrolyte 
solution, 0.1 M SPB (pH 7), 0.1 M KCl. 
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The physiological half-life of NO• present in blood is known to have a half-life of 

6-15 s. [12, 43] As a result the response time of sensor or detection method to detect NO• 

in biological environments must be fast. To gauge their capability for detecting NO• in 

biological environments, we calculated the response times (6) from the RC time constants 

(5) for the CA/1.54T-CUA, CA/90T-CUA and the T-Macro to be approximately 105.5, 

81.1, and 1695.6 µs, respectively (Table 3.2).  These response times are well below the 

NO• half-life, indicating that these electrodes would be suitable for the detection of NO • in 

biological samples.  

The charging current decay from figure 3.8 was converted to a ln(i) vs. t plot, 

from which the linear regression equation is in the form of: 

       
 

  
     (

 

 
)        (5) 

 

Where E is the potential step, R is the resistance, T is the time, and C is the total 

interfacial capacitance. The RC time constant is equal to the inverse of the slope.[53] 

The electrochemical cell is considered a RC circuit that applies a square wave 

potential step function.  The response time or rise time is equal to the time it takes for 

90% of the maximum current to be reached (if chronoamperometry was used), or it is 

approximately: [54] 

                     (6) 

Where tr is the response time and 2.2 is the proportionality constant. 
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Table 3.2: The RC time constants and response times for the different electrodes. 

Electrode RC Time Constant (µs) Response Time (µs) 

T-Macro 771.8 1695.6 

1.54T-CUA 48.0 105.5 

11T-CUA 39.6 87.0 

90T-CUA 36.9 81.1 

Al2O3 coated T-Macro 31.6 N/A 
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To improve the LODs of the electrodes to NO• oxidation, a via one-step 

electrodeposition of CS and GNPs. [24] Once electropolymerized CS can form a stable, 

biocompatible hydrogel that physically encapsulates and retains the GNPs within a film 

on the electrode surface. [44] The literature reference used to produce the CS/GNPs 

adjusts the pH to 2 with HCl to dissolve the CS.  HCl can dissolve the alumina insulating 

layer and the procedure was modified to use HNO3 instead. Additionally, HNO3 can 

solubilize CS better than HCl. [45]   

GNPs possess catalytic properties for biogenic analytes and good 

biocompatibility. [43] Gold is relatively inert in its bulk form, and when dispersed in the 

form of fine particles (≤ 10 nm) its catalytic activity increases resulting in a stri ing 

difference in its chemical structure. [29]    
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Table 3.3: A comparison of LODs to NO• between modified and unmodified T-Macro 
and T-CUAs to similarly modified optically transparent electrodes. 
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Most of the catalytic activity of GNPs is correlated to the high concentration of 

low coordinated active sites on the surface of small particles. [30] Additionally, its 

catalytic activity is due to the fact that they can efficiently facilitate electron transfer. [24]   

Figure 3.9 displays the SEM images of an unmodified 1.54T-CUA, an individual 

electrode of CS/GNP 1.54T-CUA, and a CS/GNP 1.54T-CUA.  The surface coverage of 

the GNPS on the 1.54T-CUAs is 232 ± 5 particles/μm2, with particle size ranging from 5-

80 nm.  Consequentially, a significant enhancement in the electrooxidation of NO• despite 

the sizes of the electrodeposited GNPs are varied. The enhancement is observed in the 

cyclic voltammogram depicted in figure 3.9(d) by the increase in the current value for the 

oxidation of NO• at the modified electrode.  

The coverage of the GNPs could be extended to cover the entirety of the T-CUAs 

by using self-assembly of GNP monolayers to detect NO•. [46] The aforementioned 

method to extend the coverage of the GNPs is lengthy and the detection limit of it to NO ∙ 

is higher (27 nM > 7.2 nM) than the chosen reference for modifying the T-CUAs.  One 

hypothesis for the apparent difference between the two LODs is that the access of active 

sites to NO• increases as the CS encapsulates the GNPs. This suggests that CS can have 

an enhancing effect on the catalytic capabilities of individual GNPs by distributing them 

homogeneously throughout the CS film. Self-assembling GNPs organize into packed 

mono-/bi-layer films, where the GNPs are touching, limiting the available active sites to 

NO•.  In turn, this decreases the efficiency of electron transfer through the GNPs.  Hence, 

I postulate that a fully GNP covered T-CUA would not have better detection limits or 

sensitivity to the detection NO∙.  
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The CS/GNP modification’s enhancement to the electrochemical signal to NO• 

improves the LOD for the 1.54T-CUA by 50% (Table 3.3).  Current optically transparent 

electrodes modified with GNPs [33, 47, 48] for NO• detection have been characterized 

without the concern biological interferents and biofouling, and lacked any form of a 

membrane.  When compared to modified and unmodified T-Macro and 1.54T- CUA 

electrodes, the latter have competitive LODs for the detection of NO• with the 

CA/CS/GNP 1.54T-CUA having the best LOD at 0.2 ± 0.1 µM with a sensitivity of 9 ± 9 

nA/µM.  
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Figure 3.9: SEM images of (a) unmodified 1.54T-CUA, (b) individual electrode of 

CS/GNP 1.54T-CUA and (c) CS/GNP 1.54T-CUA.  The lower right graph 
(d) displays cyclic voltammograms of NO• oxidation at a modified and at an 

unmodified electrode (scan rate 100 mV/s, 2 mM NO•). 
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NO•’s physiological concentration range is 1-100 nM, [49] and NO• 

concentrations of 1 μM have been determined in in vitro endothelial cell experiments. 

[50] Pathophysiological pathways are activated within immune cells during infection, 

causing inducible nitric oxide synthase (iNOS) to up regulate the production of NO•, 

increasing the levels of NO• by several orders of magnitude (0.68-10 µM). [51, 52]  The 

CA/CS/GNP 1.54T-CUA LODs are not within the non-stimulated (non-infectious or non-

pathophysiological) physiological NO• concentration range, but they are within the NO• 

concentration range for pathophysiological and in vitro endothelial cell environments.  

Immediate focus is placed on applying the T-CUAs to stimulated in vitro and 

pathophysiological environments to investigate NO• response.  
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Figure 3.10: (a) Background corrected CA/CS/GNP T-Macro square wave 
voltammograms for various concentrations of NO•, and  (b) The 

corresponding calibration curve for the CA/CS/GNP 1.54T-CUA. 
 

 

 

 

 

 

 

 

 

 

 



 

81 

 

Therefore, the intent of the T-CUAs is aimed towards the observation and 

determination of the concentration of cellularly expressed NO•.  The LOD of the 

CA/CS/GNP 1.54T-CUA is within the range of NO• concentrations generated during 

pathophysiological processes alluding to the plausible detection of NO • in cellular 

environments.   

3.4.3 Stability of CS/GNP Modified Electrodes 

The stability of the CS/GNP modified electrodes is 8 days. [24] Therefore we 

assessed the stability/resistance of the CA membrane to NO2
-. Three CA membranes 

covering three 1.54T-CUAs were evaluated over 9 days using 100 μM of NO2
-.  We did 

not see any trend consistent with the degradation of the membrane such as the formation 

of a NO2
- peak at 0.7 V over the course of 9 days.  Instead, we observed no significant 

change in current over the course of the 9 days. The CA membrane has been found to 

have an exceptional resilience to biofouling, [8, 55, 56] as can be seen from the 

interference experiments (figure 3.11).   
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Figure 3.11: Stability measurements of 3 1.54T-CUAs covered with CA membranes over 

9 days.  (A) Change in current values at 0.7 V.  (B) SWV of 100 μM of 
NO2

-  over 9 days.   

 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

83 

 

3.5 CONCLUSION 

 
 T-Macro and T-CUA electrodes were fabricated and modified for the detection of 

NO•.  The modifications included the addition of a CA gas permeable membrane 

selective to NO• and CS/GNPs that catalytically enhances electrooxidation to NO•.  A 

comprehensive characterization of the membrane was performed via 

chronoamperometry, EIS, and AFM.  AFM and EIS confirmed that the average 

membrane thickness is ~100 nm.  The diffusional and partitioning behavior across the 

membrane of NO• and NO2
-, a major interferent, was determined.  The CA membrane is 

10 times more permeable to NO• than NO2
-.  The determination of the permeability of the 

CA membrane provides a quantitative understanding of the kinetic parameters with 

respect to NO• and NO2
- and explains why the membrane has a greater affinity to NO•.  

The sensitivity, catalytic activity, and LOD of the electrode to NO •, was enhanced by 

CS/GNP modification of the electrode. A one-step electrodeposition was used to form the 

CS/GNP film onto the surface of the T-Macro and 1.54T-CUA in a simple and 

controllable fashion. The composite films were characterized using SEM showing that 

the GNP particle size ranges from 5-80 nm. The significant catalytic enhancement 

provided by the modification yields a 2-fold improvement in the LOD for the 1.54T-

CUA.  
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‡Chapter 4: Transparent Carbon Ultramicroelectrode Arrays for the 
Electrochemical Detection of a Bacterial Warfare Toxin, Pyocyanin 

 

4.1 INTRODUCTION 

Heavily trafficked hospital surfaces are known to be a common ground for the 

deposition and spreading of numerous infectious diseases.  In some cases, patients are 

exposed to pathogenic bacteria contaminating these surfaces having established dense, 

antibiotic-resistant biofilm communities. Pseudomonas aeruginosa is an opportunistic 

pathogen that is responsible for many severe hospital-contracted infections. [1, 2] In 

healthy individuals it rarely establishes persistent infections, but in individuals with 

compromised immune systems or suffering from conditions such as severe burns (or 

wounds) or cystic fibrosis this microorganism can establish chronic infections. [3-7]  

P. aeruginosa engages in highly social behaviors such as the ability to 

communicate by producing, releasing, detecting and responding to small signaling 

molecules. Quorum sensing (QS) allows a population of bacteria to monitor its 

environment for the presence of other bacteria and to modulate the population’s behavior 

in response to the effective density of microbial species present in a neighboring 

community. Several biotoxins, including pyocyanin (PYO), are secreted by P. aeruginosa 

serving as virulence factors that stimulate infections in host organisms. [8, 9] PYO is a 

redox active b lue pigment that is in the in the phenazine family of compounds. [10-12] It 

is exclusively secreted as a secondary metabolite by QS P. aeruginosa bacteria, which 

                                                 
‡ Portions of this Chapter are published in Elliott, J. et al. Anal. Chem. 2017 
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make this molecule an effective diagnostic marker for identifying developing infections. 

[13] PYO has been detected in the low- to mid-micromolar range when isolated from in 

vivo environments. [14-16] It damages host tissue by easily reacting with cellular 

metabolites generating reactive oxygen species (ROS). [10] PYO is a secondary 

metabolite of QS, and can  participate in QS signaling allowing bacteria to regulate gene 

expression based on the effective cell density. [13, 17] Therefore, detecting and 

quantifying PYO could provide a better understanding of P. aeruginosa pathogenesis.  

Conventionally PYO detection includes methods that require timely preparation 

such as spectrophotometric methods. [18, 19] Moreover, a combination of analytical 

techniques such as high performance liquid chromatography (HPLC) coupled with mass 

spectrometry is often used for detecting PYO. [20, 21] These methods usually produce 

decent analytical sensitivities, but they require extensive preparation, large sample 

volumes and expensive equipment. In contrast, electrochemical methods have proven to 

be inexpensive, rapid, sensitive, and direct methods for detection of PYO. [22-25] 

Consequentially, electroanalytical techniques have become increasingly attractive 

alternatives to typical optical or separation based analytical methods.  

Voltammetric techniques have been successfully used to detect and quantify PYO 

from P. aeruginosa strains and from human fluid samples. [22-24, 26] In addition to 

voltammetric techniques, recently reported studies on the amperometric and use of 

scanning electrochemical microscopy (SECM) for the selective detection of PYO.  [27-

29] Though none of the considered electrochemical techniques have used optically 

transparent ultramicroelectrode arrays (T-CUAs) for the detection of PYO. The 
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fabrication of the T-CUAs is cheap, easy, allows for easy modification, and can produce 

optically transparent electrodes that provide a way to analyze P. aeruginosa cells on 

electrode surfaces while simultaneously quantify changes in electrochemical signals of 

cellularly derived PYO. Therefore this platform has the potential to provide simultaneous 

optical information about cellular fluctuations in addition to the continuous 

electrochemical detection of cellular PYO. 

As described in previous chapters, T-CUAs offer several advantages over 

standard macroelectrodes. The small size of the individual electrodes in the arrays allow 

for less supporting electrolyte, thus achieving enhanced mass transport and fast steady 

state responses and lower background noise. [30] Though they have the additional benefit 

of enhanced currents since the individual electrodes in the array function in parallel 

which result in lower limits of detection (LODs) and higher signal-to-noise ratios (SNR) 

[30] The active electrode material is a pyrolyzed photoresist film (PPF), which is  inert, 

highly conductive, chemically stable, and biocompatible. In chapter 2, I discussed the 

characterization of T-CUA electrodes as well as their analytical response to hydrogen 

peroxide (H2O2), a biogenic cellular metabolite. [31] The LOD of H2O2 was determined 

to be ~35 nM by using cyclic voltammetry. Furthermore, the T-CUAs were analyzed for 

spectroelectrochemical responses, and proved to have an excellent correlation between 

optical and electrochemical responses for ferrocenemethanol, an electrochromophore. 

[31] In chapter 3, I discussed the use of T-CUAs for the detection of another biogenic 

molecule, nitric oxide (NO∙), attaining an LOD of 0.2 ± 0.1 µM with square wave 

voltammetry. [32] The electrodes’ optical transparency permits for the imaging of cells, 
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including fluorescence imaging. Finally, the T-CUA and T-Macro electrodes’ 

biocompatibilities are comparable to glass, deeming them extremely biocompatible 

surfaces. 

In the following chapter, I will discuss the use of T-CUAs PYO detection with the 

goal of using this device for in vitro sensing applications.  PYO responses at different 

electrodes were evaluated with square-wave voltammetry (SWV) to determine individual 

LODs and linear dynamic ranges (LDRs). The resulting LODs fall within the µM range 

for PYO detection within P. aeruginosa samples, signifying that approach T-CUAs could 

be useful for quantifying PYO concentration in in vitro and/or in vivo environments. 

Finally, a proof-of-concept study conducted on T-CUAs demonstrates that the 

electrochemical platform is able to detect PYO from bacterial strains, while bright-field 

imaging the cells.   

4.2 EXPERIMENTAL METHODS 

4.2.1 Reagents and Materials.  

 All chemicals were used as received. Photoresist AZ 1518 was purchased from 

Microchemicals.  Potassium chloride, acetic acid, cyclohexanone, isopropanol, and nitric 

acid were acquired from Sigma-Aldrich Co.  Polystyrene spheres (Polybead®) with a 

diameter of 1.54 µm were purchased from Polysciences, Inc. Pyocyanin was purchased 

from Cayman Chemical Company. Ethanol, Monosodium phosphate, disodium 

phosphate were purchased from Thermo Fisher Scientific Inc. 
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4.2.2 Fabrication of T-Macro and T-CUAs.  

PPF electrodes were plasma treated to enhance spreading of PSSs and increase 

nucleation sites for ALD alumina deposition. Polystyrene spheres of 1.54 μm diameters 

were drop cast from a 5.2 wt% methanol solutions, respectively, onto the PPF electrodes.  

After methanol evaporation, the electrodes were put on a hot plate held at 110°C for 10 

minutes to promote evenly size-distributed PSS-PPF contact areas.  Before atomic layer 

deposition (ALD), portions of the electrodes were masked using commercially available 

nail polish (Sally Hansen Insta-Dri®) to allow connection to the electronic circuit later.  

A Cambridge Nanotech Savannah S100 ALD system was then used to coat the electrodes 

with Al2O3.  Electrodes were placed in the 80°C ALD chamber.  For each cycle, 

trimethylaluminum (TMA) was pulsed for 0.015 seconds followed by a 30 second 

nitrogen purge followed by a water pulse of 0.015 seconds which is then followed by an 

additional 60 second nitrogen purge.  This process was previously calibrated by the 

manufacturer to deposit a 0.089 nm conformal Al2O3 layer for each cycle on silicon.  

Therefore, the process was cycled 112 times in order to form 10 nm thick Al2O3 films.   

The electrodes were then sonicated in isopropanol to physically remove the PSS 

array.  This is followed by sonication in acetone to remove the previously applied nail 

polish which incidentally dissolved any remaining spheres that were still adhered to the 

surface of the substrate.  The electrodes are then successively sonicated in isopropanol 

and water.  Finally, the electrodes are dried using a nitrogen stream prior to 

electrochemical characterization. 
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Here, T-CUAs are labeled “1.54T-CUA” where the numeric value indicates the 

micron-sized diameter of the PSS used during the fabrication, 1.54 µm, respectively. 

Additionally, “T-Macro” is the label for a planar carbon electrode where no PSSs were 

used during fabrication. 

4.2.3 Preparation of Chitosan–Gold Nanoparticles (CS/GNPs).  

PPF electrodes were plasma treated to enhance spreading of PSSs and increase 

nucleation sites for ALD alumina deposition. The CS/GNP solution was prepared in 

accordance with a modified procedure described in the literature. [24] A 10.00 mg/mL 

solution of CS in 0.05 M acetic acid and a 3.76×10-3 M HAuCl4 were prepared and mixed 

in a 20:1 (v/v) ratio, respectively. The mixture was well shaken and placed in a heated 

sonic bath for 1 hr until the solution color went from cloudy white to pink, indicating 

GNP formation. The solution pH is adjusted to 2.0 using nitric acid (HNO3) to dissolve 

the CS.  

4.2.4 Preparation of the CS/GNP Modified 1.54T-CUA and T-Macro.  

The CS/GNP film was electrodeposited on the 1.54T-CUA and T-Macro via 

chronoamperometry by holding a potential at -1.00 V for 60 seconds in the 

aforementioned CS/GNP solution. The selected potential and time for the deposition was 

determined by Wang et al. [3] Upon the electrodeposition, the 1.54T-CUA and T-Macro 

electrodes were rinsed with deionized water and gently dried with N2 gas.  

4.2.5 Preparation of Standard Pyocyanin Solutions. 

 A 2 mM PYO stock solution was prepared in ethanol and was diluted to make a 

500 μM stoc  solution in sodium phosphate buffer solution (SPB, 7.0 pH). From the 500 
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μM stoc  solution the respective PYO standard solutions were prepared having the 

following concentrations: 0.5, 1, 5, 10, 25, 50, 100, and 250 µM, in SPB. 

4.2.6 Electrochemical Measurements.  

The electrochemical measurements were done using a three-electrode cell system. 

Electrochemical experiments including square wave voltammetry (SWV) and cyclic 

voltammetry (CV) were performed using an Autolab PGSTAT30 potentiostat. The 

1.54T-CUA or T-Macro was the working electrode with a total exposed geometric area of 

0.495 cm2, defined by the electrode area exposed to a solution in a homemade Teflon 

electrochemical well. A platinum mesh was used as the counter electrode and a saturated 

calomel electrode (SCE) was used as the reference electrode. Cyclic voltammetry (CV) 

was performed at scan rates of 2.5, 25, and 50 mV s-1. Square wave voltammetry (SWV) 

was performed using a current of 5 A, 3 mV step potential, and a frequency of 15 

Hz. The potential ranged from -0.3 or -0.4- to (-0.1) V vs. SCE. The background solution 

was sodium phosphate buffer solution (SPB, 7.0 pH). After a background CV or SWV 

curve was collected, subsequent PYO measurements were obtained. 

4.2.7 Bacterial Strains and Optical Imaging.  

Wild-type P. aeruginosa strain PA14 and a clinically relevant, PA11, P. 

aeruginosa strain LESB58 (SED11)5 were used in these studies. The growth medium for 

these experiments was a 1:15 (vol/vol) mixture of LB broth (5 g/L yeast extract, 10 g/L 

NaCl, and 10 g/L tryptone) buffered to pH of 7.2 with sodium succinate (20 mM) as the 

carbon source. Cultures were grown aerobically overnight at 37 °C. Cells were diluted 

with sodium phosphate buffer (SPB, pH 7.0) for electrochemical measurements. Using 
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UV-Vis spectrometry (Agilent Instrument 8453 UV−vis−NI  spectrometer), the ODs at 

600 nm were measured to be 0.763 and 1.628 for PA11 and PA14 in 1:3 (v:v) LB:SPB, 

respectively. The ODs at 600 nm were measured to be 1.674 and 0.934 for Pa11 and 

Pa14 in 1:1 (v:v) LB:SPB, respectively. Images of bacterial strains on T-CUAs were 

imaged using bright-field illumination settings using an Olympus PlanApo 60×, 1.40 

N.A. oil- immersion objective on an inverted microscope (Zeiss; Axiovert). An ORCA-

Flash 2.8 scientific-grade complementary metal oxide semiconductor camera 

(Hamamatsu) controlled by HCImage Live software (Hamamatsu) was used. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Electrochemical Characterization of PYO at T-Macro, 1.54T-CUA, & CS/GNP 
1.54T-CUA Electrodes.  

Figure 4.1A shows the molecular half-reactions of PYO.  To evaluate the redox 

activity of PYO at the 1.54T-CUA and T-Macro electrodes cyclic voltammetry (CV) was 

used.  A quasi-reversible CV current-potential response is shown in figure 4.1B where 

the anodic peak is at −0.21 V and cathodic pea  is at −0.28 V with E1/2 = -0.245 V vs 

SCE.  Figure 4.1B depicts a non-reversible phenolic oxidation [24] of pyocyanin (I-III), 

which occurs at +0.89 V. This irreversible oxidation is responsible for the polymerization 

of PYO the product of the polymerization, III, undergoes a reversible conversion to IV.  

The redox potential for this conversion happens at the same potential as PYO in solution. 

The observed increase in cathodic and anodic peak heights is due to the transformation of 

PYO to its redox active polymeric form as well as the cycling between III and IV causes 
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an increase in the reversible peak heights (figure 4.1B). [24] By limiting the potential 

range of the voltammetric experiment to -0.4 to -0.1 V vs. SCE the polymerization can be 

avoided (figure 4.1C).  Now the observed redox couple is entirely produced by the 

conversion between soluble, monomeric forms of PYO, I and II (figure 4.1A).  
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Figure 4.1: (A) Pyocyanin (PYO) redox reaction. (B) Cyclic voltammograms of PYO 
polymerization due to high anodic potentials at different scans, with 100 μM 
PYO, at a 1.54T-CUA electrode, scan rate: 100 mV s-1. (C) Cyclic 

voltammetry response curves of PYO at scan rates of 2.5, 25 and 50 mV s-1, 
as indicated, with 100 μM PYO, at a 1.54T-CUA electrode. The limited 

scan range from – 0.40 V to – 0.10 V prevents PYO polymerization. 
 



 

98 

 

The quasi-reversible redox behavior of PYO observed at the T-Macro and 1.54T-

CUA was confirmed by the ΔEp > 59 mV/n and that ia/ic< 1 (Table 4.1). Therefore this is 

not an outer-sphere electron transfer reaction, but its reversibility is scan rate dependent.   

Figure 4.1C shows that at slow scan rates (< 2.5 mV s-1) PYO experiences an irreversible 

reduction, signified by the presence of a single cathodic peak. The reversibility of PYO’s 

redox behavior increases at faster scan rates (>25 mV s-1), by giving rise to anodic and 

cathodic peaks. Therefore the reduced chemical product is stable or converted to another 

chemical product on the time scale of CV experiments at or below a scan rate of 2.5 mV 

s-1.  Being that the pKa of PYO is 4.95, the reduced product is reoxidizes in the solution 

with pH 7.4.  
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Table 4.1: Scan rate, ν, and the corresponding ia/ic ratio of PYO redox at the 1.54T-
CUAs. 
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Figure 4.2: The graphs in the top row depict the square wave voltammetric response 
curves (background corrected) for various different concentrations of PYO 
at: (A) T-Macro, (B) 1.54T-CUA, and (C) CS/GNP/1.54T-CUA electrodes. 

The bottom row shows the corresponding calibration curves and respective 
linear ranges of each of the three electrodes: (a) T-Macro, (b) 1.54T-CUA, 

and (c) CS/GNP/1.54T-CUA. 
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The T-Macro, 1.54T-CUA, and CS/GNP 1.54T-CUA electrodes were used to 

detect pyocyanin using SWV. The SWV current-potential curves along with their 

corresponding calibration curves on each electrode were plotted and depicted in figure 

4.2. From the calibration curve the LOD was determined as 3σ/slope using standard 

approach 1 (SA1). [35] The LOD for the T-Macro is 0.75 µM with a linear range of 0.75-

25 µM, respectively.  The LOD for the CS/GNP 1.54T-CUA is 1.6 µM with a LDR of 1-

100 µM, and the LOD of the 1.54T-CUA with a LDR of 1-250 µM is 1.0 µM, 

respectively. The highest concentration of PYO produced by wild type biofilm aggregates 

is reported to be ∼2.7 μM. [28, 29, 35] The reported concentration of PYO in a colloidal 

solution of sputa from infected patients ranges from 0.2 to 27.3 μg/ml (1–130 μM) with a 

median value 1.7 μg/ml (8.1 μM). [14, 26, 36, 37] Therefore the LODs reported in this 

chapter cover the linear dynamic ranges and LOD of reported concentrations of PYO 

from individual P. aeruginosa biofilm aggregates and from the sputa of infected patients. 

To demonstrate this, in vitro studies were preformed to probe PYO responses from two 

different P. aeruginosa strains, PA11 and PA14 (figure 4.3) using 1.54T-CUA electrodes 

as detectors. The PA14 strain is a wild-type highly virulent P. aeruginosa strain ,[38] 

while the PA11 (CEB11) strain is a clinically relevant P. aeruginosa strain, isolated from 

cystic fibrosis patient sputum sample. [39] Our results show that after 24 hours of 

growing cultures at 37 °C, concentrations of secreted PYO were measured to be 45±5 µM 

from PA11 strain and 3±2 µM from PA14 strain. Furthermore, while performing the 

electrochemical analyses, we also performed optical bright-field imaging of the two P. 
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aeruginosa strains (figure 4.3D-E) on 1.54T-CUA. These results indicate that we can 

successfully detect PYO secreted from cells while optically imaging the cells.  

 The linear range differs between the T-Macro and the 1.54T-CUA series. 

Primarily the difference is linked to the variable RC time constants and subsequent 

response times [40, 41] of the electrodes.  The inherent response times for the T-CUAs 

and T-Macro electrodes are derived from the resistive and capacitive components of the 

electrodes. 
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Table 4.2: Comparison of LODs and linear ranges of PYO using T-CUAs versus other 
electrochemical tools used for the electrochemical detection of PYO. 
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Figure 4.3: (A) square-wave voltammetric responses (background corrected) for PYO 
from two P. aeruginosa strains Pa11 and Pa14 in 1:3 (v:v) lysogeny broth 
(LB) to sodium phosphate buffer (SPB), showing PYO concentrations of 
45±5 and 3±2 µM, respectively, (B) an optical bright-field image of PA11 
bacterial strain, and (C) an optical bright-field image of PA14 bacterial 
strain on 1.54T-CUAs. 
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The electroactive area of the electrodes examined are all similarly made of PPF 

material, hence they all possess the same sheet resistance.  Solution resistance stems from 

the charge transfer process mediated through the thin carbon film to and from the 

solution. Therefore, as the electroactive carbon area exposed to solution increases the 

overall resistance increase. Consequentially, electrodes having a larger area of carbon 

exposed, such as T-Macro electrodes, have a higher overall resistance and longer 

response times than electrodes with less exposed carbon, like 1.54T-CUA electrodes. [31, 

32]   

Additionally, the capacitance is also related to the electroactive area, and of which 

is responsible for producing the double layer capacitance.  The capacitive component of 

the RC time constant is essential, since it is used to determine the response time of an 

electrode. [40, 41] As a potential is applied to the electrode, molecules within the solution 

organize and distribute by charge to create a capacitive double layer. The double layer 

capacitance increases the activation barrier consequentially increasing the energy 

required to transfer charge between analyte and electrode, thus increasing the response 

time. In such a case, longer response times are indicative of greater double layer 

capacitances and slower kinetics of charge transfer at the electrode surface. Thus, the 

faster kinetics allowed at the 1.54T-CUA series facilitates a faster conversion of analyte 

to product at the electrode. This increases the total amount of analyte converted at the 

electrode over a certain period of time. Thus, higher concentrations of PYO can be 

determined by the 1.54T-CUA electrodes than the T-Macro, and allows for a larger LDR. 
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By modifying the 1.54T-CUAs with CS/GNPs the linear range of the 1.54T-CUA 

decreased, an effect that appears counterintuitive given numerous reports examining the 

ability of GNPs to enhance the rate of electron transfer. [42] However, as discussed, PYO 

is a quasi-reversible redox active molecule. Its redox mechanism does not entirely depend 

on an electron transfer step and includes chemical intermediates. The capability of GNPs 

to provide catalytic enhancement is limited by bimolecular chemical steps and not 

electron transfer rates. The CS acts as an insulating layer while the GNPs restore and 

facilitate the electron transfer to the electrode, but it does not influence the rate of the 

chemical step or rate-limiting step.  Therefore their catalytic effects are non-influential.  

The residual electroactive area of the electrode, upon modification, is further decreased to 

a point at which the rate of electrochemical conversion for PYO is not fast enough to 

keep up with the flux of PYO to the electrode (CS/GNP surface), saturating the electrode 

and effectually reducing the linear range. 

The figures of merit of the discussed electrodes were compared to those 

recognized throughout the literature as shown in Table 4.2. The LODs and LDRs of the 

current work are extremely competitive when compared to the present PYO 

electroanalytical detection schemes. The 1.54T-CUA winds up having the largest LDR of 

all current electrochemical detection schemes, and can therefore detect the whole range 

of PYO concentrations found in nature. 
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4.4 CONCLUSION 

The possibility of using transparent carbon ultramicroelectrode arrays (T-Macro 

and 1.54T-CUA) as a sensing platform for the electrochemical detection of PYO was 

investigated. I used CV to examine the redox activity of PYO at T-Macro and 1.54T-

CUA., I used SWV to evaluate the detection of PYO at these electrodes and determined 

the LODs and LDRs for the three types of electrodes. The LOD for the T-Macro was 

determined to be 0.75 ± 0.09 µM with a linear range of 0.75-25 µM.  The LOD for the 

CS/GNP 1.54T-CUA is 1.6 ± 0.2 µM with a LDR of 1-100 µM, while the LOD for the 

1.54T-CUA was 1.0 ± 0.3 µM with a LDR of 1-250 µM. Furthermore, the 1.54T-CUA 

LDR is superior to all previously reported LDRs, allowing for higher PYO concentrations 

to be detected. The LODs are comparable to other electrodes reportedly used for the 

detection of PYO, [22, 23, 27] falling within the low- to mid-µM range.  Such LODs 

enables these electrodes to sense PYO from P. aeruginosa organized within individual 

biofilm aggregates as well as from infected sputum samples. [22-24, 26] As a result, our 

electrochemical sensing scheme offers potential utility for observing PYO concentrations 

in vitro and in vivo environments. Finally, this method the added benefit in that the T-

CUAs transparency provide a way to optically analyze P. aeruginosa cell variation in 

conjunction with electrochemical analyses of cellularly derived PYO.  
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Chapter 5: In vitro Applications of Transparent Carbon 

Ultramicroelectrode Arrays with RAW 264.7 Macrophages  

 

5.1 INTRODUCTION 

Nitric oxide (NO•) sensing is a logical choice for future continuous biosensing as 

it is conducive to many biological functions in the body such as neurotransmission, 

vasodilation, and cell-mediated immune response. [1] Nitric oxide monitoring can 

additionally be used as an indicator of changing bodily concentrations of steroidal 

hormones, such as estrogens, thus signaling significant events such as ovulation or 

pregnancy. [2, 3] 

Electroanalytical methods are considered to be one of the most sensitive direct 

cellular detection methods for NO•. [4,5] In chapters 2 and 3, I discussed a facile and 

versatile fabrication method for opaque and transparent carbon ultramicro- to 

nanoelectrode arrays (O-CUAs or T-CUAs). [6, 7]  Their analytical capabilities were 

assessed with both chronoamperometry, square wave voltammetry, and cyclic 

voltammetry measurements for reactive oxygen species (ROS) such as hydrogen 

peroxide (H2O2) and nitric oxide (NO•).  The LODs for H2O2 using both O-CUAs and T-

CUAs were found to be lower than previously reported levels for various nanomaterials 

(0.04 – 86 μM). [8] The LOD at the T-CUAs of 35 nM was obtained for H2O2. 
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In chapter 3, the surface of the T-CUAs were easily modified with chitosan-gold 

nanoparticles (CS/GNPs), via a one-step electropolymerization of a solution containing 

soluble chitosan and GNPs, to increase the sensitivity of the electrode to NO•. [7] To 

make T-CUAs selective to NO• the T-CUAs were coated with a gas permeable cellulose 

acetate membrane (CA). The CA membrane was characterized by both electrochemical 

impedance spectroscopy (EIS) and atomic force microscopy (AFM) to be ~100 nm thick 

with an average pore size of 6 Å. [7] Modification of the electrode significantly enhances 

its sensitivity to NO• from 1.2 nA/μM  to 10 nA/μM. The LOD for NO• at the modified 

T-CUAs was determined to be 0.2 ± 0.1 μM, respectively. Square wave voltammetry 

(SWV) was used to build the calibration curves from which the respective LODs were 

determined, and are consistent with LODs required for investigating pathophysiological 

concentrations of NO• (0.68 – 10 μM). [9, 10]  

 In this approach, the direct electrochemical detection of NO• is accomplished 

with optically-transparent T-CUAs. Figure 5.1 depicts the configuration of these arrays, 

which consist of carbon ultramicro- or nano-electrodes electrically wired in parallel, but 

electrochemically isolated from each other using an insulating blocking layer. The 

transparent conductive carbon layer is a pyrolized photoresist film (T-PPF) on quartz. 

This film is electrochemically analogous to glassy carbon yet more responsive as it 

comprises hard, inert carbon with a large electrochemical stability window. [11-13] The 

thickness of this layer is only 11 nm, which allows the transmission of light in the visible 

and UV regions of the spectrum, and thus allows for simultaneous optical interrogation. 

[14] 
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The dimensional control, as well as the high-throughput fabrication of this 

platform, enables the optimization of geometric dimensions for a given analyte. [14, 15] 

Therefore, these electrodes can be easily adjusted in order to tune their analytical figures 

of merit (LOD, dynamic range, selectivity, repeatability, and reproducibility). [6, 15] 
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Figure 5.1: Schematic illustrating the tunable dimensions of the T-CUAs; where t is the 

thickness of the insulating layer, a is the individual electrode radius, and d is 
the inter-electrode distance.  These parameters can be varied in a high-

throughout manner for optical detection of various analytes. 
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In this chapter, I will discuss the use of CA/T-CUAs for the simultaneous 

electrochemical and spectroscopic detection of NO•, in vitro.  The optical transparency 

and biocompatibility of the electrodes enable the acquisition of cellular systems in vitro 

providing quantitative insights into concentration dependent sociomicrobial behavior. 

Coordination of CA modified T-CUAs with an optical integrator is achieved by imaging 

the cells as the electrochemical measurement is acquired. Since I am interested in 

pathophysiological systems, the CA/T-CUAs were used to detect NO• from 

immunological defensive cells, particularly the RAW 264.7 murine macrophages cell 

line. 

 NO• is used by macrophages, which are immunological defense cells, to diminish 

the defenses of pathogenic bacteria by inducing oxidative damage to bacterial cells. [9]  

NO• is produced by 3 types on nitric oxide synthase (NOS), endothelial nitric oxide 

synthase (eNOS), neuronal nitric oxide synthase (nNOS), and inducible/immunological 

nitric oxide synthase (iNOS). [1, 3, 16, 17]   All forms of NOS convert L-Arginine to L-

Citrulline and NO• in the presence of NADPH and O2.  Macrophages use iNOS to 

produce NO•. [16] Macrophages respond to the presence of Gram-negative bacteria by 

binding to lipopolysaccharide (LPS), a membrane component of Gram-negative bacteria 

that is shed.  In their response, they upregulate the amount of NO• that they produce by 

orders of magnitude the concentration produced in non-activated states (from 1-100 nM 

to 0.68-10 μM). [9, 10]  

Currently, the most common fluorescent probes for NO• detection in vitro uses N-

methyl in diaminobenzene fluorescein (DAF-FM). [18] DAF-FM is presently the best-
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selling probe for the detection of nitric oxide (NO• or N2O3) (LOD = 4 nM). [18]  It is 

important to note that DAF-FM irreversibly binds to NO•. Thus over time, the 

concentration of NO• correlated to DAF-FM fluorescence corresponds to the maximum 

amount of NO• produced by cells. Therefore it not a true “sensors” (i.e., none report 

instantaneous [NO]), but instead report a cumulative effect from NO •. 

The integration of CA/T-CUAs electrodes and DAF-FM fluorescence imaging 

allows for the first correlation of simultaneous NO• measurements based on both 

electrochemistry and fluorescence within a single platform. Notably, this 

spectroelectrochemical approach enables the quantitative study of real-time, dynamic, 

cellular processes that are dependent on NO•.  To the best of my knowledge, this has 

neither been attempted nor achieved.  

5.2 EXPERIMENTAL METHODS 

5.2.1 Reagents and Materials.  

 All chemicals were used as received. Photoresist AZ 1518 was purchased from 

Microchemicals.  Potassium chloride, acetic acid, cyclohexanone, isopropanol, and nitric 

acid were acquired from Sigma-Aldrich Co.  Polystyrene spheres (Polybead®) with a 

diameter of 1.54 µm were purchased from Polysciences, Inc. Pyocyanin was purchased 

from Cayman Chemical Company. Ethanol, Monosodium phosphate, disodium 

phosphate were purchased from Thermo Fisher Scientific Inc. 
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5.2.2 Fabrication of T-Macro and T-CUAs.  

PPF electrodes were plasma treated to enhance spreading of PSSs and increase 

nucleation sites for ALD alumina deposition. Polystyrene spheres of 1.54 μm diameters 

were drop cast from a 5.2 wt% methanol solutions, respectively, onto the PPF electrodes.  

After methanol evaporation, the electrodes were put on a hot plate held at 110°C for 10 

minutes to promote evenly size-distributed PSS-PPF contact areas. Before atomic layer 

deposition (ALD), portions of the electrodes were masked using commercially available 

nail polish (Sally Hansen Insta-Dri®) to allow connection to the electronic circuit later.  

A Cambridge Nanotech Savannah S100 ALD system was then used to coat the electrodes 

with Al2O3. Electrodes were placed in the 80°C ALD chamber. For each cycle, 

Trimethylaluminum (TMA) was pulsed for 0.015 seconds followed by a 30 second 

nitrogen purge followed by a water pulse of 0.015 seconds which is then followed by an 

additional 60 second nitrogen purge.  This process was previously calibrated by the 

manufacturer to deposit a 0.089 nm conformal Al2O3 layer for each cycle on silicon.  

Therefore, the process was cycled 112 times in order to form 10 nm thick Al2O3 films.   

The electrodes were then sonicated in isopropanol to physically remove the PSS 

array. This is followed by sonication in acetone to remove the previously applied nail 

polish, which incidentally dissolved any remaining spheres that were still adhered to the 

surface of the substrate. The electrodes are then successively sonicated in isopropanol 

and water. Finally, the electrodes are dried using a nitrogen stream prior to 

electrochemical characterization. 
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Here, T-CUAs are labeled “1.54T-CUA” where the numeric value indicates the 

micron-sized diameter of the polystyrene spheres (PSS) used during the fabrication, 1.54 

µm, respectively. Additionally, “T-Macro” is the label for a planar carbon electrode 

where no PSSs were used during fabrication. 

5.2.3 Cell culture and Fluorescence Imaging.   

Prior to active cell culture experiments, NIH-3T3 fibroblasts were grown in 

complete growth medium: Dulbecco’s Modified Eagle Medium (DMEM) accompanied 

with 10% fetal bovine serum (FBS) (ThermoFisher Scientific, Gibco), in a 37°C 

humidified incubator with 5% CO2. Cells were cultured in a flask (Corning) with 5 mL of 

complete growth medium. The cells were passaged at 80% confluence using 0.25% 

trypsin solution. NIH-3T cells were plated. After 24 and 48 hours, the cells were rinsed 

and stained for 30 minutes in a Dulbecco’s phosphate-buffered saline solution containing 

2 μM Calcein AM (live; green) and 4 μM Ethidium Homodimer-1 (dead; red).  

Mouse anti-vinculin antibody, Sigma-Aldrich was used as the primary antibody 

for vinculin staining.  Alexa-Fluor 546 Goat anti-Mouse IgG (H+L) Antibody, Life 

Technologies was used as the secondary antibody for the staining the vinculin (focal 

adhesion protein).  After being incubated for 24 hours the cells were immunostained to 

observe their focal adhesions, and cell spreading to further qualitatively see cell 

spreading/adhesion, therefore assess cell biocompatibility.  The nucleus was stained with 

DAPI nuclear stain, Sigma-Aldrich.   

Prior to active cell culture experiments, RAW 264.7 murine macrophages were 

grown in complete growth medium: Dulbecco’s Modified Eagle Medium (DMEM) 



 

119 

 

accompanied with 10% fetal bovine serum (FBS) (ThermoFisher Scientific, Gibco), in a 

37 °C humidified incubator with 5% CO2. Cells were cultured in a flask (Corning) with 5 

mL of complete growth medium. The cells were passaged at 80% confluence.  RAW 

264.7 macrophages were plated onto T-CUA electrodes in DMEM medium with 1 % 

FBS.  After 4-8 hours,  the cells were stimulated with 3 μL, 1mg/mL (final conc. 1 

μg/mL) of  lipopolysaccharide (LPS).  After 24 hours., of stimulation 300 μL of the 

culture solution was removed from each well and transferred into a separate vial 

containing 2μM DAF-FM DA in DMSO, and then returned the solution to the plated 

cells.  The plated and stained cells were then incubated for 25 min.  After 25 min. the 

plated cells (on the electrode) were fluorescently imaged and electrochemically analyzed, 

simultaneously  

5.2.4 Electrochemical Measurements.  

The electrochemical measurements were done using a three-electrode cell system. 

Electrochemical experiments including square wave voltammetry (SWV) and cyclic 

voltammetry (CV) were performed using an Autolab PGSTAT30 potentiostat. The 

1.54T-CUA or T-Macro was the working electrode with a total exposed geometric area of 

0.495 cm2, defined by the electrode area exposed to a solution in a homemade Teflon 

electrochemical well.  A platinum mesh was used as the counter electrode and a saturated 

calomel electrode (SCE) was used as the reference electrode. Cyclic voltammetry (CV) 

was performed at scan rates of 2.5, 25, and 50 mV s-1.  Square wave voltammetry (SWV) 

was performed using a current of 5 A, 3 mV step potential, and a frequency of 15 

Hz.  The potential ranged from -0.3 or -0.4 – (-0.1) V vs. SCE. The background solution 
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was sodium phosphate buffer solution (SPB, 7.0 pH).  After a background CV or SWV 

curve was collected, subsequent PYO measurements were obtained. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Biocompatibility and Cellular Optical Imaging 

NIH-3T3 Fibroblasts are model cells used to evaluate the biocompatibility of a 

surface. [19, 20]  Here, I used cell viability testing (live/dead staining) as well as cell 

spreading and adhesion as metrics for determining the biocompatibility of the electrode 

surfaces.   

By observing cell division on the electrodes as well as glass we were able to 

compare and assess cell densities.  After the course of 24 hours and 48 hours, we 

observed minimal to no cell death by live/dead cell staining with Calcein AM and 

Ethidium Homodimer-1 (figure 5.2).  Figure 5.3 shows cell density plots for NIH-3T3 

fibroblasts that evaluate the different cell densities over the course of 24 and 48 hours.  

The changes in cell density between the various T-CUAs were compared to a glass and 

indium tin oxide (ITO) control.  No significant difference was observed between the cell 

densities grown on the T-CUAs and the glass and ITO control slides, which is indicative 

of the surfaces’ biocompatibility (figure 5.3). [19, 20]  

After being incubated for 24 hours the cells were immunostained to observe their 

focal adhesions and cell spreading to further qualitatively see cell spreading/adhesion, 

thereby assessing cellular biocompatibility. The more cell spreading and focal adhesions, 

noted by the vinculin and phalloidin staining, the more compatible the surface is to the 

cell. In our case, we see good flattening, spreading, and attachment of the fibroblasts as 

shown in figure 5.4. 
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Figure 5.2: Optical fluorescent and bright-field images of NIH-3T3 Fibroblasts on (a and 

g) glass, (b and h) T-Macro, (c and i) 1.54T-CUA, (d and j) 11T-CUA, (e 

and k) 90T-CUA, and (f and l) ITO, after 24 hours of plating.  Cells were 
stained with Calcein AM and ethidium homer dimer 1 for 30 min. at 37°C. 

Scale bars: 100 μm. 
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Figure 5.3: Cell density plots for NIH-3T3 fibroblasts evaluating the different cell 

densities over the course of 24 and 48 hours.  The change in densities on the 

various T-CUAs were compared to a glass and ITO control.  No significant 
difference is observed between the cell densities and grown on the T-CUAs 

and the glass and ITO control slides.   
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Figure 5.4: Cell adhesion configurations on T-Macro, A., and 1.54T-CUA, B., electrodes. 

NIH-3T3 cells were incubated on each substrate for 24 hours, and then actin 

and vinculin were stained with phalloidin and a monoclonal antivinculin 
antibody. The merged images depict actin (green), vinculin (red), and the 
DAPI-stained nucleus (blue/violet). Scale bars: 50 μm. 
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5.3.2 Simultaneous Electroanalytical and Fluorescence NO• Research Design.  

As discussed in chapter 3, the addition of the cellulose acetate gas permeable 

membrane enhances the performance of the nanosensor array in two specific ways. [7] 

First, due to the small pore size of the membrane, large non-gaseous molecules normally 

secreted by cells, such as proteins, are not able to penetrate through the membrane to the 

working electrode surface. Therefore, the membrane acts as a filter to prevent electrode 

fouling that would be caused by adsorption of such larger molecules. Additionally, the 

LOD for the CA/T-CUA (1.1 ± 0.6 μM) is within the concentration range for 

pathogenically stimulated macrophages (0.68-10 μM). [9, 10]  Macrophages are 

eukaryotes that function as immunological defense cells, and respond to bacterial 

infections within in an organism by secreting high concentration of NO. They are 

stimulated by bacteria to upregulate the amount of NO• released by host cells to diminish 

the defenses of pathogens by inducing large amounts of oxidative stress within the 

bacterial cells. This is achieved by the macrophages binding to lipopolysaccharide (LPS), 

a notable membrane component of pathogenic bacteria that triggers a signal cascade 

within macrophages to increase NO• production. [10, 21, 22] In this section, I describe 

and demonstrate the use of T-CUAs to detect NO• released from LPS stimulated RAW 

264.7 macrophages, and optical monitoring the cellular response via DAF-FM 

fluorescence and bright-field imaging, simultaneously.   

Figure 5.5 depicts the instrumentation for simultaneous electrochemical-

fluorescence determination of NO•. The T-CUA/Macro is cinched between the 

electrochemical well and the electrochemical base/stage mount, and the macrophage cells 

are cultured on the working electrode (SCE reference electrode and Pt mesh counter 

electrode). On the T- CUA, copper tape is used to create a contact that attaches to a 
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potentiostat that monitors the current signal correlating to the concentration of NO•.  It is 

placed onto the stage of the fluorescent microscope that images the cellular fluorescence 

signal from the DAF-FM dye that also corresponds to the concentration of intracellular 

NO•.   
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Figure 5.5: Set-up of the simultaneous electrochemical-fluorescence experiment.  The T- 
CUA is cinched between the electrochemical well and the electrochemical 
base/stage mount, and cells are cultured on the working electrode (SCE 
reference electrode and Pt mesh counter electrode). On the T-Macro/CUA, 
copper tape is used to create a contact that attaches to a potentiostat lead that 
monitors the current signal correlating to the concentration of NO •.  It is 
placed onto the stage of the fluorescent microscope that images the cells and 
the fluorescence signal from the dye that also corresponds to the 
concentration of NO• from the cells.   

 

 

 
 

 



 

127 

 

5.3.3 Detection of NO• from LPS Stimulated RAW 264.7 Macrophages. 

Initial in vitro cell studies were performed to probe the NO• response of RAW 

264.7 macrophages to 24 hours of LPS stimulation. Figure 5.6 shows the results of the 

experiments.  After 24 hours of plating and stimulating the cells for their immunological 

response to LPS the macrophages secreted NO• with a concentration of 9.3 µM, 

respectively (figure 5.6 A.).  This was determined by using the calibration curves for NO• 

determined in chapter 3, and the obtained square wave voltammogrametric response for 

NO•.  Therefore, the result suggests that cellularly derived NO• can be simultaneously 

detected at the T-CUAs via fluorescence and electrochemically. The electrochemical 

detection to NO• from RAW 264.7 murine macrophage is an integrated response to NO• 

concentrations across the surface of the electrode, and will eventually be correlated with 

cumulative and integrated emission intensity across the same surface area. For now, the 

application of the fluorescence measurement is for qualitative purposes only.     
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Figure 5.6 : In vitro cell studies performed show RAW 264.7 macrophages 24 hours after 
plating and NO• stimulation via the addition of 1 μg of LPS. (A) Square 
wave voltammograms for after 4 hrs of the initial cell plating (background 
scan) and after 24 hours after the cells were stimulated. (B) DAF-FM 
fluorescent images of macrophages 24 hrs after stimulation. (C) Bright-field 
image of the plated cells in (B). Images of the cells were acquired in tandem 
with electrochemical measurements. 
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Coordination of the electrochemical sensor with an optical integrator is achieved 

by imaging the cells as the electrochemical measurement is acquired.  Figure 5.7 shows 

the theoretical cellular response correlation for a NO• electrochemical sensor, such as the 

T-CUA, and a NO• fluorescence response, from a fluorescence dye. While the T-CUA-

based method yields instantaneous signal where the integral under the curve relates to the 

NO• concentration, the NO• fluorescence intensity acts as an integrator of total NO• 

present over the same time period (assuming minimal photobleaching and cellular 

removal of product). Eventually, these two sensing modalities will be compared to create 

calibration curves for NO• concentration over a given area. This will be how the two 

measurements will be analyzed and compared, but will be performed by a future student.   

An important point pertaining to the future of this project would be to consider 

response kinetics of the two sensing modalities (1st derivative of the response), although 

it is expected that T-CUA and NO• based measurements will be characterized with similar 

time constants, on the order of tens of seconds.  
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Figure 5.7: Theoretical signal for T-CUA and NO• fluorescence based measurements of 
NO• for two NO•-releasing cellular events. Were NO• present at a constant 
non-zero concentration, the T-CUA response would be constant and the NO• 

response would increase at a constant slope. 
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5.4 CONCLUSION 

In this chapter, it was established that the biocompatibility of the T-CUAs and T-

Macro are similar to that of ITO and glass substrates. Therefore the compatibility of these 

electrodes with respect to cell culture on the electrode surfaces is very good. Using the 

calibration curve established in chapter 3, the LOD for the CA/1.54T-CUA was 

determined to be 0.44  ± 0.02 µM. The LOD falls within the range of established 

pathophysiological concentrations for NO• (0.68-10 µM). [9, 10] Consequently, our 

results suggest the capability for detection of NO• in cellular environments. Here this 

device was integrated with an optical imaging apparatus and applied to determine the 

concentration of cellularly derived NO•. RAW 264.7 murine macrophages were 

stimulated by LPS to elicit an upregulated NO• response. A concentration of NO• 

measured at the CA/1.54T-CUA electrode was determined to be 9.3 μM, which is within 

the range of NO• concentrations found in pathophysiological environments. [9, 10] As the 

electrochemical data was collected NO• dependent fluorescence images of the cells were 

collected for qualitative purposes.  For future experiments, the fluorescence can be 

quantified by calibrating the fluorescence intensity. Then the fluorescence response and 

electrochemical response can be simultaneously obtained and plotted over a given time 

period, to monitor cellular concentrations of NO•.  
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