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Chemistry

This dissertation discusses various aspects of the fundamental development of
fluorescence-enabled electrochemical microscopy (FEEM) into a useful analytical tool for
electrochemical imaging and detection. Chapter 1 briefly introduces the technique of FEEM and
discusses how it can be used to overcome current challenges in electrochemical imaging and
low-level electrochemical sensing. Chapter 2 discusses the development of a new fluorogenic
indicator reaction that makes possible the detection of electrochemical reduction reactions. This
chapter also introduces a new fluorophore quenching scheme used to improve the spatial and
temporal resolution of FEEM imaging. FEEM imaging is further developed in Chapter 3, which
demonstrates the use of a bipolar electrode array to image dynamic concentration gradients in 2-
and 3-dimensions. Chapter 4 moves on to a discussion of the use of electrogenerated

chemiluminescence (ECL) as an optical reporter on closed bipolar electrodes as an alternative to



fluorescence. This chapter highlights the importance of carefully selecting the size-geometry of
the bipolar electrode system when using an optical readout. Lastly, Chapters 5 and 6 introduce a
redox particle detection scheme for use in quantifying the detection limit of FEEM. Chapter 5
focuses on the interesting coupled electrochemical and fluorescence properties of methylene
blue-modified polystyrene microspheres. Chapter 6 discusses using single Ag nanoparticles for
detection limit quantification and early attempts and problems in doing so. The chapter then
closes with a discussion of the interesting dynamic behavior observed during the oxidation of

single Ag nanoparticles.
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CHAPTER 1

Introduction”

1.1 Electrochemical Imaging

Imaging electrochemical processes with high spatial and temporal resolution is an
important topic for a wide variety of chemical and biological applications, such as catalysis,
transport, and neurochemistry. Most electrochemical imaging methods developed to date have
been scanning probe techniques, such as scanning electrochemical microscopy (SECM).! SECM
utilizes a micro- or nanoelectrode probe placed in close proximity to an interface of interest. This
probe is then scanned over the interface to collect spatially resolved electrochemical information
pertaining to it. Other similar scanning electrochemical probe techniques, such as scanning ion
conductance microscopy (SICM),? scanning electrochemical cell microscopy (SECCM),?
SECM-atomic force microscopy,* and SECM-SICM,>® have been developed and used for a
variety of imaging studies. Together, these scanning electrochemical probe techniques make a
very useful suite of electrochemical imaging methods that have been applied to imaging a range
of subjects, including biological cells,” electrocatalyst arrays,® surface corrosion,® nanopore

transport,'® and single nanoparticles.!

* Portions of this chapter are adapted with permission from:

Guerrette, J.P.; Oja, S.M.; Zhang, B. “Coupled electrochemical reactions at bipolar microelectrodes and
nanoelectrodes.” Anal. Chem. 2012, 84, 1609-1616. Copyright (2012) American Chemical Society.

Oja, S.M.; Wood, M.; Zhang, B. “Nanoscale electrochemistry.” Anal. Chem. 2013, 85, 473-486. Copyright (2013)
American Chemical Society.

Oja, S.M.; Fan, Y.; Armstrong, C.A.; Defnet, P.; Zhang, B. “Nanoscale electrochemistry revisited.” Anal. Chem.
2016, 88, 414-430. Copyright (2016) American Chemical Society.
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Despite their success in a wide array of studies, these scanning electrochemical probe
techniques fall short of an ideal electrochemical imaging platform due to the necessity of
scanning the probe over the sample to create an image. This scanning requirement creates a
situation in which a compromise must be made between scan time, spatial resolution, and image
area. An ideal platform would be capable of continuously imaging a large working area with
high spatial resolution. One way of achieving this ideal platform would be using a large-area,
high-density array of many individually and simultaneously addressable microelectrodes, where
the current passing through each electrode could be independently monitored at the same time.
Studies by various groups, particularly the Ewing group, have done this by fabricating arrays of
microelectrodes and directly connecting each electrode to a separate data channel.}?1314 One of
the better working devices published thus far consisted of 36 electrodes in a 30 um x 30 um
array,’ which was used to monitor the exocytosis of redox-active molecules from model
neuronal cells grown on top of the array. However, increasing the number of electrodes in the
array, which is desirable to increase the spatial resolution and/or size of the image, is limited by
both fabrication challenges and the electronics and data acquisition required to simultaneously
monitor a growing number of data channels. To significantly increase the number of addressable
electrodes in an array, an alternative method of monitoring the current of each electrode is

needed.

1.2 Single-Molecule Electrochemistry
Detection and analysis of single molecules represent the ultimate sensitivity in analytical
chemistry. Single-molecule type experiments have several distinct advantages compared to bulk

measurements, including the ability to observe true and detailed reaction mechanisms and the



ability to better understand molecular heterogeneity. Additionally, it can also be a gateway to
new techniques, as demonstrated with single molecule detection via fluorescence being
developed into super-resolution localization microscopy.® While single molecule detection has
become routine in other analytical techniques, electrochemical detection of single molecules has
proven to be more difficult. This is due to the difficulty of measuring the extremely small
faradaic charge passed by a single electroactive molecule.

Two main methods of signal transduction have been used to study single redox
molecules: direct electrical detection and optical detection. In order for direct electrical detection
to work, some method of signal amplification is needed in which the number of electrons passed
per unit time is significantly increased. A small handful of studies have successfully detected
faradaic reactions of single redox molecules by using a thin-layer-cell geometry to achieve
sufficient signal amplification via redox cycling. In this approach, two parallel electrodes are
brought near each other (within 10-100 nm) and biased so that the analyte molecule is alternately
reduced and oxidized. The small gap between the two electrodes enables the analyte molecule to
undergo diffusion between the electrodes thousands to millions of times per second, resulting in
significant charge amplification. This strategy was first employed by Fan and Bard,!"181° |ater
repeated by Sun and Mirkin,?° and more recently taken up by the Lemay group.?t?2 While
electrical detection enables a direct signal transduction pathway, it is not capable of detecting
single faradaic reactions and therefore requires averaging over many redox events to produce a
detectable signal.

Optical detection, on the other hand, is capable of detecting single faradaic reactions and
can provide spatially resolved images of the location of those events. Fluorescence microscopy

and surfaced-enhanced Raman scattering (SERS), both well-developed single-molecule



techniques, have been applied to electrochemistry by studying molecules that undergo a
characteristic change in an optical property upon redox reaction, thus enabling the optical
readout of electrochemical processes on a single-molecule level. In the most common scheme, a
redox molecule will change fluorescence state (off to on or vice versa) upon electron transfer,
thereby transferring the faradaic signal to the optical domain. Under appropriate conditions, this
can be observed at the single-molecule level using standard fluorescence microscopy methods.
The coupling of fluorescence state (on or off) to redox state (oxidized or reduced) was first
utilized to study single-molecule electrochemistry by the groups of Bard and Barbara.?®?* While
these studies looked at the coupled electrochemical and fluorescence behavior of a conjugated
polymer, the technique was soon demonstrated on small molecules by Ackerman and co-
workers.?>2% In an elegant display of how optical detection can give valuable spatial information,
the Chen group used super-resolution microscopy to image the electrocatalytic reaction of single
fluorogenic redox molecules on single-walled carbon nanotubes to reveal a heterogeneity in
reactive sites along a single nanotube.?’” Other groups have since used similar fluorescence
schemes to monitor single molecules undergoing single faradaic electron transfer events,282%%0
An analogous scheme has been applied to SERS imaging, whereby redox molecules that undergo
a measurable change in their Raman spectrum upon faradaic reaction can be measured at the
single-molecule level 3132

A key difference between optical detection of single redox molecules and electrical
detection via redox cycling is that the electrical signal from redox cycling is necessarily the
average of many electron transfers (>10%). Optical detection, on the other hand, enables the
detection of single electron transfer events. However, only certain redox molecules have the

requisite optical properties for detection, limiting these optical detection methods to only a



handful of redox molecules thus far. Therefore, a method capable of detecting single electron

transfer events of any redox molecule is highly desirable.

1.3 Fluorescence-Enabled Electrochemical Microscopy

Recently, our group introduced®® a technique termed fluorescence-enabled
electrochemical microscopy (FEEM) that we believe is capable of overcoming the two
challenges discussed in this introduction: First, using large arrays of individually addressable
microelectrodes for electrochemical imaging, and second, detecting single electron transfer
events of any redox molecule. Rather than directly monitoring the electrochemical current,
FEEM uses a fluorogenic redox reaction to report the progress of a conventional, nonfluorogenic
redox reaction of interest. The key concept of FEEM is the use of a closed bipolar electrode
(BPE)343%% to electrically couple two separate redox reactions, one of which is fluorogenic,
enabling the use of fluorescence microscopy to simultaneously visualize electrochemical signals
on parallel electrodes. Bipolar electrodes have been of increasing interest to electroanalytical
chemists over the past decade or so due to their unique properties.®”*8% One key property of
bipolar electrodes is that no direct electrical connection is needed to drive the coupled reactions
on the electrode. This wireless capability makes using large-scale arrays of bipolar electrodes
technically simple.

Figure 1.1 shows the basic design of a closed BPE and closed BPE array. Two poles of a
conductor are separated by an insulating membrane to form the BPE. A potential can be applied
across two driving electrodes to drive coupled faradaic reactions at each pole of the BPE. We
have shown that since the entire electrical current must pass through the electrode, it can be used

to report the rates of faradaic processes occurring at the poles of the BPE.*® Since



electroneutrality must be maintained, the rate of reaction at the two poles will be equivalent.
Therefore, as shown in the initial report on FEEM,* the progress of a conventional redox
reaction at one pole of a BPE can be reported by optically monitoring a fluorogenic redox
reaction at the other pole. A unique feature of FEEM as compared to techniques used in other
fluorescent voltammetry studies such as those mentioned in Section 1.2 is the use of fluorescence
to optically monitor nonfluorogenic redox reactions. Figure 1.2 illustrates the basic scheme used
for the detection of a redox species using FEEM with a single bipolar electrode and a bipolar
electrode array. Importantly, FEEM has enabled us to simultaneously monitor electrochemical
reactions on large arrays containing thousands or more bipolar ultramicroelectrodes,® thus
overcoming the challenge of simultaneously measuring the electrochemical signal on many
parallel electrodes. Additionally, because FEEM relies on the readout of a fluorescence indicator
molecule that can be detected at the single-molecule level by fluorescence microscopy, we

believe that FEEM can be used to measure single electron transfer events of any redox molecule.

1.4 Overview of Chapters

This dissertation discusses both the development of FEEM for electrochemical imaging
and the development of FEEM for low-level electrochemical sensing. Chapter 2 focuses on the
development and implementation of a new fluorogenic indicator reaction for use in FEEM
imaging. This new reaction enables the FEEM detection of reduction reactions, which was
previously impossible due to the lack of a fluorogenic oxidation reaction. This new fluorogenic
reaction scheme also introduces a novel fluorophore quenching method that improves the spatial

and temporal resolution of the technique.



Chapter 3 focuses on using FEEM with an array of thousands of bipolar electrodes to
image, in two and three dimensions, concentration gradients created on ultramicroelectrodes
during dynamic electrochemistry experiments. This is the first technique shown capable of doing
such imaging. This study also lays important groundwork for future FEEM imaging of
concentration gradients relevant to areas outside of electrochemistry, such as the synaptic
transmission of electroactive neurotransmitters from neuronal cells.

Chapter 4 focuses on the fundamentals of using electrogenerated chemiluminescence
(ECL) as an optical indicator reaction in place of a fluorogenic reaction. In particular, we focus
on how the size-geometry of a closed bipolar electrode can dramatically affect the optical signal
despite having no effect on the electrochemical signal. This was a previously undiscussed
phenomenon and is important for future sensing and imaging applications using bipolar
electrodes with an ECL-based readout. Additionally, this study lays the groundwork for using
ECL in an array-based imaging scheme analogous to that of Chapter 3.

Chapters 5 and 6 focus on novel methods to quantify the detection limit of FEEM. These
represent early efforts to systematically study the detection limit of FEEM in order to begin
lowering it to the single-molecule level. Both chapters focus on using the stochastic collision of
large, redox-active nanoparticles with a detection electrode as a method to deliver a quantifiable
number of electrons to the bipolar electrode in a discrete event. Chapter 5 discusses the
preparation of methylene blue-modified polystyrene microspheres and the interesting coupled
electrochemical and fluorescent properties that these modified microspheres possess. Chapter 6
discusses the use of Ag nanoparticles to quantify the FEEM detection limit and early attempts to
do so. This chapter also discusses the interesting behavior of Ag nanoparticle electro-oxidation,

which is observed on a single nanoparticle level to occur in a series of several small, discrete



steps rather than one large event. This behavior, though not yet fully understood, has been

previously unobserved.



1.5 Figures
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Figure 1.1. Scheme of a closed bipolar electrode and closed bipolar electrode array.

Scheme of a single closed bipolar electrode (a) and an array of many closed bipolar electrodes
(b). A potential applied across a bipolar electrode can drive coupled electrochemical reactions at
each pole of the electrode. These reactions must occur at equivalent rates to ensure
electroneutrality. Due to the wireless nature of bipolar electrodes, an array of these electrodes
can be controlled in the same manner as a single electrode, with only a single simple voltage

source needed.
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Figure 1.2. Scheme of FEEM at a single electrode and electrode array.

Scheme of FEEM using a single closed bipolar electrode (a) and an array of many closed bipolar
electrodes (b). FEEM uses a fluorogenic redox reaction to report the current through a bipolar
electrode. Since the coupled reactions occur at the same rate, the change in the fluorescence
signal at an electrode is proportional to the current through the electrode. The progress of this
fluorogenic redox reaction can be easily monitored using fluorescence microscopy. This enables
one to simultaneously measure the electrochemical signal from many electrodes, enabling the
use of large-scale electrode arrays for electrochemical imaging.
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CHAPTER 2

Dihydroresorufin as a Fluorogenic Indicator for

Fluorescence-Enabled Electrochemical Microscopy”

2.1 Introduction

Electrochemical fluorogenic and fluoroguenching reactions have been of great interest for
several applications. Fluorescent-voltammetry single-molecule spectroscopy (F-V/SMS) and
later single-molecule spectroelectrochemistry (SMS-EC) were developed by Bard, Barbara and
coworkers. These techniques were used to monitor single, reversible electron-transfer events
within nanoparticles of organic polymer dyes.!23 Chen and coworkers also demonstrated the use
of fluorogenic redox reactions to study site-specific electrocatalytic activity of single-walled
carbon nanotubes.* A key in achieving single-molecule level sensitivity in these experiments is
the use of fluorescence to significantly amplify the electrochemical signal.

Recently we introduced the technique of fluorescence-enabled -electrochemical
microscopy (FEEM), which involves the use of a fluorogenic redox reaction to report the
progress of a conventional, nonfluorogenic redox reaction of interest.’ The key concept of FEEM
includes the use of a closed bipolar electrode (BPE) to electrically couple two separate redox
reactions and the use of fluorescence microscopy to simultaneously visualize electrochemical

signals on parallel electrodes. A closed BPE consists of a conductor embedded in an insulative

“ This chapter is adapted with permission from Oja, S.M.; Guerrette, J.P.; David, M.R.; Zhang, B. “Fluorescence-
enabled electrochemical microscopy with dihydroresorufin as a fluorogenic indicator.” Anal. Chem. 2014, 86, 6040-
6048. Copyright (2014) American Chemical Society. This is an unofficial adaptation of an article that appeared in an
ACS publication. ACS has not endorsed the content of this adaptation or the context of its use.
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substrate that completely separates two solution compartments (Figure 2.1). A potential can be
applied across two driving electrodes to couple faradaic reactions at each pole of the BPE,
enabling control of the system without any direct electrical connection to the BPE. Bipolar
electrodes, especially those found in an open microfluidic platform, have been extensively
studied by Crooks®”® and others®1%1112 jn the last two decades due to their increasing
importance in analytical chemistry.

A key fluorogenic reaction used in FEEM is the reduction of resazurin (S), which
generates a highly fluorescent product, resorufin (P). As a cathodic indicator process, this
reaction can be used to study electrochemical oxidation processes of various analytes (R)
through a closed BPE or its array. This same reaction has been the core of numerous studies by
the Chen group to investigate (electro)catalytic activity at single nanoparticles. 13141516 A
unique feature of FEEM is the use of highly sensitive fluorescence microscopy to optically
monitor nonfluorogenic redox reactions of interest. Importantly, FEEM has enabled us to
simultaneously monitor electrochemical kinetics on large arrays containing thousands or more
ultramicroelectrodes.

Figure 2.2a shows the two-electron, two-proton reduction of resazurin to form the highly
fluorescent product resorufin.r” In our previous work, we limited our discussion to the study of
analyte oxidation reactions (R = O) coupled to this fluorogenic reduction process as shown in
Figure 2.2b. Since the development of FEEM we have been interested in finding a suitable
fluorogenic oxidation reaction to compliment the reduction of resazurin previously used with the
technique. We sought a fluorophore with high extinction coefficient and quantum yield similar to
resorufin in order to achieve sufficient signal amplification. Resorufin has an extinction

coefficient, ¢ (570 nm), of approximately 57000 M cm™ and a quantum efficiency, ¢, of
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~0.97,%3 making it an ideal fluorophore for FEEM. Fortuitously, resorufin can also be generated
from the reversible electrochemical oxidation of the non-fluorescent dihydroresorufin (PH2). By
starting with a solution of dihydroresorufin instead we can extend the use of FEEM to the
electrochemical detection and study of analyte reduction reactions (O = R) (Figure 2.2c).

Dihydroresorufin can be obtained from the chemical reduction of resorufin in a basic
solution containing glucose as shown in Figure 2.3. This solution is often used in a chemistry
classroom demonstration!® commonly known as the “Vanishing Valentine Experiment” and is
similar in concept to the more popular “Blue Bottle Experiment”,'*2° which uses methylene blue
in place of resorufin. In the classroom demonstration a pink solution of resorufin reacts with a
deprotonated glucose molecule (Glu’) to become the colorless dihydroresorufin over time.
Oxygen enters the solution upon shaking, oxidizing dihydroresorufin and restoring the pink color
and fluorescent properties. Alternatively, the chemically reduced species dihydroresorufin can
undergo a heterogeneous electrochemical oxidation localized at the electrode surface.

Here, we demonstrate the use of dihydroresorufin for the FEEM-based detection of
reducible redox species such as ferricyanide and ruthenium(l1l) hexamine. Our results have
shown three distinct advantages of using dihydroresorufin as an indicator molecule for FEEM as
compared to our previous scheme. First, the presence of a strong reducing environment shifts the
chemical equilibrium to dihydroresorufin, leading to a greatly suppressed fluorescence
background. Second, the fluorescent product, once generated on the electrode surface, is quickly
reduced back to the non-fluorescent substrate molecule, dihydroresorufin, significantly lowering
the accumulation of fluorescent species around the electrode. Therefore, diffusion becomes less
significant in our current work compared to our previous study. Third, unlike resazurin

reduction, the fluorescent signal detected at any given time represents the rate at which
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dihydroresorufin is oxidized at the electrode. As such, one can monitor electrochemical signal by
directly monitoring the total fluorescence. Together these two fluorogenic pathways shown in
Figure 2.2a provide a more complete fluorescent voltammetry tool kit with the ability to

optically monitor the progress of any electrochemical reaction.

2.2 Experimental Section
2.2.1 Reagents, Chemicals, and Dihydroresorufin Solution Preparation

Resazurin sodium salt (Aldrich, dye content ~75%), sodium hydroxide (J.T. Baker,
98.5%), glucose (Sigma, 99.5%), potassium ferricyanide (KsFe(CN)s, Sigma-Aldrich, 99%),
potassium  chloride (J.T. Baker, 99.8%), ascorbic acid (Sigma, 98%), and
hexaammineruthenium(l11) chloride (Ru(NH3)sCls, Aldrich, 98%) were all used without further
purification. Deionized water (>18 MQ-cm) was obtained through a Barnstead Nanopure water
purification system and used for all aqueous solutions. A dihydroresorufin solution containing
glucose and 0.5 M NaOH was prepared fresh daily. The dihydroresorufin concentration was 100
uM and glucose concentration was 67 mM except where noted. Ascorbic acid solutions were
prepared analogously, substituting ascorbic acid for glucose and 0.5 M KCI for NaOH.
2.2.2 Fluorescence Microscopy

All fluorescence microscopy experiments were conducted on an Olympus IX70 inverted
microscope equipped with an IX-FLA inverted reflected light fluorescence observation
attachment. The excitation source consisted of a Thorlabs M530L2 Collimated LED powered by
a DC2100 LED Driver and filtered using a cube with a HQ535/50 excitation filter, a Q565Ip
dichroic mirror and a HQ610/75 emission filter. The excitation and emission wavelengths were

chosen based off of a fluorescence spectrum of resorufin reported by the Chen group.!® An
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Andor iXon+ EMCCD camera cooled to -80 °C and Andor SOLIS software was used to record
and process all videos and images. Video was recorded at a frame rate of 33.887 Hz for all
experiments using a pre-amplifier gain setting of 5.1.
2.2.3 Cyclic and Linear Sweep Voltammetry

A Chem-Clamp voltmeter/amperometer (Dagan) interfaced to a Dell computer through a
PCI-6251 data acquisition board (National Instruments) via a BNC-2090 analog breakout box
(National Instruments) was used for all experiments. LabView 8.5 (National Instruments) was
used for voltage function generation as well as acquisition of the current-voltage data. A scan
rate of 200 mV/s was used for all potential sweep experiments unless noted otherwise. All

reported potentials are referenced to Ag/AgCI.

2.3 Results and Discussion
2.3.1 Fluorogenic, Reversible Oxidation of Dihydroresorufin

In order to better utilize dihydroresorufin in FEEM experiments, an understanding of its
basic electrochemical behavior was needed. We used a conventional two-electrode (non-bipolar)
cell to study the fluorogenic oxidation of dihydroresorufin. It was found that the chemically
reduced dihydroresorufin solution provides a unique advantage over the resazurin solution
previously used in FEEM experiments. Previously, we® and others1?! have demonstrated the
proportionality between the time derivative of the fluorescence intensity and the electrochemical
current for fluorogenic and fluoroquenching electrochemical reactions. In the
resazurin/phosphate buffer solution, electrogenerated resorufin remains in solution and continues
to fluoresce throughout the experiment. However, in the dihydroresorufin solution used here, the

presence of glucose at a sufficiently high concentration (i.e. 67 mM, or 670 times greater than
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that of the dihydroresorufin) in a basic media assures that resorufin, when generated at the anodic
pole, can be rapidly consumed from the solution, restoring dihydroresorufin and effectively
eliminating fluorescence accumulation. It is therefore the fluorescence intensity itself and not the
time derivative that is proportional to the electrochemical current.

Figure 2.4 shows the cyclic voltammograms (CVs) of a 25 um diameter Au electrode in a
conventional two-electrode setup along with the corresponding fluorescence cyclic
voltammograms (F-CVs) for potential sweep experiments of various concentrations of
dihydroresorufin in 67 mM glucose and 0.5 M NaOH. As can be seen in the CVs (Figure 2.4a,b),
an oxidation wave with an onset potential of -520 mV is present, which corresponds to the
oxidation of glucose.?? As expected, there is no fluorescence signal when no dihydroresorufin is
present (Figure 2.4c, black trace). When dihydroresorufin is added to solution, the
electrochemical and fluorescence signals become coupled in an interesting manner. Predictably,
increasing the concentration of dihydroresorufin increases the overall fluorescence signal, as
more of the fluorogenic redox species is present in solution and available for fluorogenic
oxidation. However, somewhat surprisingly this results in a significantly diminished
electrochemical current signal. As the first step of glucose oxidation involves its adsorption onto
the electrode,?®2* this pattern indicates that dihydroresorufin blocks this oxidation step, resulting
in a decreased electrochemical signal as the dihydroresorufin concentration increases. It is also
known that the second wave of glucose oxidation produces more weakly adsorbed products.?32*
This results in a less-blocked surface, which we believe is the cause of the second wave of
fluorescence intensity at -100 mV for dihydroresorufin concentrations from 10-200 uM. As seen
in the CV for 1000 uM dihydroresorufin (Figure 2.4a,b, orange trace), a new oxidation wave

arises with an onset of -600 mV. This coincides nearly exactly with the onset of the fluorescence
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signal (-580 mV), indicating that this wave is from the electrochemical oxidation of
dihydroresorufin. This can be seen more clearly in Figure 2.4d, which shows the simultaneously
recorded CV and F-CV obtained for a solution of 1000 uM dihydroresorufin overlaid. The
fluorescence signal directly correlates to the electrochemical current signal, indicating that this
reaction can be used as a fluorogenic indicator for FEEM. The CV gives a steady-state current of
approximately 3.8 nA. The theoretical steady-state current, iss, can be calculated from the
equation:?®

i, =4nFC "Dr (1)
where n is the number of electrons transferred per molecule, F is Faraday’s constant (96,485
C/mol), D is the diffusion coefficient, C” is the bulk concentration of redox species, and r is the
electrode radius. Using a diffusion coefficient of 4.8x10° cm?/s,%® the expected steady-state
current for 1000 uM dihydroresorufin at a 25 um diameter microelectrode is 4.6 nA. The
experimental value corresponds nicely to this theoretical value when considering that glucose is
also adsorbed onto the electrode surface and thus blocking some of the electroactive area from
dihydroresorufin oxidation.

Studying variations in the oxidation of dihydroresorufin on a Au electrode as compared
to a carbon fiber electrode (CFE) also provides insight into the coupled electrochemical and
fluorescent properties of this system. Figure 2.5a shows the overlaid CV and F-CV for a solution
of 100 uM dihydroresorufin, 67 mM glucose and 0.5 M NaOH obtained with a 25 um diameter
Au working electrode for a potential sweep from -1 to +0.3 V. During the forward scan the
fluorescence onset potential is at -540 mV and a second higher intensity wave appears at
approximately -100 mV. In addition to the potential-dependent blocking effect of adsorbed

glucose and its oxidation products, we believe there is at least one other factor leading to the
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general shape of this curve. At electrode potentials between -540 and -100 mV the fluorescence
intensity is limited somewhat by the relatively high concentration of glucose in solution adjacent
to the electrode. At potentials above -100 mV, glucose is electrochemically oxidized to a greater
degree, as can be seen in the CV in Figure 2.5a, depleting the concentration of this species in the
vicinity of the electrode surface. This process, in addition to the ongoing oxidation of
dihydroresorufin, results in a second, higher intensity fluorescence wave. It is believed that both
of these factors contribute to some degree to the presence of two distinct waves as well as the
slightly higher fluorescence signal on the return scan. The three still-images presented in Figure
2.5b were taken from a video recorded during the F-CV experiment and show the burst of
fluorescence at the 25 um Au electrode as the potential is swept to oxidize dihydroresorufin. At
+200 mV the electrode spot size is noticeably larger as well due to the depletion of glucose and
therefore slower chemical reduction process.

Figure 2.5¢ shows the results of an experiment similar to that in Figure 2.5a except the
working electrode was replaced with a 10 um diameter carbon fiber electrode (CFE). The
intensity of both the electrochemical CV and the F-CV were significantly lower than that of the
Au electrode likely due to relatively lower electrocatalytic activity of carbon, but the initial
fluorescence onset potential was still at approximately -540 mV. Glucose oxidation occurs at a
much lower rate at carbon as compared to Au,?’ therefore leaving the concentration of glucose
relatively unperturbed prior to the chemical reaction with resorufin. We believe this is why only
one wave is observed in the CFE F-CV, indicating that the extent of the glucose side reactions
(i.e. adsorption and electrochemical oxidation) on a CFE is much smaller as compared to on a Au

electrode.
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In order to more completely understand the dynamics of the fluorogenic electrochemical
oxidation of dihydroresorufin and subsequent chemical reduction of the product resorufin by
glucose, the effect of altering the glucose concentration was studied. Figure 2.6 presents F-CVs
from potential sweep experiments conducted using a conventional two-electrode setup in which
the concentration of glucose was varied from 1 to 1000 mM. A 25 um Au working electrode was
used, and the total concentration of resazurin/resorufin/dihydroresorufin was 100 pM for all
solutions. The fluorescence intensity was found to increase as the glucose concentration in
solution was increased from 1 to 10 mM. This can be explained by the increasing concentration
of dihydroresorufin in solution. Altering the concentration of glucose will affect the equilibrium
between these three species, with higher concentrations of glucose favoring the fully reduced
species, dihydroresorufin. This can be observed visually (Figure 2.7), as the solution color
changes from blue (resazurin) to pink (resorufin) to clear (dihydroresorufin) as the glucose
concentration is increased. A higher concentration of dihydroresorufin enables the fluorogenic
oxidation to proceed at a higher rate, resulting in an increased fluorescence signal.

Interestingly, further increasing the glucose concentration to 67 mM and beyond results
in a clear decrease in both the recorded fluorescence intensity and the hysteresis of the F-CV. We
believe two factors contribute to this decrease in intensity. First, the amount of surface-adsorbed
glucose on the electrode likely increases with solution concentration. The adsorbed glucose
physically blocks dihydroresorufin oxidation, resulting in a lower rate of reaction and hence a
lower fluorescence intensity. Second, at higher solution concentrations more glucose will be
present in solution adjacent to the electrode surface. This glucose can quench fluorescence by
chemically reducing resorufin back to the non-fluorescent dihydroresorufin. This quenching

effect becomes greater as the glucose concentration increases, thus decreasing overall
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fluorescence intensity. The quenching effect also explains the change in hysteresis of the
fluorescence voltammograms. At low concentrations of glucose (i.e. 1-10 mM), resorufin
produced at the electrode via dihydroresorufin oxidation has a much longer lifetime in solution
than at higher glucose concentrations, as each resorufin molecule is less likely to encounter
glucose and undergo reduction back to dihydroresorufin. This time delay between resorufin
production via dihydroresorufin oxidation at the electrode and resorufin consumption via
reduction by glucose becomes less as the glucose concentration increases, thereby decreasing the
hysteresis in the F-CV. The use of ascorbic acid as an alternative reducing agent was also briefly
investigated, with the results presented in Figure 2.8. The same overall trends were observed, but
the fluorescence signal was more than two orders of magnitude lower with ascorbic acid. We
believe this is due to solution instability, as a precipitate began forming shortly after preparing
the solutions.
2.3.2 Use of Dihydroresorufin in FEEM to Study Analyte Reduction

With an understanding of the electrochemical and fluorescence properties of the
dihydroresorufin oxidation reaction, we could then use it in a bipolar FEEM setup to study
analyte reduction reactions. We used a simple bipolar setup (diagram shown in Figure 2.9) to
demonstrate the electrochemical coupling of the fluorogenic oxidation of dihydroresorufin to the
reduction of ferricyanide (Fe(CN)s>). Two 25 pm diameter Au disk electrodes were connected in
series to form a closed BPE as described previously.?®?® The cathodic pole was placed in 250 uM
ferricyanide with 1 M KCI supporting electrolyte and the anodic pole was placed in a solution of
100 uM dihydroresorufin with 67 mM glucose and 0.5 M NaOH and positioned on a microscope
for observation. The dihydroresorufin solution was illuminated to excite resorufin fluorescence,

and a triangular waveform from +1.2 to +0.2 V was applied to two Ag/AgCI driving electrodes
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to reduce ferricyanide at the cathodic pole. This reduction is coupled to the oxidation of
dihydroresorufin at the anodic pole, resulting in the production of the fluorescent product,
resorufin.

Figure 2.10 shows five background-corrected still-images of the anodic pole taken from a
video recorded over the potential sweep experiment. The last panel of the figure displays the
voltage-dependent total fluorescence intensity recorded at the anodic pole. As can be seen, the
onset of the fluorescent burst occurs at approximately 830 mV. This onset potential can be
understood from an analysis of the onset potentials for the reduction of ferricyanide (310 mV vs.
Ag/AQCI in a two-electrode cell) and that for the oxidation of dihydroresorufin (-540 mV vs.
Ag/AgCI in a two-electrode cell, Figure 2.5a). The onset potential of the coupled ferricyanide
reduction/dihydroresorufin oxidation here corresponds roughly to the difference in the two onset
potentials,®® agreeing within 20 mV. As the potential is swept in the negative direction,
ferricyanide is reduced at an increasing rate at the cathodic pole, resulting in an increasing rate of
dihydroresorufin oxidation at the anodic pole and thus greater fluorescence intensity. As the
potential is swept back in the positive direction, ferricyanide reduction slows down, resulting in a
decrease in fluorescence intensity until fluorescence is no longer observed. The fluorescence
intensity is also slightly higher on the return scan. This can be visualized by comparing panels 3
(+0.6 V forward scan) and 5 (+0.6 V return scan) of Figure 2.10. We believe this is due to the
depletion of glucose in solution adjacent to the electrode surface on the forward scan, which
lessens the quenching effect and results in a slightly higher fluorescent signal on the return scan.

We also used dihydroresorufin as an indicator molecule to report the reduction of
Ru(NHs)e**. Figure 2.11 shows a series of fluorescence images recorded during the

electrochemical reduction of 250 uM Ru(NH3)s*" in a separate FEEM experiment. Importantly,
Y p y
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the onset potential of the coupled reaction as determined by the fluorescent signal agreed to
within 10 mV of the predicted onset potential. These results demonstrate that dihydroresorufin
can be used in FEEM for the study of reducible redox species.

We then investigated the use of dihydroresorufin for the quantitative detection of a
reducible analyte using FEEM. Again, two 25 pum Au electrodes were connected in series to
produce a single BPE. The anodic pole was placed in a solution of 100 uM dihydroresorufin, 67
mM glucose, and 0.5 M NaOH and positioned on a microscope for observation, and the cathodic
pole was placed in a solution containing ferricyanide with 1 M KCI supporting electrolyte. The
potential was swept from +1.2 to +0.2 V at 200 mV/s. Presented in Figure 2.12a are a series of
fluorescence intensity signals recorded over the course of the voltage scans with analyte
concentrations from 25-750 uM. The concentration dependence of the fluorescence intensity at
the switching potential is shown in Figure 2.12b. The concentration range over which the data is
linear is from 50 to 400 uM ferricyanide. Above 400 uM ferricyanide the curve begins to plateau
as the oxidation of dihydroresorufin at the anodic pole of the BPE becomes limiting. At
ferricyanide concentrations of 50 uM and below, the fluorescence response becomes insensitive
to the concentration of ferricyanide and is approximately constant, as oxygen reduction, rather
than ferricyanide reduction, is now primarily coupled to the oxidation of dihydroresorufin.

Deoxygenating these low concentration solutions results in no observable fluorescence
signal, however, indicating that the current from ferricyanide reduction in these solutions is
below the threshold current necessary for fluorescence generation (Figure 2.13). This can be
understood by considering the electrochemical and chemical processes in the dihydroresorufin
solution. There are three competing processes at the anodic pole: the electrochemical oxidation

of dihydroresorufin to generate resorufin, the electrochemical oxidation of glucose, and the
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chemical reduction of resorufin back to dihydroresorufin. When the concentration of ferricyanide
is below 50 pM, the electrochemical oxidations of dihydroresorufin and glucose are both
relatively slow, resulting in a very small rate of resorufin generation. As such, in the presence of
a large concentration of glucose, resorufin is quickly reduced back to dihydroresorufin.
Admittedly, the range over which a linear concentration response is observed is very narrow and
the lower limit of detection leaves much to be desired, limiting the use of this system as a
quantitative technique to readout analyte concentrations. However, it is anticipated that
modifying the electrode to selectively oxidize dihydroresorufin or using a non-fouling reducing
agent that is electrochemically inactive in the desired potential range will lower the limit of
detection.
2.3.3 Improved Spatial and Temporal Resolution of FEEM Using Dihydroresorufin

In spite of the relatively high limit of detection of FEEM using dihydroresorufin, we
found that this system gives rise to several significant benefits. As already demonstrated, the
electrochemical current signal can be reported by directly monitoring the total fluorescence
signal rather than the time derivative of this signal as with our previous report. More importantly,
FEEM using dihydroresorufin as the fluorogenic reporter appears to give enhanced spatial and
temporal resolution over FEEM using resazurin as the reporter. A simple potential step
experiment, shown in Figure 2.14, demonstrates this point. In this experiment, two 25 um
diameter Au electrodes were connected to form a closed BPE. One pole was placed in a solution
that was 250 uM in both ferricyanide and ferrocyanide with 1 M KCI as supporting electrolyte.
The opposite pole was placed in either 100 uM dihydroresorufin, 67 mM glucose, and 0.5 M
NaOH or 100 uM resazurin in 50 mM phosphate buffer. An 8 s pulse at a potential sufficient to

drive the coupled redox reactions was applied (“on” state), followed by an 8 s period at which
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the potential was adjusted below the onset potential (“off” state). For the coupled
dihydroresorufin oxidation/ferricyanide reduction, the “on” state was +0.3 V and the “off” state
was +1.2 V. For the coupled resazurin reduction/ferrocyanide oxidation, the “on” state was +1.2
V and the “off” state was +0.3 V.

Figure 2.14a shows the normalized fluorescence intensity recorded over the length of the
pulse cycle for both coupled reactions. As seen, the fluorescence response of the two fluorogenic
indicators is markedly different. The dihydroresorufin system reaches a steady-state fluorescence
intensity within 2 s of the start of the “on” pulse, while the fluorescence intensity of the resazurin
system increases throughout the “on” pulse, failing to reach a steady-state in 8 s. When the
potential is switched to the “off” state, the fluorescence intensity of the dihydroresorufin system
decays to its initial intensity within 1 s, while the intensity of the resazurin system shows an

immediate spike, followed by a slow decay, failing to return to its initial intensity within 8 s.

The difference in the temporal response of the two systems can be explained by
considering the differing mechanisms through which the electrogenerated fluorescence decays.
In the dihydroresorufin system, electrogenerated resorufin is chemically reduced back to non-
fluorescent dihydroresorufin. In the resazurin system, electrogenerated resorufin is only
“consumed” by photobleaching or diffusion out of the field of view. The photobleaching and
diffusion processes are much slower than the chemical reduction process, which accounts for a
more sluggish fluorescence response from the resazurin system. We believe the large spike in
fluorescence intensity observed in the resazurin system when the potential is switched to the
“off” state is due to resazurin adsorbed onto the electrode surface. In the “on” state these surface-
bound molecules are fully reduced to dihydroresorufin, and upon switching the potential to the

“off” state they are immediately oxidized back to resorufin, resulting in the observed spike.
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The effect of fluorophore diffusion can be readily seen in Figure 2.14b, which presents a
series of line scans across the electrodes over the course of the voltage pulse. The fluorescent
signal from the resazurin system broadens significantly over the course of the experiment due to
diffusion of electrogenerated resorufin. By comparison, the signal from the dihydroresorufin
system shows minimal broadening, as the electrogenerated resorufin is chemically reduced back
to dihydroresorufin before it has time to diffuse a significant distance from the electrode surface.
Figure 2.14c presents background corrected images of the electrodes over the course of the
voltage pulse. The different temporal response and the effect of fluorophore diffusion can be
easily observed in these images. At 0.18 s into the “on” state, a strong signal is observed in the
dihydroresorufin system whereas the resazurin signal is weak. At 8 s, however, both systems
show strong signals, but the signal from the resazurin system has significantly broadened due to
diffusion. At 8.05 s (0.05 s into the “off” state), the resazurin system shows a large spike in
intensity, while the signal from the dihydroresorufin system has decayed to about half its steady-
state intensity. At 10 s, no signal is observed from the dihydroresorufin, while a strong,
diffusion-broadened signal is still observed from the resazurin system. As can be seen, using
dihydroresorufin as a fluorogenic indicator in FEEM gives an improved temporal response and
lower diffusional signal broadening than resazurin. We expect these properties of improved
spatial and temporal resolution in FEEM to be especially important in FEEM imaging
applications where high-density arrays of thousands or more ultramicroelectrodes would be used
to image dynamic electrochemical processes. These applications include screening of new
electrocatalysts and imaging transient biological processes such as neuronal exocytosis. Work is
currently underway to image dynamic diffusion layers of ultramicroelectrodes, which we expect

to report on in due course.
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2.4 Conclusion

In summary, we have demonstrated the ability to use fluorescence-enabled
electrochemical microscopy for the analytical detection of reducible species using a solution
containing dihydroresorufin that undergoes a fluorogenic electrochemical oxidation to form
resorufin. This process, together with the previously described fluorogenic reduction of
resazurin, provides for a more complete electrochemical fluorogenic toolkit and greatly increases
the applicability of FEEM. The fluorescence intensity measured from the system described here
was found to be directly proportional to the electrochemical current. The signal from this system
is therefore easier to interpret than the signal from the fluorogenic reduction of resazurin where
we previously showed the correlation of the time derivative of fluorescence intensity and the
electrochemical current. Due to the presence of a chemical reducing agent that quickly consumes
the electrogenerated fluorophore, this system was found to have an improved temporal response

as well as lower signal broadening from diffusion than the resazurin system.
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2.5 Figures

Figure 2.1. Schematic of a closed bipolar electrode.

A conductor is embedded in an insulative substrate that completely separates two solution
compartments. A small voltage bias can be applied with two driving electrodes to couple
faradaic reactions at the poles of the bipolar electrode, enabling control of the system without
direct electrical connection to the bipolar electrode. A bipolar electrode array can be formed with
several parallel electrodes in the insulating membrane. Replacing a conventional redox reaction
at one of the poles of the bipolar electrode with a fluorogenic redox reaction is the central idea of
FEEM. Since the rate of reaction at the two poles will be equal, the progress of a conventional
redox reaction at one pole of a bipolar electrode can be reported by optically monitoring a
fluorogenic redox reaction at the other pole of the bipolar electrode.
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Figure 2.2. Fluorogenic reaction scheme of resorufin and its use in FEEM.
(a) Reaction scheme for the fluorogenic production of resorufin from either resazurin by
reduction or from dihydroresorufin by oxidation. (b) and (c) Illustrations of FEEM for the
detection of an oxidizable and a reducible species, respectively. In (b), the oxidation of an
analyte (R) at the anodic pole of a BPE is coupled to the fluorogenic reduction of resazurin (S) at

the cathodic pole. In (c), the reduction of an analyte (O) at the cathodic pole of a BPE is coupled
to the fluorogenic oxidation of dihydroresorufin (PH.) at the anodic pole.
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Figure 2.3. Reaction scheme of the dihydroresorufin-resorufin system.

Reaction scheme showing the fluorophore-consuming chemical reduction of resorufin and the
fluorogenic production of resorufin through electrochemical oxidation. For further details
regarding the deprotonation and subsequent chemical oxidation of glucose, readers are referred
to reference 20.
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Figure 2.4. Electrochemical and fluorescence CVs of dihydroresorufin solution.
Electrochemical and fluorescence CVs obtained using a 25 um Au electrode at various
concentrations of dihydroresorufin in 67 mM glucose and 0.5 M NaOH. (a) Electrochemical
CVs for a scan from -1 to +0.3 V. (b) Zoom-in of (a) for dihydroresorufin concentrations of 100,
200, and 1000 uM. Only the potential range from -0.8 to 0 V is shown. (c) Fluorescence CVs
corresponding to the electrochemical CVs shown in (a). (d) Overlaid plot of the simultaneously
recorded fluorescence (red trace) and electrochemical (black trace) CVs of 1000 puM
dihydroresorufin for a scan from -0.7 to -0.4 V at 10 mV/s.
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Figure 2.5. Electrochemical and fluorescence CVs of dihydroresorufin on Au and CF.

(@) and (c) Comparison of a conventional cyclic voltammogram (CV) with a corresponding,
simultaneously recorded fluorescence cyclic voltammogram (F-CV) for (a) a 25 um diameter Au
disk electrode and (c) a 10 um diameter CFE, direct connect (not BPE) in a solution containing
100 pM dihydroresorufin, 67 mM glucose and 0.5 M NaOH. (b) Fluorescence still images
captured from a video recorded during the potential sweep experiment shown in (a) at select
potentials. The dashed yellow ring in panel one of (b) indicates the actual size and position of the
electrode. Note the different fluorescence intensity and current scales in (a) and (c). Only the
forward scan of the CV is shown in (c).
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Figure 2.6. Fluorescence CVs with varying concentrations of glucose.

F-CVs obtained with a 25 pum diameter Au disk electrode in solutions with a total
resazurin/resorufin/dihydroresorufin concentration of 100 uM and varying concentrations of
glucose in 0.5 M NaOH. The potential was swept from -1 to +0.3 V at 200 mV/s.
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Figure 2.7. Photo of dihydroresorufin solutions with varying concentrations of glucose.
Photograph of 100 uM resazurin/resorufin/dihydroresorufin solutions in 0.5 M NaOH with
varying concentrations of glucose taken 10 min after adding the glucose. The leftmost solution
remains as resazurin (blue) as no glucose is available to reduce it. As the glucose concentration
increases, the resazurin is reduced first to resorufin (pink), and then dihydroresorufin (clear) to a
greater extent. The portion of the 67 and 100 mM glucose solutions in contact with air remains
pink because the oxygen present in air is enough to oxidize dihydroresorufin back to resorufin.
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Figure 2.8. Fluorescence CVs using ascorbic acid as a reducing agent.

Forward scan of F-CVs obtained with a 25 um diameter Au disk electrode in solutions with a
total resazurin/resorufin/dihydroresorufin concentration of 100 uM and varying concentrations of
ascorbic acid in 0.5 M KCI. The potential was swept from -0.4 to 0.6 V at 200 mV/s. Note that
an electron multiplier gain of 300 was used (as compared to a gain of O for the varying glucose
concentration data in Figure 2.6) to amplify the fluorescence signal.

Figure 2.8 Discussion.

At an ascorbic acid concentration of 0.5 mM, the fluorescence signal decreases as the potential is
swept in the positive direction. This indicates that the solution is primarily resazurin, with the
reduction of resazurin to resorufin at potentials negative of approximately -150 mV responsible
for the strong fluorescence signal. At potentials positive of about -150 mV, this reaction no
longer occurs to a significant extent and the fluorescence signal decays as resorufin gets reduced
by ascorbic acid to the non-fluorescent dihydroresorufin. At an ascorbic acid concentration of 1
mM, the solution is primarily dihydroresorufin, and the onset of the fluorescence wave at -50
mV indicates the onset of dihydroresorufin oxidation. As the ascorbic acid concentration is
increased to 5 mM and above, the fluorescence signal decreases due to the quenching effect of
ascorbic acid, which chemically reduces any resorufin produced at the electrode back to the non-
fluorescent dihydroresorufin. The positive potential shift in the onset of dihydroresorufin
oxidation as the ascorbic acid concentration is increased is due to the decrease in solution pH. As
dihydroresorufin oxidation involves the loss of two protons, decreasing the pH makes the
oxidation reaction thermodynamically less favorable, thus increasing the onset potential. This
also explains the difference in the onset potential of dihydroresorufin oxidation in glucose (-550
mV for 10 mM glucose) and ascorbic acid (+10 mV for 10 mM ascorbic acid).
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Figure 2.9. Diagram of a basic FEEM experimental setup.

A bipolar electrode is formed by electrically connecting two microelectrodes in series. The
cathodic pole of the bipolar electrode is placed in the analyte solution. The anodic pole of the
bipolar electrode is placed in a solution of dihydroresorufin, which is positioned on top of an
inverted microscope for observation.
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Figure 2.10. Fluorescence images of FEEM detection of ferricyanide.

Series of fluorescence still-images captured from a video of the FEEM detection of 250 uM
ferricyanide at a 25 um diameter Au disk electrode using a solution of 100 uM dihydroresorufin,
67 mM glucose, and 0.5 M NaOH. Potential was cycled from +1.2 to +0.2 V at a scan rate of 200
mV/s as applied to two Ag/AgCI driving electrodes. The last panel shows fluorescence intensity
at the electrode as a function of electrode potential. The dashed yellow ring in panel one
indicates the actual position and size of the electrode.
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Figure 2.11. Fluorescence images of FEEM detection of hexamine ruthenium(l1).

Series of fluorescence still-images taken from a video of the FEEM detection of 250 puM
hexamine ruthenium(l1l) at a 25 pum diameter Au disk electrode using a solution of 100 uM
dihydroresorufin, 67 mM glucose, and 0.5 M NaOH. Potential was cycled from +1 to 0 V at 200

mV/s as applied to two Ag/AgCI driving electrodes. The last panel shows fluorescence intensity
at the electrode over the duration of the scan.

40



—
Q
~—
-—
n

[Fe(CN)s*>1/uM

—750
—500
—400
200
50
—25

-
N
!

—
1

0.4 -

Fluorescence Intensity/107
o
(o))

1.4

(b) 1.2 o 1

Foed 107

56 - i

0.2 1

0 100 200 300 400 500 600 700
[Ferricyanide]/uM

Figure 2.12. FEEM detection of various concentrations of ferricyanide.

FEEM-based detection of various concentrations of ferricyanide at a 25 um diameter Au disk
BPE using a solution containing 100 uM dihydroresorufin, 67 mM glucose and 0.5 M NaOH.
Potential was cycled from +1.2 to +0.2 V at a scan-rate of 200 mV/s as applied to two Ag/AgCl
driving electrodes.
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Figure 2.13. Effect of oxygen on FEEM detection of ferricyanide.

FEEM-based detection of ferricyanide in ambient and deoxygenated solutions at a 25 pm
diameter Au disk electrode using a solution of 100 uM dihydroresorufin, 67 mM glucose, and
0.5 M NaOH. The potential was cycled from +1.2 V to +0.2 V at 200 mV/s as applied to two
Ag/AgCI driving electrodes.

Figure 2.13 Discussion.

The solid red trace shows the signal obtained with a 10 puM ferricyanide solution. A strong
fluorescence signal is observed, however upon deoxygenating the solution (dashed red trace), no
signal is observed. This shows that the coupling of oxygen reduction, rather than ferricyanide
reduction, to dihydroresorufin/glucose oxidation is responsible for the fluorescent signal
observed. It also shows that a ferricyanide concentration of 10 uM is too low to yield enough
current for fluorescence generation, indicating that the ferricyanide reduction is coupling
primarily to glucose oxidation. At a higher ferricyanide concentration, such as 200 puM, it is clear
that oxygen reduction contributes significantly to the fluorescence signal by comparing the
ambient trace (solid black) to the deoxygenated trace (dashed black). However, the deoxygenated
solution still gives a strong fluorescence signal, indicating that at a concentration of 200 uM
ferricyanide reduction occurs at a rate sufficient enough to couple to both glucose and
dihydroresorufin oxidation.

42



(a) ON 8s OFF

—Resazurin

09 4
0.8
0.7 4
06 -
0.5 4
04
03
0.2
0.1

——Dihydroresorufin

Normalized Fluorescence Intensity

-0.1

0 2 4 6 8 10 12 14 16
Time (s)
(b) Resazurin Dihydroresorufin
i t(s) > ! t(s)
> s F S
g 0.9 q —_ 018 2 0.9 — O
g — 091 2 — 091
2 o8 =0 £ o8 =091
@ 07 — 805 2 07 — 805
8 — 853 c - 853
g 06 10.00 8 064 10.00
8 o5 g o5
) o
S o4 3 04
w w
- 03 7 03
N &
= 0.2 q = 0214
E 01 ) A E o
2 04 g —— z 01 aniepgNees AR e e s
St LA RGOSR
0.1 ; : : 0.1 — : —
-250 -200 -150 -100 -50 0 50 100 150 200 250 300 -250 -200 -150 -100 -50 0 50 100 150 200 250 30C
Pixel Pixel

(c) . : .

Resazurin Dihydroresorufin

E—
100 pixels/52.7 um

)

Figure 2.14. Resolution of resazurin and dihydroresorufin systems in FEEM.

Voltage pulsing experiment comparing the FEEM detection of ferricyanide using
dihydroresorufin to the detection of ferrocyanide using resazurin at a 25 pm Au electrode. (a)
Comparison of the normalized fluorescence intensity over time of the resazurin system and
dihydroresorufin system. The voltage pulse was in the “on” state (a potential sufficient to drive
the coupled reactions of interest) for 8 s and then switched to the “off” state for 8 s. (b)
Linescans across the electrode over the course of the voltage pulse. (c) Fluorescence images of
the electrode over the course of the voltage pulse. The maximum intensity on the color scale was
set to the maximum pixel intensity recorded at the electrode at 8 s.
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CHAPTER 3

Imaging the Transient Formation of Diffusion Layers with

Fluorescence-Enabled Electrochemical Microscopy”

3.1 Introduction

Concentration gradients influence and control many different chemical and biological
processes. Examples include the synaptic transmission of neurotransmitters,® diffusional
transport of drugs across cell membranes,? and phase-transfer reactions.® In electrochemistry,
concentration gradients are of the utmost importance, as they control the diffusive flux of redox
species to an electrode surface.* In turn, this flux is what determines the electrochemical current
measured at the electrode. Additionally, the concentration profile of redox species at distances
away from the electrode surface may provide insight into reaction mechanisms and reactivity
that would be difficult to obtain from purely voltammetric methods. Due to this importance,
much effort has gone into imaging and understanding these concentration gradients.

Existing methods for electrochemical concentration profile mapping are divided between
scanning techniques and those that image the entire profile in one experiment. Typically, those
that image the entire profile are based on optical techniques. McCreery and coworkers developed
an absorption spectroscopy-based technique, in which a collimated laser beam is passed parallel

to an electrode surface and imaged on a photodiode array detector, giving concentration profiles

“ This chapter is adapted with permission from Oja, S.M.; Zhang, B. “Imaging transient formation of diffusion
layers with fluorescence-enabled electrochemical microscopy.” Anal. Chem. 2014, 86, 12299-12307. Copyright
(2014) American Chemical Society.
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of planar diffusion,>®"® and with special treatment, cylindrical and spherical diffusion.%
Techniques that measure the refractive index gradient, which is affected by the concentration
gradient, have also been developed, although these have a lower selectivity and sensitivity.111213

Sojic and coworkers developed a novel technique in which an optical fiber bundle was
used to image the concentration profile caused by the consumption of a fluorescent redox species
at an electrode.* The fiber bundle was placed perpendicularly to the electrode surface and used
to image the fluorescence signal, which was directly related to the concentration of the
fluorescent redox species. This enabled imaging of the entire planar diffusion layer at a given
time with micrometer spatial resolution and millisecond temporal resolution. While certainly
useful, this technique was only demonstrated for planar diffusion and can only monitor species
which change fluorescent state upon oxidation or reduction. Other studies have used
fluorescence!® or electrogenerated chemiluminescence (ECL)¥!" to image electrochemical
reactions at electrodes, but these only provide information about the electrode surface, not the
entire diffusion layer. Recently, Bouffier and coworkers reported® qualitatively imaging a pH
gradient on an open bipolar electrode!® by using the pH-sensitive dye fluorescein.

Scanning techniques have been the more popular imaging method over the past two
decades. The techniques developed thus far rely on scanning either optical or electrochemical
probes throughout the diffusion layer to build an image. Fluorescence confocal laser scanning
microscopy??122 and confocal resonance Raman spectroscopy?®?* have been used to image
concentration profiles from microelectrodes. Methods using electrochemical probes have
received much attention and involve sampling the diffusion layer with a microelectrode.?>2
Especially popular is scanning electrochemical microscopy (SECM),?” which has been used to

monitor concentration profiles near electrode surfaces.?®2°3° Scanning ion conductance
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microscopy (SICM)3 has also been used to monitor ionic species.®?> Recently, two separate
studies have used SECM with different positional feedback methods to generate three-
dimensional (3-D) maps of diffusion layers from microelectrodes.®*** While these provide
quantitative measurements with excellent spatial resolution, their scanning nature doesn’t make
them well-suited for mapping diffusion layers during common dynamic electrochemistry
experiments such as cyclic voltammetry (CV).

We wish to show here that concentration profiles from ultramicroelectrodes (UMES) can
be dynamically imaged in two and three dimensions using fluorescence-enabled electrochemical
microscopy (FEEM), a new electrochemical imaging tool under development in our lab. FEEM
uses a closed bipolar electrode3637:38.39 tq electrically couple a conventional redox reaction of
interest on one pole of the electrode to a fluorogenic reporter reaction on the opposite pole. %4t
Under conditions where the reporter pole is not limiting, the rate of the conventional redox
reaction can be monitored by optically monitoring the rate of the reporter reaction via
fluorescence microscopy. Thus, FEEM converts an electrical signal into an optical signal. One of
the powerful aspects of FEEM is that an array of thousands or more parallel bipolar electrodes
can be driven by a simple voltage source using two driving electrodes, and reaction rates can be
monitored at each individual electrode in the array simultaneously provided that each electrode
has an optically resolvable fluorescence signal.

We use FEEM in a setup as shown in Figure 3.1a to image the concentration profile of
redox species formed by diffusion on a UME. The imaged electrode, or generator UME, is
placed in a solution of a reduced species (R, i.e. ferrocyanide) and positioned orthogonally to a
bipolar electrode array. A solution of dihydroresorufin (PH.), a redox molecule that turns highly

fluorescent upon oxidation (Figure 3.1b), is placed on the reporter side of the bipolar array and
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positioned on a microscope for fluorescent imaging. When the potential of the generator
electrode is adjusted to oxidize the reduced species (i.e. generate ferricyanide, O), the species
generated at the UME will then diffuse away from the electrode surface. If the bipolar array is
held at a potential appropriate to couple the reduction of the generated species to the oxidation of
dihydroresorufin, molecules of the generated species that diffuse to the array will be reduced and
a fluorescence signal will appear on the reporter end of the array. Because the fluorescence
signal is sensitive to analyte concentration, this will result in a two-dimensional (2-D) image of a
lateral cross section of the diffusion layer.

Changing the axial distance between the generator electrode and the array enables lateral
cross sections of the entire diffusion layer to be imaged, and a compilation of these cross sections
yields a three-dimensional (3-D) map of the diffusion layer. Importantly, the reporter reaction
used is reversible so that upon electrochemical oxidation to the fluorescent form it is chemically
reduced back to the non-fluorescent form.*? This ensures that fluorophores don’t significantly
accumulate and diffuse on the reporter side of the array, preserving spatial and temporal
resolution.** We note that the use of a bipolar electrode to optically record a CV experiment is
not itself a new concept, as Crooks and coworkers presented a technique termed snapshot
voltammetry that uses an open bipolar electrode to optically measure a voltammogram of an
ECL reaction in one micrograph.*® The focus of our work, however, is the imaging of dynamic
diffusion layers in 2- and 3-dimensions, not necessarily the accurate optical recording of a
voltammogram.

In this chaper, we first demonstrate the relationship between the electrochemical signal of
the generator electrode and the fluorescence signal at the array as a function of electrode-array

distance for CV experiments. We then present 2- and 3-D images of the diffusion layer of a 10
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pm diameter carbon fiber (CF) UME over the course of a CV experiment as imaged by FEEM
and provide a comparison of the FEEM images to numerically simulated concentration profiles.
This comparison demonstrates that FEEM can be used to provide accurate images of the
diffusion layer beyond a distance equal to ~2 times the electrode diameter for this particular
electrode geometry. Lastly, to highlight the versatility of this technique, we image the diffusion
layer of a two electrode array consisting of two 10 pm CFs spaced 150 um apart during a

potential step experiment.

3.2 Experimental Section
3.2.1 Reagents, Chemicals and Dihydroresorufin Solution Preparation.

Potassium ferrocyanide (KsFe(CN)s*, Fluka, > 99.5 %), potassium chloride (J.T. Baker,
99.8%), resazurin sodium salt (Aldrich, dye content ~75%), sodium hydroxide (J.T. Baker,
98.5%), glucose (Sigma, 99.5%), 2-allylphenol (Aldrich, 98%), methanol (Fisher Scientific,
99.9%), and ammonium hydroxide (Fisher Scientific, 29.6% in H2O) were all used without
further purification. Deionized water (>18 MQ-cm) was obtained through a Barnstead Nanopure
water purification system and used for all aqueous solutions. A 100 uM dihydroresorufin
solution containing 67 mM glucose and 0.5 M NaOH was prepared fresh daily as previously
described.*

3.2.2 FEEM Setup.

Fluorescence imaging was done on an Olympus 1X70 inverted microscope equipped with
an IX-FLA inverted reflected light fluorescence observation attachment. The excitation source
consisted of a Thorlabs M530L2 Collimated LED powered by a DC2100 LED Driver and

filtered using a cube with a HQ535/50 excitation filter, a Q565lp dichroic mirror and a
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HQ610/75 emission filter. A 20X 0.40NA objective (Olympus LCPlanFl 20X/0.40 Ph1) was
used, with an additional 1.5X magnification on the microscope used for the single CF UME
experiments. An Andor iXon+ EMCCD camera cooled to -80 °C and Andor SOLIS software
was used to record and process all videos and images. All 3-D images and videos were compiled
using the 3-D viewer plugin of Fiji (Fiji Is Just ImageJ).***® Video was recorded at a frame rate
of 10 Hz for all experiments using a pre-amplifier gain setting of 5.1 unless otherwise noted. An
electron multiplier gain of 25 was used for the double barrel CFE experiment.

The potential across the bipolar electrode array was applied with two Ag/AgCI reference
electrodes controlled by a Chem-Clamp potentiostat (Dagan). A separate Chem-Clamp
potentiostat interfaced to a Dell computer through a PCI-6251 data acquisition board (National
Instruments) via a BNC-2090 analog breakout box (National Instruments) was used to control
the potential of the generator UME, which shared a common Ag/AgCI reference with the bipolar
array. The position of the carbon fiber UME was controlled with a Sutter MP-285 motorized
micromanipulator (Sutter Instrument Co.). For potential sweep experiments, LabView 8.5
(National Instruments) was used for voltage function generation and acquisition of the current-
voltage data. A 10 mV/s scan rate was used for all potential sweep experiments. For potential
step experiments, an Agilent 33220A waveform generator (Agilent Technologies) was interfaced
to the potentiostat. All reported potentials are referenced vs. Ag/AgCl (3 M KCI).

3.2.3 Electrode and Electrode Array Fabrication.

Single CF UMEs were fabricated following the method published by Strein and Ewing.*®
A 10 pm diameter CF was aspirated into a 1.2 mm OD/0.69 mm ID borosilicate capillary (Sutter
Instrument Co.) and pulled using a P-97 micropipette puller (Sutter Instrument Co.). A tungsten

wire with Ag paint (Dupont) was used to make contact to the back end of the fiber. Epoxy (0151
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Hysol, Loctite) was used to seal the gap between the protruding fiber and the capillary tip, and
the protruding fiber was insulated via electropolymerization of 2-allylphenol. This was
accomplished by immersing the fiber in a solution of 90 mM 2-allylphenol in 1:1 H,O:MeOH
adjusted to pH ~9 by ammonium hydroxide and applying 4 V vs. a Pt counter electrode for 10
min, followed by curing for 1 h at 150 °C. A glass knife was used to cut the insulated fiber and
expose a fresh surface before each experiment.

Double-barrel carbon fiber electrodes (CFEs) were fabricated following the method
published by Zhang et al.#” A 10 um CF was aspirated into each barrel of a double barrel
borosilicate capillary (1.0 mm OD/0.50 mm ID, Sutter Instrument Co.) and pulled using a P-97
micropipette puller. The electrode was then dipped in low-viscosity epoxy (Epofix, Electron
Microscopy Sciences) for 5 min to seal the gap between the fiber and the capillary tip. Electrical
contact was made by inserting a tungsten wire with Ag paint into the back end of each barrel.
The capillary was polished with a homemade polisher made from a computer hard drive to
expose the carbon fibers. The bipolar electrode arrays were prepared as previously described.*
Briefly, CF pultrusion rods consisting of thousands of insulated individual 6-um diameter CFs
were purchased from DPP Pultrusion through the distributor A2Z Corp. Rod sections were
further sealed in Epo-Tek 301 epoxy (Epoxy Technologies, Inc.), and cross sections were then
cut and polished to a thickness of ~0.5 mm.

3.2.4 Simulations.

Simulation of ferrocyanide oxidation on the CF UME was done using COMSOL
Multiphysics (version 4.3a) finite element simulation software run on a 12 core PC workstation.
Details of the simulation, including geometry and parameters, can be found in Appendix 1

(Figure 3.A1.1, 3.A1.2, Table 3.A1.1).
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3.3 Results and Discussion
3.3.1 Imaging a Single Carbon Fiber Ultramicroelectrode During a Potential Sweep

A single 10 um diameter CF UME was used as the generator electrode to demonstrate the
principle of diffusion layer imaging with FEEM. Importantly, the insulating sheath on the CF
UME is thin (on the order of 200 nm)*® by comparison to the CF size, enabling close approach of
the electrode to the bipolar electrode array and minimizing redox cycling between the electrode
and the array. Figure 3.2 presents electrochemical and fluorescence data for imaging the CF
UME in 5.7 mM ferrocyanide with 1 M KCI as supporting electrolyte. The potential of the CF
UME is swept from 0 to 0.8 V at 10 mV/s, oxidizing ferrocyanide to ferricyanide, while the
potential across the array is kept constant at 0 V, a potential sufficient to drive ferricyanide
reduction coupled to dihydroresorufin oxidation on a closed bipolar electrode. The potential
necessary to drive coupled reactions on a closed bipolar electrode is roughly the difference
between the potentials needed to drive each reaction in a normal two or three electrode cell. As
we demonstrated in our previous paper, the onset potential of the coupled ferricyanide
reduction/dihydroresorufin oxidation reaction on a closed bipolar electrode is about 830 mV,
roughly the difference between the onset potentials for the reduction of ferricyanide (310 mV)
and the oxidation of dihydroresorufin (-540 mV).** We chose to apply 0 V across the array to
ensure that the reactions would be driven at a mass-transfer limited rate. The axial distance
between the CF UME and the array was controlled and changed from 1 to 160 um in order to
image the entire diffusion layer. The CF UME steady-state current can be plotted as a function of
axial position (Figure 3.3, 3.4) to get an SECM-like approach curve. Once the electrode is

determined to be within 1 pum of the array surface, this position is used as the “0 um” electrode-
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array distance. As can be seen in the electrochemical signal (Figure 3.2a), the steady-state
current increases as the electrode-array distance increases, reaching over 90% of its maximum
value at an electrode-array distance of 20 um. This increase is due to reduced blockage of
diffusion from the bulk solution to the CF UME as it is moved further away from the
comparatively infinite surface of the bipolar array. We believe that the decrease in steady-state
current in going from an electrode-array distance of 1 um to 2 pum is due to the smaller distance
resulting in an increased amount of redox cycling. Further discussion of the effect of redox
cycling on the signal can be found in Appendix 2 (Figure 3.A2.1). Up to an electrode-array
distance of 20 pum, the fluorescence signal recorded at the array (Figure 3.2b) mirrors the
changes in the electrochemical signal. As expected, an increased rate of ferricyanide generation
(as indicated by steady-state current) results in an increased fluorescence signal, as more
ferricyanide diffuses the short distance between the CF UME and the array and couples to
dihydroresorufin oxidation. At electrode-array distances greater than 20 um, two distinct changes
in the signal occur: the fluorescence onset is delayed, and the overall fluorescence intensity
decreases. Both of these changes can be attributed to the array sampling a cross-section of the
diffusion layer that is increasingly further from the CF UME. The more distal the cross-section,
the lower the concentration of generated ferricyanide. We have previously shown FEEM to be
sensitive to changes in analyte concentration, which explains the decrease in fluorescence signal
with increasing electrode-array distance. The delay in the onset of fluorescence signal is also
attributable to sampling more distal cross-sections, as it takes longer for the generated
ferricyanide molecules to diffuse the gap between the CF UME and the bipolar array.

The diffusion layer is easily visualized with the fluorescence images generated on the

bipolar array. Figure 3.5a presents the fluorescence images acquired during the experiment
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described in Figure 3.2. Each row of images shows the fluorescence at the array over the course
of the CF UME potential sweep for a fixed electrode-array distance. The four rows in Figure 3.5a
therefore represent cross-sections of the diffusion layer at four different electrode-array
distances: 0 pm, 25 pm, 50 um, and 100 um. As the CF UME potential is swept to 0.8 V,
ferricyanide is being generated at an increasing rate and the diffusion layer expands. This can be
clearly seen in the fluorescence images. Both the increasing delay in fluorescence onset and the
decrease in fluorescence signal as the electrode-array gap increases can be clearly seen in these
images as well. As the CF UME potential is swept back to 0 V, ferricyanide generation decreases
and the diffusion layer contracts, which again is clearly shown in the fluorescence images. It is
worthwhile to note the critical importance of the reversibility of the fluorogenic reporter reaction.
Dihydroresorufin is in a reducing environment (basic glucose) to ensure that upon
electrochemical oxidation to the fluorescent resorufin at the array, it is chemically reduced back
to dihydroresorufin, thus quenching fluorescence before significant accumulation of the
fluorophore can occur. Without this quenching effect, resorufin would accumulate, making
dynamic diffusion layer imaging nonviable without some other means of consuming the
generated fluorophore. The quenching of the electrogenerated fluorophore can be easily
visualized in an experiment in which the generator electrode is held at a fixed potential to
generate molecules while being moved laterally around the array. Without fluorophore
quenching, the fluorescence signal would accumulate and quickly obscure the position of the
generator electrode. However, the electrogenerated fluorophores are quickly reduced back to
their non-fluorescent form, and the position of the generator electrode can be easily tracked.

2-D images, such as those in Figure 3.5a, can be compiled to form 3-D images of the

generator electrode diffusion layer over the course of the potential sweep (Figure 3.5b). Note that
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the images are displayed on a tilted axis for better visualization of the diffusion layer. As can be
seen in the 3-D images, the diffusion layer expands in both the lateral and axial directions as the
CF UME potential is swept to 0.8 V, followed by contraction of the diffusion layer as the
potential is swept back to 0 V. Each 3-D image consists of a z-stack of all 2-D images for each
electrode-array distance measured at a potential of interest. Therefore, the spatial resolution of a
3-D image in the axial direction will be determined by the increment in which the electrode-array
distance was changed. For this experiment, the electrode was moved in the following increments:
5 pm from 0-50 pum, 10 pm from 50-100 pm, and 20 pum from 100-140um. These differing
levels of axial resolution are clearly demonstrated in the cross-sections shown in Figure 3.6a.
Axial resolution of 280 nm should be possible with the setup used here (limited by the step-size
of the micromanipulator), but imaging the entire diffusion layer was our focus and thus such a
small step-size would have been prohibitively time consuming.

Clearly, simulated diffusion layers are needed to validate our technique and ensure that it
is producing accurate images. Especially important is determining how significant an effect the
bipolar array has on distorting the diffusion layer. Since the array is an infinite surface in
comparison to the size of the CF UME, placing it near the UME will undoubtedly lead to
distortions of the diffusion layer. Unfortunately, there is no way around this distortion, as the
array must be within the diffusion layer to image it. However, as indicated in the electrochemical
CVs presented in Figure 3.2a, this distortion is likely only a problem at smaller electrode-array
distances. As noted earlier, the steady-state current of the 10 um CF UME reached over 90% of
its original value at an electrode-array distance of 20 um, indicating that the array shouldn’t
significantly distort the diffusion layer at distances greater than this. Indeed, this is what a

comparison between our experimental images and simulated images confirms. Presented in
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Figure 3.6a are cross sections of the 3-D fluorescence images shown in Figure 3.5b, which can
be compared to our simulated results (Figure 3.6b). We simulated a potential sweep experiment
with conditions matching those of the FEEM experiment (i.e. ferrocyanide oxidation on a 10 um
diameter disk electrode) except that there were no surfaces near the electrode to distort the
diffusion layer. Details of the simulation, including simulation parameters and geometry, can be
found in Appendix 1 (Figure 3.Al.1, 3.A1.2). The black concentration contour line shown in the
simulated figures represents a ferricyanide concentration of 50 puM. As can be seen, this
corresponds roughly to the boundary of the FEEM-imaged diffusion layer. This concentration
detection limit matches well with our previous findings, although our previous study used Au
electrodes.*! However this work seems to indicate similar detection performance between Au
and CF, although more work is needed to confirm this. As predicted, there is a deviation between
the FEEM-imaged diffusion layer and the simulated diffusion layer within an electrode-array
distance of ~20 um. Especially apparent in the images at 600 mV, 800 mV, and 400 mV (return
scan), the FEEM-imaged diffusion layer shrinks in lateral size as the electrode-array distance
decreases from 20 um. It is important to realize that this must be an artifact caused by the
experimental method, namely the array blocking diffusion to the generator electrode at small
electrode-array distances, rather than the actual, unobstructed diffusion layer. Thus, at small
electrode-array distances (< 2 times the electrode diameter in this case), the FEEM image is not
representative of the diffusion layer of an unobstructed electrode. However, in terms of imaging
the entire diffusion layer, the FEEM results agree very well with simulations and seem to provide
a qualitatively accurate image.

3.3.2 Imaging a Double-Barrel Carbon Fiber Ultramicroelectrode During a Potential Step
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In order to demonstrate the versatility of this imaging technique, we chose to image the
diffusion layer from a more complicated electrode system (2 electrode array) under a different
electrochemical experiment (potential step). A double CFE, consisting of two individually
addressable 10 pum diameter CFs spaced 147 pm apart (center-to-center), was used for the 2
electrode array (Figure 3.7a). Figure 3.7b presents electrochemical CVs used to characterize the
electrode. The CVs were taken in 5 mM ferrocyanide solution with 1 M KCI as supporting
electrolyte at 10 mV/s with the electrode at an “infinite” distance from any surface. As can be
seen, the “red lead” CF has a slower Kinetic response and reaches a current level about 1 nA less
than the “black lead” CF at 0.7 V. This is likely due to the red lead CF having a less pristine
surface given that the CFs were exposed by mechanical polishing. Imaging of the diffusion layer
was done in the same manner as the single CF UME, except ferricyanide was generated with a
potential step rather than a potential sweep. Once the double CFE was aligned to the array, the
potential was stepped to 0.8 V to generate ferricyanide for 15 s and then stepped back down to 0
V to stop ferricyanide generation. Array fluorescence was monitored throughout the potential
step. The electrode was then backed off 5 um from the array and the potential pulse repeated.
This was repeated in 5 pum increments until the electrode-array distance was 150 um, at which
point minimal fluorescence signal was observed at the array. The potential across the array was
held constant at 0 V for the duration of the experiment.

Figure 3.8 presents the FEEM images of the diffusion layer acquired for the double CFE.
As seen, the diffusion layer expands throughout the time period when the double CFE is
generating ferricyanide, with the diffusion layers from each individual CF beginning to overlap
at 5 s. When the potential is stepped back down to 0 V, ferricyanide is no longer generated and

the diffusion layer contracts. The distance between the centers of the two fluorescence hotspots
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was measured to be 152 um, which corresponds nicely to the distance between the two CFs as
measured by bright-field microscopy (147 pm). Again, note the lateral contraction of the imaged
diffusion layers at electrode-array distances less than ~20 um, which is a distortion due to the
array blocking diffusion. From looking at the FEEM images, it is clear that the diffusion layer
from the red lead CF is significantly smaller than that from the black lead CF. We believe that
two factors are causing this. First, as indicated in the CVs in Figure 3.7b, the red lead CF has a
more sluggish kinetic response, which would result in a diffusion layer that is smaller and
expands more slowly than that for the black lead CF. Additionally, the data suggests that the
double CFE was approached to the array surface at a slight angle, resulting in the red lead CF
starting at a slightly larger electrode-array distance than the black lead CF. This is evident when
looking at Figure 3.9, which shows the fluorescence intensities plotted over time for the two
regions outlined in green in Figure 3.8a. For the red lead CF, the fluorescence is most intense at
the smallest electrode-array distance, drops slightly when the electrode is backed off 10 um, and
then drops significantly as the electrode is backed off further. This is in stark contrast to the
black lead CF, where the fluorescence intensity increases as the electrode-array distance is
increased from 0 to 10 um. The signal decreases when the electrode-array is increased to 25 um,
but it is still greater than at 0 um. This is the same pattern that was observed for the single CF
UME (Figure 3.2). The decreased fluorescence signal is due to the array partially blocking
diffusion to the generator electrode at small electrode-array distances, resulting in a lower rate of
ferricyanide generation and, subsequently, a lower fluorescence signal. Since the red lead CF
signal doesn’t increase as the electrode-array distance initially increases, that CF is likely
initially offset some distance from the array surface. This is easily possible, as the double CFE

could have approached the array at a slight angle, resulting in the two CFs having different
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electrode-array distances. This demonstrates the importance of having the generator electrode
and array normal to one another to avoid any distortions, especially if the generator is an array of
electrodes. Using the diffusion coefficient of ferricyanide and the difference in fluorescence
onset times at the various electrode-array distances, the offset distance between the black and red
lead CFs can be calculated Appendix 3 (Figure 3.A3.1). This calculation gives the red lead CF as
being offset ~12 um further from the array than the black lead CF.

We also tried imaging the diffusion layer of a double CFE with two 10 pum diameter CFs
spaced by only ~30 pum (center-to-center, Figure 3.10). For this experiment, the double CFE was
imaged in a solution of 5 mM ferrocene in 0.1 M TBAPFs, and a potential step of 0.7 V was
applied for 15 s to oxidize ferrocene followed by stepping the potential back to 0.2 V to stop the
oxidation. The imaging was done at a frame rate of 33.887 Hz. We were not able to resolve two
distinct diffusion layers at any point during the potential pulse. This brings up a few factors
regarding the spatial and temporal resolution of the technique. At a frame rate of 33.887 Hz, a
molecule of ferrocene (or ferrocenium, Fc*) will diffuse about 12 pm (assuming a diffusion
coefficient of 2.47 x 10° cm?/s) per frame. Therefore after one frame, the diffusion layers of the
two CFs should already have some overlap, and two distinct diffusion layers will not be
resolvable. Therefore, the inability to resolve two distinct diffusion layers from UMEs spaced so
closely is a challenge of temporal resolution as limited by the frame rate of the camera. The
temporal resolution is also tied to the rate at which the fluorophore is turned on and off. Work is
currently underway to further understand and quantify this aspect.

The spatial resolution of the technique can be broken into axial and lateral components.
As mentioned previously, the step size in which the electrode-array distance is changed

determines the axial resolution. The lateral resolution depends in large part upon the bipolar
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array. Each electrode in the bipolar array is analogous to a pixel in the resulting FEEM image.
Therefore, the lateral resolution is determined by the number of independent electrodes
resolvable by fluorescence microscopy in a unit area of the array. In this work, each electrode in
the array had a diameter of 6 pum, the electrode spacing was heterogeneous, and not all electrodes
were independent from one another. This can be clearly seen in the FEEM images in Figure 3.10,
in which the area of the array showing fluorescence is somewhat irregular. This is caused by
groups of electrodes in the array being short-circuited to one another, resulting in an image
unrepresentative of the diffusion layer. At small electrode spacing in the array, resolving the
fluorescence signal of individual electrodes from adjacent electrodes will become crucial to
achieving the highest lateral spatial resolution. A key part of this step is minimizing fluorophore
diffusion, which is accomplished in this study by chemically reducing the electrogenerated
fluorophore back to its non-fluorescent form. Clearly, the kinetics of this fluorophore quenching
reaction influence the quality of the FEEM image obtained. Qualitatively, the slower the kinetics
of the reaction, the more distorted the resulting FEEM image will be. While we presented some
brief results in a previous paper,** the kinetics of this reaction system have not been
quantitatively studied. We note that a quantitative study has been performed on a chemically
analogous system using methylene blue instead of resorufin,*® however an electrode was not
used to manipulate the reaction and thus the results may not be applicable to our scheme. We
reserve the quantitative kinetic study of the quenching reaction and its influence on the resulting
FEEM images for future work. Other methods to limit fluorophore diffusion include increasing
solution viscosity and immobilizing the fluorophore on the array surface. We have also
experimented with the use of ECL as a reporting mechanism and believe that it may have an

advantage in spatial resolution due to the light-generating reaction occurring very near to
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electrode surfaces but may have a disadvantage in detection sensitivity compared to
fluorescence. We hope to report a comparison of fluorescence and ECL reporting mechanisms in
the future. Incorporating these methods into FEEM, characterizing fluorophore diffusion and
lifetime, and fabricating dense, uniform bipolar arrays are part of our ongoing efforts to better

understand and improve the spatial and temporal resolution of FEEM.

3.4 Conclusion

FEEM has been demonstrated as a new technique to image dynamic concentration
profiles from UMEs in two and three dimensions. The technique generates a 2-D image of a
lateral cross section of the diffusion layer at each time point. By altering the distance between the
generator electrode and the bipolar array, different cross sections of the diffusion layer can be
imaged, and a 3-D image can be constructed. Because an entire 2-D cross section is imaged at a
time, these 3-D images can be constructed relatively quickly. Importantly, this enables diffusion
layers to be imaged throughout the course of dynamic electrochemistry experiments, such as
potential steps and cyclic voltammetry.

An attractive aspect of FEEM diffusion layer imaging over previous optical methods
using fluorescence or ECL is that it should be able to image any electroactive species.
Practically, we can currently only image reduced species, as we have yet to incorporate an
appropriate reversible fluorogenic reduction reaction into FEEM. We expect that we can do some
diffusion layer imaging by using the non-reversible, fluorogenic reduction of resazurin as the
reporter, but significant temporal and spatial resolution will be sacrificed. We believe this report

lays out some of the important ground work for imaging with FEEM, and we expect this
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technique and variations of it to be valuable in imaging concentration gradients and diffusional

flux in other systems, not just purely electrochemical ones.
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Figure 3.1. Scheme of imaging setup and dihydroresorufin system.

(a) Schematic of imaging a species (O) generated from a UME using FEEM. An array of parallel
closed bipolar electrodes separates a solution of a redox species in reduced form (R) and a
solution of dihydroresorufin (PH2). Molecules generated at the UME diffuse to the array, where
they are reduced. This reduction is coupled through the bipolar array to the fluorogenic oxidation
of PH,, which is monitored via fluorescence microscopy. Controlling the distance between the
UME and bipolar array enables imaging different cross sections of the UME diffusion layer. (b)
Reaction scheme showing the fluorogenic oxidation of PH> to resorufin (P) at an electrode and
the subsequent chemical reduction of P back to PH. by a mild reducing agent such as

deprotonated glucose.
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Figure 3.2. Correlated signal of generator electrode and bipolar array.

Correlation of electrochemical signal at the generator electrode and fluorescence signal at the
bipolar array. (a) Electrochemical signal of the CF generator UME for potential sweeps from 0 to
0.8 V (scan rate = 10 mV/s) in 5.7 mM ferrocyanide at various distances from the bipolar

electrode array. (b) Fluorescence signal recorded at the bipolar array during the potential sweep
experiments in (a).
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Figure 3.3. Experimental and simulated approach curves.

The steady-state current of a 10 um diameter CF UME as a function of electrode-array distance.
The black data points represent experimental values, while the red data points represent
simulated values. The experimental steady-state values are given as the current recorded at the
switching potential for the CVs shown in Figure 3.2. The simulated steady-state values are given
as the current recorded at the switching potential for CVs simulated as laid out in Appendix 1.
The electrode-array distance was altered by changing the distance X, which represents the
electrode-array distance.
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Figure 3.4. CVs to determine zero point for electrode-array distance.

CVs of a 10 pum CF UME taken in 5.7 mM ferrocyanide with 1 M KCIl as supporting electrolyte
at an electrode-array distance of approximately 1 um (black trace) and a position 1 um closer to
the array (blue trace), at which point the CF UME is likely in electrical contact with the array.
This results in a large increase in current due to the electrode size effectively increasing, as well
as the possibility of the electrode directly controlling the electrochemical reduction of
dihydroresorufin and glucose on the reporter side of the array. This signal is useful for defining a
zero point for the electrode-array distance.
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Figure 3.5. 2-D and 3-D FEEM images of a diffusion layer during a CV.

FEEM imaging of the diffusion layer from a 10 pum diameter CF UME during the course of a
potential sweep in 5.7 mM ferrocyanide. (a) Fluorescence images of the bipolar array at various
generator electrode potentials and electrode-array distances. Each row consists of images taken
during a single potential sweep of the generator electrode (0 to 0.8 V at 10 mV/s) at a fixed
distance from the bipolar array. (b) z-stacking of fluorescence images to recreate 3-D images of
the generator electrode diffusion layer during a potential sweep. Each 3-D image consists of
stacking the 2-D images acquired at a given potential for all electrode-array distances measured
(i.e. stacking a column of images in (a)). Each 3-D image here consists of 18 2-D images.
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Figure 3.6. Comparison of experimental and simulated diffusion layer.

Comparison of a FEEM-imaged diffusion layer with a simulated diffusion layer. (a) Cross
sections of the z-stacked 3-D fluorescence images in Figure 3.5 over the course of the potential
sweep. (b) Simulated concentration profile of ferricyanide being generated via ferrocyanide
oxidation at a 10 um diameter UME for a potential scan from 0 to 0.8 V at 10 mV/s. The black
contour line represents a ferricyanide concentration of 50 puM.
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Figure 3.7. Double-barrel carbon fiber electrode.

(a) Optical micrograph of the double-barrel CFE used to acquire the data in Figure 3.8. Each
fiber has a diameter of 10 um. The center-to-center electrode spacing was measured to be 147
pum. (b) CVs of the double-barrel CFE in 5 mM ferrocyanide. The potential was swept from 0 to
0.7 V at 10 mV/s. CVs were taken of each fiber individually (black and red trace) and both fibers
together (blue trace).
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Figure 3.8. 2-D and 3-D FEEM images of a double-barrel CFE diffusion layer.

FEEM imaging of the diffusion layer of the double-barrel CFE shown in Figure 3.7 during a
potential step experiment. The potential was held at 0.8 V in 5 mM ferrocyanide for 15 s and
then switched to 0 V for 15 s. (a) Fluorescence images of the bipolar array at various times
during the potential step and at various electrode-array distances. (b) Cross-sections of the
FEEM-imaged diffusion layer at a position marked by the dashed red line in (a) at various times
during the potential step. (¢) 3-D FEEM images representing the diffusion layer over the course
of the potential step.
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Figure 3.9. Fluorescence signal for each lead of the double-barrel CFE.
Fluorescence intensities over time for the red CF lead (a) and black CF lead (b) as a function of
electrode-array distance. The signal is plotted for the green areas outlined in Figure 3.8a.
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Figure 3.10. Double-barrel CFE with center-to-center distance of 30 pm.

(a) Optical micrograph of the double-barrel CFE with two 10 um diameter CFs spaced by a
center-to-center distance of 30 um. (b) CV characterization of the double-barrel CFE in 5 mM
ferrocene. The potential was swept from 0.2 to 0.8 V at 10 mV/s. CVs were taken of each fiber
individually (black and red trace) and both fibers together (blue trace). (¢) FEEM images of the
double-barrel CFE taken 0.148 s into a potential pulse at an electrode-array distance < 1 um. The
experiment was done for each fiber individually (left and center panel) and for both fibers
together (right panel).

Figure 3.10 Discussion.

Figure 3.10 shows the results of an attempt to image the diffusion layer of a double-barrel CFE
with a center-to-center spacing between two 10 um diameter CFs of 30 um. The electrode was
characterized optically (Figure 3.10a) and electrochemically (Figure 3.10b). Electrochemical
characterization and the FEEM imaging experiment were carried out in a solution of 5 mM
ferrocene with 0.1 M TBAPFs as supporting electrolyte. The FEEM imaging experiment was a
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potential step as described in the main article. Figure 3.10c shows the FEEM images obtained
0.148 s into the potential pulse at an electrode array distance < 1 um. Both the black lead and the
red lead give a clear signal when pulsed individually (left and center panel), but when both leads
are pulsed together (right panel), two separate diffusion layers are not distinguishable. At no
point during the potential pulse were the two diffusion layers distinguishable, showing the limit
of the camera frame rate on the temporal resolution of the technique. Also of note is the irregular
shape of the diffusion layers. This is due to electrodes in the bipolar array showing cross-talk
from being electrically connected, resulting in groups of connected electrodes giving signal
rather than individual electrodes. This highlights the importance of having a quality bipolar array
for accurate FEEM imaging.
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3.6 APPENDIX 1

COMSOL Simulation

Numerical simulations were carried out using COMSOL Multiphysics finite element
analysis software (version 4.3a) run on a 12 core PC workstation. The simulations, which solved
Fick’s second law, were run using a 2-D axisymmetric model with a geometry shown in Figure
3.Al.1. The boundary conditions for the simulation were as follows: no flux at the electrode
insulator, surface 6, and the electrode array, surface 3; bulk concentration (C*) at surfaces 1 and
2; and flux at the electrode, surface 5. This flux, J, was determined using a form of the Butler-

Volmer equation:

T hEA RT RT

| k{cO (O,t)exp(— aF E= E’ ] —CR(O,t)exp[(l— a)F E-_E° ﬂ )

for a given time during a potential sweep. The terms of equation 1 are defined in table S-1. The
flux at surface 5 was set to equation 1. This calculation ignores any mass transfer contributions
from migration (a high concentration of supporting electrolyte was used) and convection. The

electrode-array distance, X, was adjusted to match experimental conditions.
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Figure 3.A1.1. COMSOL simulation geometry.

Electrode geometry used for numerical simulation with COMSOL. Surfaces 1 and 2 were set to
bulk concentration, surfaces 3 and 6 were set to zero flux, and surface 5 was set to equation S1.
The distance X (surface 4) represents the electrode-array distance and was chosen to match
experimental conditions.

Term Definition Value
k? standard rate constant 5x10°%m-s?
a transfer coefficient 0.7
F Faraday constant 96485 C-mol™
E° standard electrode potential 0.164V
R gas constant 8.314 J-mol*-K*!
T temperature 298 K
Co(0,t) | concentration of O at electrode surface at time t
Cr(0,t) | concentration of R at electrode surface at time t
E electrode potential
Table 3.A1.1.

Definitions and values for the terms in equation 1.
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The voltammetric response of a one-step, one-electron oxidation reaction, R — O + e,
was simulated. A diffusion coefficient of 0.63 x 10° cm?.s* was used for both species. A
triangular potential waveform was simulated using a linear interpolation function defined by
three time points: t = 0 s was set to E;, the initial potential; t = E¢/v, where E; is the potential

range and v is the scan rate, was set to Es, the switching potential; and t = 2E,/v was set to Ei.

10
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Figure 3.A1.2. Comparison of experimental and simulated CV.

Experimental and simulated CV response of a 10 pm diameter CF UME in 5.7 mM ferrocyanide
with 1 M KCI positioned at an electrode-array distance of 1000 um. The potential was swept
from 0 to 0.8 V at 10 mV/s.

Figure 3.A1.2 shows the simulated and experimental CV recorded for a potential sweep
experiment in which the 10 pm diameter CF UME was positioned 1000 um from the array
surface in a solution of 5.7 mM ferrocyanide in 1 M KCI. The potential was swept from 0 to 0.8
V at 10 mV/s. At this electrode-array distance, the array will not impede diffusion to the
electrode surface. Therefore, these CVs represent the response of an unobstructed electrode. The

kinetic parameters used to obtain the simulated CV, k® and «, were chosen to give the simulated
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CV the best fit to the experimental CV. The concentration profiles of generated ferricyanide

shown in Figure 3.6b of the main text are from this simulated CV.
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3.7 APPENDIX 2

Quialitative Discussion of Redox Cycling Effects

In a solution of reduced species, R, when the generator electrode approaches a conductive
substrate, the electrogenerated species, O, gets reduced at the substrate back to its original form,
R. To ensure electroneutrality, this reduction must be accompanied by an oxidation reaction (R
- 0) elsewhere on the conductive substrate. The large area where this oxidation reaction can
occur ensures that the redox cycling will not be limited by this reaction. This is a different
situation than the one in this work, where the generator electrode is approaching a closed bipolar
electrode array. In the bipolar array situation, each electrode is electrically insulated from one
another. Therefore, the electroneutrality-ensuring oxidation reaction can only take place on the
opposite pole of each electrode. The small area where this oxidation reaction can occur, coupled
with the low concentration of reduced species (50 puM dihydroresorufin) and poor reaction
kinetics for glucose oxidation, mean that this oxidation reaction will significantly limit the extent
to which redox cycling can occur. We believe this minimization of redox cycling is why the
steady-state current of the generator electrode and the resulting fluorescence signal at the bipolar
array decrease as the generator electrode approaches the array, qualitatively mimicking the
behavior of a generator electrode approaching an insulating substrate. This is also why we chose
to treat the bipolar array surface as a no-flux boundary, rather than treating it as a continuous

electrode surface, in the approach simulation shown in Figure 3.3.
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Figure 3.A2.1. Scheme of redox cycling mechanisms.
Scheme showing redox cycling mechanisms for the generator electrode approaching a
conductive substrate (a) and a closed bipolar electrode array (b).
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3.8 APPENDIX 3
Determining Offset Distance Between Electrodes on a Double-Barrel CFE

The fluorescence onset times (Figure 3.A3.1a) were determined for the black lead and red
lead as the time at which the fluorescence signal over the lead (ROI for each lead defined by
dashed green boxes in Figure 3.8 of the main article) reached 1% above its initial value. The
theoretical onset time was determined by plotting the time it would take for a molecule of
ferricyanide to diffuse a distance equal to the electrode-array distance. This was calculated using

the equation:

t=—— 1)

where t is the diffusion time, x is the electrode-array distance, and D is the diffusion coefficient
of ferricyanide (0.76 x 10°cm?/s). The shifted red lead data is the fluorescence onset time for the
red lead after applying a shift in its electrode-array distance as calculated below.

The difference in fluorescence onset time between the black and red leads can be used to
determine the difference in their axial position. Plotted in Figure 3.A3.1b is the difference in
fluorescence onset time as a function of the position of the distance between the black lead and
the electrode array. This assumes that the black lead position is the true electrode position. The

difference between the onset times can be calculated as:

2 2
Xred ~ Xplack
At fluorescenceonset — 2D (2)

where Xred and Xoiack are the positions of the red and black lead, respectively. By substituting in

the expression:
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AX=Xreg = Xplack 3)
one arrives at the following linear equation:

AX AX)
At fluorescenceonset — F “Xplack + % (4)

which gives the difference in fluorescence onset times as a function of the position of the black
lead. This equation indicates that a plot of the difference in fluorescence onset times vs. black
lead position should be a linear line with a slope equal to Ax/D. Using the slope from the fit line
of the experimental data (Figure 3.A3.1b) and a diffusion coefficient of 0.76 x 10° cm?/s, the
difference in axial position between the red and black leads, Ax, is 12.4 um. This means that the
red lead is located 12.4 pum further from the array than the black lead at all electrode-array
distances. The shifted red lead onset times, which were adjusted by adding 12.4 pum to the
electrode-array distance for all data points, are plotted in Figure 3.A3.1a. As can be seen, these

shifted values have a better agreement with the theoretical values.
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Figure 3.A3.1. Determining offset distance of two leads in a double-barrel CFE.

(a) Plot of the fluorescence onset time as a function of electrode-array distance for the black lead
CF, red lead CF, and red lead CF after applying offset correction, and the theoretical diffusion
time. (b) Plot of the difference in fluorescence onset time between the black lead and red lead as
a function of the distance between the black lead and the bipolar array, and the result of a linear
best fit line. The data for both plots was taken from the experiment shown in Figures 3.8 and 3.9

of the main article.
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CHAPTER 4

Influence of Electrode Size on Electrogenerated Chemiluminescence

Reporting at Closed Bipolar Microelectrodes”

4.1 Introduction

The use of electrogenerated chemiluminescence (ECL) as a readout mechanism of the
faradaic current through a bipolar electrode (BPE) has been widely utilized in recent years.'™*°
Originally adopted for open BPEs,'? it has now been used in both split-channel BPEs (and
variations thereof)!**® and closed BPEs.!*'° Using ECL as a reporting mechanism is
advantageous, as it enables one to remotely and simultaneously monitor individual electrodes in
arrays containing very large numbers of BPEs.* While the use of ECL as a readout mechanism in
open BPEs has been well-developed, its use in closed BPEs remains less explored.?’ Although
several recent reports have described using ECL reporting on closed BPEs for the quantitative
detection of analytes, including hydrogen peroxide,*>" glucose,*>*° various cancer biomarkers,*8
and other analytes,'>¢ or for use as an electrocatalyst screening platform,* there have been no
studies on the fundamental behavior of ECL coupling on closed BPEs.

Similar to our previous studies,???> we sought to provide a fundamental understanding of
the electrochemical behavior of closed BPEs, this time focusing on ECL coupling to an analyte

redox process. As the ECL readout mechanism is based on the light emission from the ECL

“ This chapter is adapted with permission from Oja, S.M.; Zhang, B. “Electrogenerated chemiluminescence
reporting on closed bipolar microelectrodes and the influence of electrode size.” ChemElectroChem 2016, 3, 457-
464. Copyright (2016) John Wiley and Sons.
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process being an accurate reporter of current through the BPE, especially important is an
understanding of the correlation between ECL emission intensity and electrochemical current.
Based on reports from the Crooks group regarding ECL reporting in open BPEs,?° we suspected
electrode size-geometry would have a large effect on the optical signal and also sought to
understand the nature of any size-geometry-related effects in closed BPEs.

We chose to use the oxidative tris(2,2’-bipyridine)ruthenium (Il)/tri-n-propylamine
(Ru(bpy)s?>*/TPrA) ECL system as our ECL reporter,2®?* as it has been widely used in BPE
studies. We also chose to focus our studies on bipolar microelectrodes (loosely defined here as
having a critical dimension of less than ~ 100 um), as we believe that one of the more promising
uses of closed BPEs is their microelectrode array-based use in electrochemical imaging. Our
group recently demonstrated this in a method we call fluorescence-enabled electrochemical
microscopy (FEEM), which uses a fluorogenic redox reaction to report faradaic current through
closed BPEs and large-scale arrays thereof.?>2" It is easy to imagine an analogous method in
which ECL is used as the optical reporter in place of a fluorogenic reaction.

Figure 4.1 outlines our basic experimental setup. We form a closed BPE by electrically
connecting two Pt disk microelectrodes as has been previously reported.??2° One pole of the
BPE is placed in an analyte solution, and the other pole is placed in the optical reporter solution.
In this study, the optical reporter is the Ru(bpy)s**/TPrA ECL system. As this ECL process
entails oxidation reactions, reduction must occur at the analyte pole. To maintain
electroneutrality in the BPE, the rate of oxidation on the reporting pole must be the same as the
rate of reduction on the analyte pole. This is the basis behind using ECL as a reporter of the
faradaic current through the BPE, assuming the ECL emission intensity scales with

electrochemical current. To drive the coupled reactions, a potential is applied across the solutions
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using two driving electrodes. As the only electrical path from the ECL solution to the analyte
solution is the BPE, the current through the system is equivalent to the current through the BPE,
enabling simple measurement of the BPE current. The reporting pole is positioned on an inverted
microscope to enable easy monitoring of ECL emission using a photodetector. By
simultaneously measuring the current through the BPE and the ECL emission from the reporting
pole, one can gain a fundamental understanding of the relationship between these two signals. In
order to understand the effect of electrode sizes on these signals, we use a 25, 50, or 127 um
diameter Pt disk electrode as the reporting pole and a 25 or 127 um diameter Pt disk electrode as
the analyte pole (Figure 4.1b).

In this chapter, we first demonstrate both the basic coupling behavior of ECL to the
reduction of ferricyanide on a closed BPE with equivalent pole sizes and the relationship
between the optical and electrical signals. We then show the quantitative detection of various
concentrations of ferricyanide using a 25 um analyte pole and show the large changes in optical
signal brought about by different size reporting poles. Using a simple voltammetric study of the
ECL reaction in a non-bipolar setup, we explain this size effect. Lastly, we show how one can
use information gained from the non-bipolar study of the ECL reaction to predict the optical
response of the BPE to various analyte concentrations. We use this knowledge to accurately
predict important trends in the calibrations curves for the BPE detection of ferricyanide using a

127 pm analyte pole and different size reporting poles.

4.2 Experimental Section

4.2.1 Chemicals
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Potassium  ferricyanide (KsFe(CN)g), tripropylamine (TPrA), and tris(2,2’-
bipyridyl)dichlororuthenium(Il) hexahydrate (Ru(bpy)sCl.-6H20) were purchased from Sigma-
Aldrich (St. Louis, Missouri). Potassium chloride was purchased from Fisher Scientific (Fair
Lawn, New Jersey). All chemicals were used as received. Deionized water (>18 MQ-cm)
obtained from a Barnstead Nanopure water purification system was used for all aqueous
solutions. All solutions of Fe(CN)s> were prepared in 1 M KCI. The ECL solution, which
consisted of 5 mM Ru(bpy)s®>" and 25 mM TPrA, was prepared in 0.1 M pH 7.0 phosphate
buffer.

4.2.2 Electrochemical Measurements

All voltammetry experiments were carried out using a Chem-Clamp potentiostat (Dagan
Corporation) interfaced to a PC through a PCI-6251 data acquisition board (National
Instruments) using a BNC-2090 breakout box (National Instruments). An in-house LabView
10.0 (National Instruments) program was used for voltage function generation and acquisition of
the current-voltage data. This program receives an external trigger from a camera, enabling the
synchronized recording of electrochemical and optical signals. In a non-bipolar/two-electrode
setup, a traditional two-electrode system was used, with the potential being applied between the
working electrode and an Ag/AgCI reference electrode. In a closed bipolar setup, the potential
was applied across the BPE using two Ag/AgCI reference electrodes. Closed BPEs were formed
by electrically connecting two working electrodes in separate solutions. The working electrodes
used were inlaid-disk Pt microelectrodes with an electroactive diameter of 25, 50, or 127 um.
These electrodes were fabricated by sealing a Pt microwire (Alfa-Aesar) in a borosilicate
capillary (Sutter Instrument Co.) and making connection to the Pt with tungsten wire and Ag

paint (Dupont) through the back end of the capillary.
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We chose to study microelectrodes due to their applicability to electrochemical imaging
and sensor parallelization in a microelectrode array-based format. Pt was chosen as an electrode
material due to its widespread prevalence as an electrode material for both micro- and
nanoelectrodes. The exact sizes of the electrodes chosen (i.e. 127 pum vs. 125 or 100 um) have no
special significance and were chosen solely based on readily available Pt microwire sizes. All
reported potentials are vs. Ag/AgCl (3 M KCI), and all cyclic voltammetry experiments were
done at a scan rate of 20 mV/s. Onset potentials are calculated as the potential at which the
current reaches 10% of its steady-state value. All reported electrochemical measurements are the
average of three trials.

4.2.3 Optical Measurements

An Olympus IX70 inverted microscope and an Andor iXon EMCCD camera cooled to -
80 °C were used to image the ECL signal. All imaging was done through a 10X 0.30 NA
objective (Olympus UPlanFl) using an additional 1.5X magnification on the microscope. Andor
SOLIS software was used to record and process all images. Images were recorded using an
exposure time of 0.1 s, giving a frame rate of 9.9522 Hz. A preamplifier gain of 5.1 was used.
The ECL intensity was determined by integrating the counts from the area over each electrode.
Reported images and intensities are background-corrected, typically using the first frame in a
series as the background. For imaging, each electrode was placed 500 um above a coverslip
using a Sutter MP-285 motorized micromanipulator (Sutter Instrument Co.). Onset potentials
from the optical signal are reported as the potential at which the optical signal reaches 10% of its
steady-state intensity. As with the electrochemical measurements, all reported optical

measurements are the average of three trials.

4.3 Results and Discussion
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4.3.1 Bipolar Coupling of Electrogenerated Chemiluminescence and Analyte

We first sought to demonstrate the basic principle of bipolar coupling of ECL to an
analyte on a closed BPE. As shown in previous studies using closed BPEs, the behavior of the
bipolar system can be readily understood by considering each of the poles individually.?*?2 More
specifically, the potential required to drive coupled reactions on a BPE is approximately the
difference between the potential required to drive each of the individual reactions in a traditional
two or three electrode configuration. Additionally, one of the poles will limit the total current
through the BPE, and this limit can also be understood by considering each pole individually.

Figure 4.2 shows the results of an experiment in which the ECL and analyte reactions are
considered both individually in traditional two-electrode (non-bipolar) setups and coupled
together in a closed BPE. The solid black trace shows the cyclic voltammogram (CV) of a 25 um
Pt electrode in 5 mM Fe(CN)g> with 1 M KClI as supporting electrolyte in a two-electrode setup.
The potential was swept from 0.5 to 0 V. As seen, Fe(CN)s*> reduction occurs with typical
steady-state behavior and an onset potential of 0.33 V. The solid green trace shows the cyclic
voltammogram of a 25 um Pt electrode in ECL solution in a two-electrode setup during a
potential sweep from 0.6 to 1.2 V. Again, typical steady-state behavior, although with a higher
steady-state current, is observed for the oxidation of the ECL components (Ru(bpy)s** and TPrA)
with an onset potential of 0.85 V. The dashed green trace shows the simultaneously-recorded
optical signal from this same electrode. As seen, the optical signal follows the electrical signal
nearly exactly, exhibiting the same steady-state behavior and an onset potential of 0.87 V. The
red traces show the simultaneously-recorded electrical (solid trace) and optical (dashed trace)
signals for these individual reactions coupled together on a closed BPE. Both poles of the BPE

were 25 um Pt electrodes, with one (the analyte/cathodic pole) placed in 5 mM Fe(CN)g> and
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the other (the reporting/anodic pole) placed in ECL solution. In this setup, the reduction of
Fe(CN)s* on the cathodic pole will be coupled to the oxidation of the ECL components on the
anodic pole. The potential was applied to two Ag/AgCI driving electrodes and swept from -0.1 to
-1V.

As can be seen, the electrical and optical signals follow one another very well, indicating
that the ECL signal generated on the anode is a good reporter of the current through the BPE. Of
note, there is a significant potential shift in the signal of the BPE as compared to the signal of the
individual reactions, with the onset of the BPE electrical and optical signals at -0.50 V and -0.57
V, respectively. As previously stated, this potential shift can be predicted by taking the
difference in the onset potentials of the individual reactions. The predicted onsets of the
electrical signal (0.33V —0.85V =-0.52 V) and optical signal (0.33 V —0.87 V =-0.54 V) agree
very well with the observed bipolar onset potentials. The onset of the optical signal is easily
visualized in Figure 4.2b, which shows images of the anodic pole at three potentials during the
forward sweep of the BPE. As seen, an optical signal appears between -0.5 V and -0.6 V and
grows until it reaches a steady-state at -0.8 V.

Additionally, one can see that the steady-state current reached in the bipolar setup is the
same as that reached in the two-electrode reduction of 5 mM Fe(CN)e*, indicating that the BPE
signal is limited by the cathodic pole. Further discussion of limiting poles can be found in
Appendix 1 (Figure 4.A1.1), as well as in our previous reports on closed BPE systems.?>?2 As
expected, the optical signal also shows a similar decrease in magnitude from that obtained in a
two-electrode setup. This is because the current through the BPE is lower due to the limitation
from the cathodic pole, meaning that the rate of oxidation of the ECL components is slower and

hence less light is emitted. Because ECL intensity is correlated to the reaction rate of the ECL
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components, which is in turn determined by the current through the BPE, the ECL intensity
should correlate to the concentration of the analyte at the cathodic pole as long as the cathodic
pole is limiting. This is the basis of using ECL as a reporter in a BPE sensing experiment.

4.3.2 Quantitative Detection and Influence of Anode Size

With an understanding of how ECL oxidation couples to analyte reduction and, in
particular, how information from the individual reactions can inform on the behavior of the
coupled reactions, we moved on to study the quantitative detection of analyte on a BPE using
ECL as a reporting mechanism. We studied both the electrical and optical response of a closed
BPE to Fe(CN)s> concentrations ranging from 10 to 0.01 mM. In this experiment, a 25 um Pt
electrode was used as the cathodic pole and placed in Fe(CN)g> solution. To see what effect the
size of the anode had on the signal, we used a 25, 50, or 127 um Pt electrode as the anodic pole
and placed it in ECL solution. We connected the two poles to form a closed BPE and applied a
potential sweep from 0 to -1 V using two Ag/AgCI driving electrodes, during which we
monitored the electrical and optical signals simultaneously. Figure 4.3a plots the steady-state
current and steady-state ECL intensity (taken as the signal at -0.8 V during the forward sweep)
for each anode size and Fe(CN)g>concentration. Examples of the full traces of these signals can
be found in Figure 4.4.

As expected, the steady-state current shows a linear dependence on Fe(CN)g*
concentration that is independent of the size of the anodic pole, indicating that the cathodic pole
is limiting in all cases. The ECL signal also has a linear dependence on Fe(CN)s*> concentration
as expected. However, quite unexpectedly, there is a striking change in the ECL intensity as the
size of the anodic pole changes, with the ECL intensity significantly decreasing with increasing
anode size for a given analyte concentration. Figure 4.5 contains images of the anodes at

different cathodic concentrations of Fe(CN)s* for easy visualization of this phenomenon. With
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the basis of using ECL as a reporting mechanism being that it is an accurate reporter of the
current, this data brought up a large discrepancy: How can the magnitude of the current through
the BPE be independent of anode size yet the magnitude of the ECL intensity be strongly
dependent on anode size?

Figure 4.3b shows this discrepancy clearly, displaying the current and ECL traces for the
three different size anodes during potential sweeps using a Fe(CN)s> concentration of 5 mM at
the cathodic pole.®® The steady-state ECL intensity decreases by more than a factor of 2 when the
anode is changed from a 25 um diameter disk to a 50 pm diameter disk. With a 127 um diameter
disk anode, there is no detectable ECL signal. These differences in intensity are very strikingly
seen in the images of the anode at steady-state (Figure 4.3c). Notably, the noise in the ECL
signal increases dramatically as the anode size increases. As there is no inherent background
light emission in ECL, this noise is due to the camera and is the result of integrating the signal
over a larger number of pixels as the anode size increases (~ 25 times more pixels for the 127 um
anode vs. the 25 um anode). However, this increase in noise cannot be responsible for a decrease
in mean signal intensity. This consideration of camera noise does bring up an important point,
however. If the same ECL intensity is observed on two different sized electrodes, the signal to
noise ratio will be more favorable on the smaller electrode, as the same signal will be recorded
on fewer pixels of the camera, resulting in less noise.®* Figure 4.A2.1 in Appendix 2 clearly
demonstrates this point. We note that a recent paper has reported on the effects of exposure time
of a CCD camera on both the ECL signal and signal to background ratio for a paper-based
microfluidic open BPE.X These observations highlight the additional imaging-related parameters
that must be taken into account when relying on an optical signal rather than a purely electrical

signal.
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The current traces in Figure 4.3b provide the first clue into solving our discrepancy.
While the three anode sizes produce the same steady-state current, there is a marked potential
shift between the different anode sizes, with the onset of current shifting from -0.50 V to -0.44 V
to -0.34 V with anode sizes of 25, 50, and 127 um, respectively. Despite this shift in the onset of
current, the onset of ECL remains constant at -0.57 V for the 25 um and 50 um anodes. This
clearly shows that as the anode size increases, an increasing fraction of the current through the
BPE is resulting in no light emission. To further explore this interesting result and explain our
discrepancy, we chose to carefully study the ECL reaction in a non-bipolar, two-electrode setup.

4.3.3 Predicting Bipolar Behavior and Calibration Curves

We did a simple two-electrode potential sweep experiment, using as working electrodes
the same electrodes that served as anodes in our bipolar experiment (25, 50, or 127 um diameter
Pt disk microelectrodes). The potential was swept from 0.6 to 1.2 V to oxidize the ECL
components while simultaneously recording the electrical and optical signals. Figure 4.6 presents
the results of this experiment. As seen in Figure 4.6a, the ECL traces follow the current traces
very closely. As expected, a larger electrode results in an increased current, which in turn results
in a larger ECL signal due to a higher oxidation rate of the ECL components. However, notice
that at the onset of the reactions, the current and ECL signal do not follow one another exactly.
Figure 4.6b shows a zoom-in of the plot in 4a. The differences between the onset of current
(solid lines) and the onset of ECL (dashed lines) become especially apparent here, with the
difference growing as the electrode size increases.

It has been previously shown that TPrA undergoes oxidation on Pt at a potential closer to
0 V than Ru(bpy)s?*, explaining why there is current without ECL, as Ru(bpy)s®" must be
oxidized for light emission to occur.?*3233 Due to an increased surface area where oxidation may

occur, a larger electrode enables the same TPrA oxidation current to pass at a lower potential.
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This point is demonstrated in Figure 4.7 by a bipolar coupling experiment in which the analyte
pole is placed in Fe(CN)s*> solution and the reporting pole is placed in a solution of only TPrA in
phosphate buffer (no Ru(bpy)s?*). Very interestingly, the Crooks group found this same
phenomenon to be the cause limiting the ECL reporting signal at low faradaic currents on open
BPEs® and showed that decreasing the anode size relative to the cathode could boost the ECL
signal.? Our results apparently confirm this same phenomenon in closed BPEs.

We realized that this was the key to explaining the observed discrepancy between current
and ECL signals in a bipolar setup. The solid black line in Figure 4.6b marks the steady-state
current obtained for the bipolar detection of 5 mM Fe(CN)e> (experiment shown in Figure 4.3b).
The dashed black lines mark the potential where that steady-state current is reached for each
electrode in the two-electrode setup and extrapolate to the ECL curve to mark the ECL intensity
achieved at that potential. This shows that a 127 um electrode can reach the bipolar steady-state
current before the onset of ECL, a 50 um electrode reaches the steady-state current just after the
onset of ECL, and a 25 um electrode reaches the steady-state current well after the onset of ECL.
One immediately notices that these ECL intensities (marked by the asterisks) match nearly
exactly with the steady-state intensities observed for the bipolar detection of 5 mM Fe(CN)e*
(shown in Figure 4.3b), showing how in a closed BPE the ECL intensity can be dependent on
anode size while the current remains independent of anode size. As the anode size increases, the
magnitude of “non-light-emitting current” also increases, resulting in less light emission.

To see if the information from a two-electrode experiment as in Figure 4.6 could
accurately predict the BPE response to a range of analyte concentrations, we made calibration
curves based on the data in Figure 4.6 and compared them to the curves obtained in an actual

bipolar experiment as shown in Figure 4.3a. To make the predicted calibration curves, for each
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electrode size we found the potential where the steady-state current for a given Fe(CN)e*
concentration was reached and marked the ECL intensity at that potential. Those ECL intensities
were then plotted vs. Fe(CN)s*> concentration, and the results are shown in Figure 4.8. As can be
seen, this predicted calibration plot follows the calibration plot obtained in an actual bipolar
experiment (Figure 4.3a) remarkably well. Figure 4.9 contains a side-by-side view of the plots
for easier comparison.

Importantly, note that the predicted plot is based on data from a simple non-bipolar, two-
electrode setup, but can be used to accurately predict important trends seen in the actual bipolar
detection data. For example, the predicted calibration plot shows the linear region for the 25 um
anode to extend from 1-10 mM, the linear region for the 50 um electrode to extend from 2.5-10
mM, and the 127 um anode to only show a signal at 10 mM. These same trends are seen in the
experimental bipolar detection data in Figure 4.3a. Additionally, the relative intensities for the
three different size anodes at a given Fe(CN)s* concentration are accurately predicted. As can be
seen, the information gained from studying the ECL reaction in a two-electrode setup is not only
useful in understanding the bipolar response, but can be used to accurately predict a calibration
plot for detecting an analyte in a bipolar detection experiment. This is a rather interesting point,
as the predicted calibration plot can be built from one simple potential sweep experiment and
with the only knowledge of the analyte needed the steady-state current it will produce at a given
concentration.® This can be visualized in another way by plotting the ECL intensity vs. the
current from the two-electrode setup for each electrode size (Figure 4.10). We note that the noise
level in the current and ECL curves such as shown in Figure 4.6b is a key factor in the accuracy
of the predicted bipolar signal. With increasing noise in either curve, a wider range of ECL

intensities must be considered.
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4.3.4 Applying Predicted Calibration Curves to Bipolar Detection

It is apparent from the discussion in the previous section that in order to increase the ECL
signal from a given analyte concentration, the current through the BPE should be maximized.
One way of doing this is to increase the size of the analyte pole (in this case the cathodic pole) of
the BPE. In fact, using the two-electrode data shown in Figure 4.6, we can predict the calibration
plots for bipolar detection using a larger cathode. As an example, we made a calibration plot for
Fe(CN)s* detection on a BPE with a 127 um cathodic pole and either a 25, 50, or 127 um anodic
pole. To do this, we first measured the steady-state current for each Fe(CN)s> concentration on a
127 um electrode using a two-electrode setup (Figure 4.11). Then, using the data shown in
Figure 4.6, for each anode size we found the potential where the steady-state current of a given
Fe(CN)e*> concentration was reached and marked the ECL intensity at that potential. These ECL
intensities were plotted vs. Fe(CN)s> concentration to complete the calibration plot. This
predicted plot is shown in Figure 4.12a. An alternative way of visualizing the formation of the
predicted calibration curve is presented in the Figure 4.13.

Some very interesting trends are immediately seen in this plot. First, as compared to the
plot in Figure 4.8 (which is based on a 25 um cathode), the ECL signal is roughly an order of
magnitude greater. This confirms that a larger cathode, and hence a larger current through the
BPE, produces a larger ECL signal. More interestingly, the relative intensities between the anode
sizes show a much different trend than in Figure 4.8. A 25 um anode only shows sensitivity to
Fe(CN)s*> concentrations below 1 mM, while a 50 pm anode only shows sensitivity to
concentrations below 5 mM. This is because at these concentrations and above, the ECL reaction
at the anodic pole has reached its mass transfer-limited maximum, meaning the current through

the BPE is limited by the anodic pole. Therefore, the steady-state current through the BPE and
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hence, the steady-state ECL intensity, remain constant regardless of Fe(CN)s> concentration. The
127 um anode shows no such limitation, as the theoretical maximum steady-state current at the
anode is still greater than the current demand at the cathode for these Fe(CN)s> concentrations.
The third significant difference is that there is a significant shift in the linear region of the
calibration curves to lower concentrations. The 127 um anode shows a linear response from 2.5-
10 mM, the 50 pm anode shows a linear response from 0.25-2.5 mM, and the 25 pum anode
shows a linear response from 0.01-0.1 mM.

Overall, the plot in Figure 4.12a predicts a very marked difference between using a 127
um cathode and a 25 pum cathode for bipolar detection. For example, when using a 127 pum
cathode, a 25 um anode should show a linear range two orders of magnitude lower in analyte
concentration than if using a 25 pum cathode but should show no sensitivity to analyte
concentrations over 2.5 mM. To verify that the predicted calibration plot shows the correct
trends, we did the same bipolar detection experiment outlined in Figure 4.3, but used a 127 um
cathode rather than a 25 um cathode. The results of this experiment are plotted in Figure 4.12b.
As can be seen, the overall trends predicted in 6a are accurate, which is the point we wish to
emphasize. The ECL signal is roughly an order of magnitude greater, the linear range of the
curves shift to lower concentrations for all three anode sizes, and the 25 and 50 pm anodes show
limited to no sensitivity at higher Fe(CN)s*> concentrations for detection using a 127 pm cathode

as compared to using a 25 um cathode.

4.4 Conclusion
The fundamental behavior of ECL coupling to analyte redox reaction on a closed bipolar

microelectrode has been described for the oxidative Ru(bpy)s**/TPrA ECL system using a Pt

BPE. We explicitly demonstrated the correlation between current through the BPE and ECL
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intensity at the reporting pole of the BPE, showing how these two signals change with changing
analyte concentrations. Importantly, we also demonstrated the effect that changing the size-
geometry of the BPE poles has on the optical signal and explained the origin of this size effect.
We found that changing the size-geometry of the BPE can significantly alter its sensing
performance and show how one can take advantage of this to tune the BPE to different analyte
concentration ranges. A smaller reporting pole relative to analyte pole showed a lower linear
concentration detection range as well as better signal to noise ratio. Using data obtained from
simple non-bipolar experiments, we demonstrated how calibration curves for BPE sensing
experiments can be accurately predicted. We believe this report will be useful and provide
valuable insight to those designing sensing systems based on ECL reporting on closed BPEs,

both in a single-electrode, and more excitingly, an array-based format.
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4.5 Figures
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Figure 4.1. Diagram of the bipolar setup with ECL reporting.

Diagram of the experimental setup used. (a) Schematic of the closed BPE setup, which enables
simultaneous measurement of the current through the BPE and light emission from the reporting
pole. In this report, the optical reporter (R) is Ru(bpy)s?* and TPrA, which are co-oxidized at the
reporting pole and emit light through a complex reaction cascade. (b) Outlines of the
electroactive areas of the different disk microelectrodes used as the two poles to make closed

BPEs of different size-geometries.
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Figure 4.2. Current and ECL signals for two-electrode and bipolar setups.

Relationship between two-electrode and bipolar potentials, electrical, and optical signals. All
electrodes used were 25 um Pt. (a) Black line: CV for an electrode in a two-electrode setup in 5
mM Fe(CN)6>. Solid green line: CV for an electrode in a two-electrode setup in ECL solution.
Dashed green line: simultaneously-recorded optical signal from the same electrode during the
same scan as shown with the solid green line. Red lines: simultaneously-recorded electrical
(solid) and optical (dashed) signals for a bipolar setup in which the cathode was placed in 5 mM
Fe(CN)s> and the anode was placed in ECL solution. (b) Images of the anode of the BPE at
various potentials during the forward potential sweep. The actual position of the electrode is
indicated by the dashed red ring.
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Figure 4.3. Quantitative detection of ferricyanide.
Results of a quantitative bipolar detection experiment. (a) Plot of the steady-state ECL intensity
(circles) and steady-state current (triangles) for different Fe(CN)s® concentrations using three
different anode sizes. An EM gain of 50 was used to collect the optical data. (b) ECL intensity
(dashed lines) and current (solid lines) during potential sweeps for the detection of 5 mM
Fe(CN)s*>. No EM gain was used to collect the optical data. (c) Images of each anode at steady-
state (-0.8 V forward sweep) during the detection experiment shown in (b). The actual electrode
positions are outlined in red.

106

Isteady-state / nA

i/ nA

>50



lecs | countsx108

[Fe(CN):*] 1 mM
— 10
—5
— 25

1
— 05
— 025
— 01
— 0.05

-1.2

1

-08 -06 -04 -02 0
E /Vvs. Ag/AgCI

0.2

ifnA

-50
-1.2

1

-08 -06 -04 -02 O
E /Vvs. Ag/AgClI

0.2

lee; | countsx108

il nA

(b)

o
w
L

o
N
I

o
-
I

o
I

-1.2

-1

-08 -06 -04 -02
E /'VVvs. Ag/AgCI

0 02

(d)

-1.2

1

-0.8 -06 -04 -02
E /Vvs. Ag/AgCI

Figure 4.4. ECL and current signals for the detection of ferricyanide.
Traces of the simultaneously-recorded ECL intensity [(a) and (b)] and current [(c) and (d)]
during the potential sweep BPE sensing experiment discussed in Figure 4.3. In this experiment,
the cathode was 25 um and placed in different concentrations of Fe(CN)s>, and the anode was of
various sizes and placed in ECL solution. The data shown in this figure is for a 25 pm anode. (b)
and (d) are zoom-ins of (a) and (c), respectively. A calibration curve is formed from this data by
taking the intensity of the signal (either ECL intensity or current) at -0.8 V during the forward
sweep for each concentration of Fe(CN)s>. This intensity is approximated as the steady-state
signal intensity, which can then be plotted against Fe(CN)e> concentration. The calibration
curves from the data shown here are represented by the red circles (for ECL) and red triangles
(for current) in Figure 4.3a.
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Figure 4.5. Images of different size anodic poles for the detection of ferricyanide.

Images of the anodic poles of the BPEs for different cathodic concentrations of Fe(CN)e* during
the BPE sensing experiment described in Figure 4.3a. Each image was taken at -0.8 V during the
forward sweep of the potential scan. The integrated counts over each anode gives the total ECL
intensity, which are the steady-state ECL intensity values reported in Figure 4.3a. The cathodic
pole in all cases was a 25 um electrode. Note the different intensity scales for the images of each
anode size. The actual anode positions are indicated by the dashed red rings.
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Figure 4.6. Two-electrode CVs of different size electrodes in ECL solution.

Results of a two-electrode potential sweep experiment with different size electrodes placed in
ECL solution. The potential was swept from 0.6 to 1.2 V at 20 mV/s and the ECL signal (dashed
lines) and current (solid lines) were simultaneously recorded. (b) is a zoom-in of (a), with the
ECL intensities at the potential at which each electrode reaches the steady-state current produced
by 5 mM Fe(CN)s* in the bipolar detection experiment in Figure 4.3b marked with asterisks. No
EM gain was used to collect this data.
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Figure 4.7. Bipolar coupling of ferricyanide to tripropylamine.

Results of a bipolar coupling experiment in which the reporting pole was immersed in a solution
of 25 mM TPrA and 0.1 M pH 7.0 phosphate buffer (no Ru(bpy)s?*). The analyte pole was a 25
um Pt electrode and immersed in a solution of 5 mM ferricyanide with 1 M KCI. The reporting
pole was either a 25, 50, or 127 um Pt electrode. A potential sweep from 0 to -1 V at 20 mV/s
was applied to two Ag/AgCI driving electrodes and the current through the BPE and light
emission from the reporting pole were simultaneously recorded. This experiment is the same as
that shown in Figure 4.3b, except Ru(bpy)s* is not present in the reporting pole solution used
here.

Figure 4.7 Discussion.

As can be seen, no light emission is observed from the reporting poles. This is expected as the
ECL process cannot occur without Ru(bpy)s** oxidation. The CV traces clearly show that
increasing the size of the reporting pole increases the amount of current that passes through the
BPE at a given potential, with larger currents passing at potentials closer to 0 V as the reporting
pole size increases. For the 127 um reporting pole, the steady-state current (limited by the
analyte pole) is reached before -0.6 V (the approximate onset potential of ECL emission as
determined in Figure 4.3b). As no Ru(bpy)s** was used in the experiment here, this shows that
the steady-state current can be reached with solely TPrA oxidation occurring on the reporting
pole. This explains why no ECL emission is observed for the 127 pum electrode in Figure 4.3b.
For the 50 and 25 um reporting poles, TPrA oxidation is only able to support a fraction of the
steady-state current, meaning that in a typical ECL solution (i.e. one containing Ru(bpy)s®*),
Ru(bpy)s?* oxidation will still occur and there will be ECL emission from the electrode.
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Figure 4.8. Predicted calibration plot for the detection of ferricyanide.
Predicted calibration plot for the bipolar detection of Fe(CN)e> using different sized anodes and
a 25 um cathode.
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Figure 4.9. Experimental and predicted calibration plots for ferricyanide detection.
Side-by-side comparison of the experimental (a) and predicted (b) calibration plots for the BPE
detection of Fe(CN)6> using a 25 pm cathode and various sized anodes. The data in (a) is shown
in Figure 4.3a, and (b) is shown as Figure 4.8. The differences in ECL intensity magnitude
between the plots are because an EM gain of 50 was used to acquire the data in (a), while no EM
gain was used to acquire the data used to make the predicted curves shown in (b). Therefore, the
intensities in (a) are ~50 times greater than the intensities in (b).
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Figure 4.10. ECL intensity vs. current for different size electrodes.

Plots of ECL intensity vs. current for the three different electrode sizes in a two-electrode setup.
(b) is a zoom-in of (a). These plots are made from the same data shown in Figure 4.6. In this
experiment, a Pt electrode serves as the working electrode and is placed in the ECL solution. A
potential sweep from 0.6 to 1.2 V at 20 mV/s is applied while simultaneously monitoring the
ECL intensity and the current. Only the forward scan is shown in these plots. These plots clearly
demonstrate a couple of key points. First, the ECL intensity is higher at lower currents for
smaller electrodes. Second, the ECL intensity levels off to a steady-state maximum for each
electrode. As the electrode size increases, this maximum increases in magnitude and is reached at
higher currents. The behavior of the ECL signal in BPE sensing experiments can be readily
explained from plots like these. With knowledge of the current that an analyte will produce at the
cathode, the ECL intensity from each anode can be easily predicted using this plot by taking the
ECL intensity at that current for each anode.
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Figure 4.11. CVs of different concentrations of ferricyanide.
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CVs obtained for different concentration of ferricyanide in 1 M KCI using a 127 um Pt electrode
in a two-electrode setup. The potential was swept from 0.5 to 0 V at 20 mV/s. The forward scan
is indicated by the black arrow. The steady-state current for each concentration was
approximated as the current at 0.1 V during the forward sweep.
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Figure 4.12. Calibration plots for ferricyanide detection using a 127 um cathode.

Predicted (a) and experimental (b) calibration plots for the bipolar detection of Fe(CN)s*> using
different sized anodes and a 127 um cathode. An EM gain of 50 was used for the experiment in
(b), while (a) is predicted from data collected using no EM gain.
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Figure 4.13. ECL intensity vs. current overlaid with steady-state currents.

Plots of two-electrode ECL intensity vs. current for each electrode size overlaid with the steady-
state currents measured for each ferricyanide concentration using a 127 um Pt electrode. The
ECL intensity vs. current plots are the same as those presented in Figure 4.10. The vertical
dashed black lines represent the steady-state current measured for a particular ferricyanide
concentration using a 127 um Pt electrode. The steady-state currents were taken as the current at
0.1 V in the forward sweep of the CV data presented in Figure 4.11. The numbers above the
dashed black lines indicate ferricyanide concentration in mM. As in Figure 4.10 (b) is a zoom-in
of (a) and the red, blue, and yellow traces are for a 25, 50, and 127 um electrode, respectively.
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Figure 4.13 Discussion.

A calibration plot for the BPE sensing of ferricyanide using a 127 um cathode and a given size
anode can be predicted from this data by taking the ECL intensity for a given electrode size at
each steady-state current marked and plotting those intensities against the respective Fe(CN)e*
concentration. For example, the predicted calibration curve for a 127 pum anode (shown by the
yellow points in Figure 4.12a) is given by plotting the ECL intensity at each point where the
ECL curve (solid yellow line) is intersected by a vertical dashed black line against the respective
ferricyanide concentration represented by each steady-state current.
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4.6 Appendix 1

Limiting Poles in Bipolar Electrochemistry

One of the poles will always limit the current through a closed BPE, unless both poles are
equally “balanced.” Considered individually, under steady-state conditions each pole will have a
maximum current at a given potential. That maximum current can easily be measured by taking a
CV of the individual pole in a two-electrode setup. When the two poles are connected to form a
closed BPE, the current through the BPE at each potential will be limited by the individual pole
with the lowest maximum current at that potential. This pole is termed the limiting pole. Figure
4.A1.1 demonstrates this concept. The CV represented by the dashed black line is the two-
electrode CV for a 127 um electrode in 5 mM Fe(CN)g>. The CVs represented by the dashed red
and dashed blue lines are the two-electrode CVs for either a 25 um or 50 pum electrode,
respectively, in ECL solution. As seen, all three CVs exhibit steady-state behavior, with the mass
transfer-limited steady-state current representing the maximum current for each electrode under
the conditions present.

The solid lines show the CVs obtained when these two poles are connected to form a
closed BPE. The cathode of the BPE is a 127 um electrode and is placed in 5 mM Fe(CN)s*. The
anode of the BPE is either a 25 um (red) or 50 um (blue) electrode and is placed in ECL
solution. For the BPE with the 25 um anode, note that the magnitude of the steady-state current
is equivalent to the magnitude of the steady-state current of the 25 pm electrode in ECL solution
in a two-electrode setup (dashed red trace). This is because a 25 um electrode in ECL solution

has a lower magnitude steady-state current than a 127 um electrode in 5 mM Fe(CN)e> and
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therefore limits the current through the BPE. Hence, in this setup, the anode is the limiting pole.

Conversely, for the BPE with the 50 um anode, the magnitude of the steady-state current is

equivalent to the magnitude of the steady-state current of the 127 pum electrode in 5 mM

Fe(CN)s* in a two-electrode setup (dashed black trace). This is because a 50 pm electrode in

ECL solution has a higher magnitude steady-state current than a 127 um electrode in 5 mM

Fe(CN)s*> and therefore does not limit the current through the BPE. Hence, in this setup, the

cathode is the limiting pole.

250
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150 - Bipolar. 50 pm electrode
Cathode: 5 mM Fe(CN)g* 25 um electrode J
100 127 pm electrode P
< Anode: ECL sol'n i _
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Figure 4.A1.1. Relationship between two-electrode and bipolar setup CVs.

Relationships between two-electrode and bipolar setup currents and potentials for different size
anodic poles for the detection of 5 mM Fe(CN)s*>. The cathodic pole in the bipolar setup was 127
pm. Dashed lines show two-electrode setup CVs, while solid lines show bipolar setup CVs.
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4.7 Appendix 2

Enhanced Signal to Noise Ratio on Smaller Anodes

As mentioned in the main text, if an equivalent ECL intensity is found on two electrodes
of different sizes, the signal to noise ratio will be greater on the electrode of smaller size if a
pixel-based detector (such as a CCD camera, which is used here) is used. While a pixel-based
detector is not necessary in a one-electrode sensing experiment, it becomes necessary if one
desires to do sensing/imaging on an electrode array due to the need to image several electrodes
simultaneously. This signal to noise effect can be thought of in two ways. If considering the total
ECL intensity (i.e. integrating the intensity over the entire electrode area), a larger electrode will
give a larger noise value. This can be seen, somewhat subtly, in the ECL intensity traces
displayed in Figure 4.A2.1 below, and can be very clearly seen in Figures 4.3b and 4.4b of the
main text. This is because a larger electrode requires a larger area (and hence a larger number of
pixels) to be integrated to get the total ECL intensity. As long as the same camera settings are
used, the per pixel noise level remains constant regardless of electrode size. This means the
increased noise associated with the total ECL intensity of a large electrode is due to multiplying
the per pixel noise by a larger factor due to using more pixels to measure the ECL signal.

If considering the per pixel ECL intensity (i.e. an image), a larger electrode will have a
smaller signal per unit area, corresponding to a smaller signal per pixel on the camera. This is
because the same total ECL signal is emitted from a larger area, meaning a large electrode
effectively “spreads out” the signal. This causes a lower per pixel signal to noise ratio, and can

be clearly seen in the images in Figure 4.A2.1 below.
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Figure 4.A2.1. Enhanced signal to noise ratio on smaller anodes.

Results of a BPE sensing experiment in which the cathode was 127 pm and placed in 5 mM
Fe(CN)s*. The anode was either 25 or 127 um and placed in ECL solution. (a) The total ECL
intensity (dashed lines) and current (solid lines) for each anode size during a potential sweep
from 0 to -1 V. As seen, the steady-state ECL intensities are approximately the same for both
anode sizes. Discussion of why this is (and relatedly, why the current magnitudes are different)
can be found in the main text. (b) Images of each anode at -0.8 V during the forward sweep of
the potential scan. Despite having approximately the same total ECL intensities, one can clearly
see that the signal to noise ratio of the 25 um anode is markedly better than that of the 127 pum
anode. The actual anode positions are indicated by the dashed red rings.
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CHAPTER 5

Coupled Electrochemical and Fluorescence Properties of

Methylene Blue-Modified Polystyrene Microspheres

5.1 Introduction

Nanoparticles functionalized with redox-active moieties have been of interest to
researchers as a novel electrochemical material with the potential for high-capacity charge
storage.>?3*5 These particles are typically either polymer,** silica,® or gold® and have a redox-
active molecule such as ferrocene covalently linked to the particle surface. Interestingly, these
particles typically behave as a sort of “super” redox molecule, as each particle can contain
anywhere from 10 to 10® active redox moieties, depending on both the particle size and
functionalization method. Importantly, the electrochemical characterization of these particles
relied on bulk, rather than single-particle, measurements.

Since the time these initial publications appeared, the ability to electrochemically detect
single nanoparticles has been developed® and applied in various schemes to detect a multitude of
different types of nanoparticles.” Collectively these methods are frequently referred to as
stochastic particle collision amperometry. In these experiments, a small detection electrode is
placed in a dilute solution of dispersed nanoparticles that collide with the electrode in a
stochastic manner. The current through the electrode is measured over time, and each collision of
a particle with the electrode produces a detectable change in the current. There are many specific
schemes used to induce this current change, but typically the particle either catalyzes an
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electrochemical reaction, producing a sharp increase in the current, or gets directly oxidized or
reduced, again producing a sharp increase in the current.

Despite the many different types of particles studied in this manner, it is important to note
that to date, no redox-functionalized nanoparticles have been studied using this technique. These
particles, however, should be very readily amenable to detection via a stochastic particle
collision method. If the detection electrode is poised at a potential sufficient to induce the
faradaic reaction of the redox-active moieties, a spike in the current signal should be observed
each time a particle collides with the electrode. The area of this spike could then be used to
quantify the number of redox molecules reacted in the collision and the time scale of the event
could be used to help understand whether complete reaction of the redox moieties is due to
rotational diffusion of the particles or an electron hopping mechanism. 4°

Our interest in this type of particle initially arose from a desire to test the detection limit
of our new electrochemical imaging method, fluorescence-enabled electrochemical microscopy
(FEEM).2%10 We would like to use FEEM for imaging the synaptic transmission of electroactive
neurotransmitters such as dopamine from neuronal cells. Model neuronal cells that would be
used for this type of study secrete on the order of 10° dopamine molecules per quantal release,
meaning our technique must have the sensitivity to detect ~10° electrons.!* In order to
systematically study the performance of FEEM in detecting this type of event, we propose using
redox-functionalized nanoparticles in a stochastic particle collision detection scheme as outlined
in Figure 5.1. Each redox-modified nanoparticle acts as a “super” redox molecule, injecting a
discrete number of electrons into the bipolar electrode upon collision, resulting in a fluorescence
burst on the reporter side of the electrode as the fluorogenic indicator undergoes coupled faradaic

reaction. By changing the number of redox molecules on each nanoparticle, we can study the
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fluorescence response caused by a specific number of electrons being injected into the system.
While individual collision events will be detectable by stochastic collision amperometry at
higher redox molecule loadings, they will be below the detection limit at lower loading levels. In
order to correlate these events with the FEEM signal, we propose modifying the nanoparticles
with a fluorophore to enable collision observation via fluorescence microscopy.

In deciding on which particle substrate-redox molecule-fluorophore combination to use,
we sought to take advantage of our knowledge of redox-active fluorophores by combining the
redox-active and fluorescent molecule into one species. This has the significant advantage of
simplifying the particle modification process and enables the observation of the particle collision
event. Additionally, if the molecule has coupled redox and fluorescence states, this has the
additional benefit of enabling the visual observation of the faradaic reaction of the modified
particle. Two molecules that have these properties are resorufin and methylene blue, which are
both fluorescent molecules that can be reversibly reduced to a non-fluorescent form.!2 As for
the particle substrate, we decided to utilize polystyrene microspheres, as they are readily
available in a wide range of monodisperse sizes, and there is an extensive existing literature on
modifying these particles with redox-active, fluorescent, and other interesting moieties, 14151617
Conveniently, the cationic methylene blue has been previously shown to adsorb onto anionic
polystyrene microspheres via electrostatic interaction.!” Therefore, we chose methylene blue-
modified polystyrene microspheres as a redox-active, fluorescent particle to develop for use in
our FEEM detection scheme as shown in Figure 5.1.

We note some interesting similarities and differences in our idea of electrochemically and
optically detecting the collision and subsequent faradaic reaction of single redox-active particles

to some previous studies. The Bard group has developed a system of electrochemically detecting
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the collision of polydisperse, submicron oil droplets containing hydrophobic redox
molecules.’81%20 |f the droplet contains a luminophore and coreactant, electrogenerated
chemiluminescence (ECL) can occur, resulting in a concurrent optical signal.?* This idea is
similar in nature to the modified particles discussed here, however our particles contain redox
molecules adsorbed to a particle surface (as opposed to freely diffusing within an oil droplet) and
should have a very monodisperse size distribution. The Crooks group presented a study in which
they optically monitored the collision of fluorescent polymer microspheres with a microelectrode
and the subsequent blocking effect the microsphere had on an electrochemical reaction occurring
on the electrode surface at a diffusion-limited rate.?? Their study uses the idea of monitoring the
collision of particles by using fluorescent polymer microspheres, but the microspheres in their
case are electrochemically inert.

In this chapter, we first demonstrate the coupled electrochemical and fluorescence
properties of free methylene blue in an aqueous solution as it is reversibly reduced on a
microelectrode. We then discuss the modification of polystyrene microspheres with methylene
blue and the resulting visual appearance and fluorescence of the modified microspheres. We
show that the fluorescence of the modified microspheres can be reversibly switched between an
on and off state by potential control. Lastly, we show that collision events of single modified
microspheres can be observed both optically and electrochemically. This demonstrates that
redox-modified particles can be detected via stochastic particle collision amperometry and that
the methylene blue-modified microspheres are suitable for the FEEM detection scheme outlined

in Figure 5.1.

5.2 Experimental Section
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5.2.1 Chemicals

Methylene blue (MB, Aldrich Chemical) was used as received. Polystyrene (PS)
microspheres (Polysciences, Inc.) were used as received for the preparation of the MB-modified
PS microspheres as described in section 5.2.2. Microspheres were dispersed in 50 mM pH 7.5
phosphate buffer for all imaging and electrochemistry experiments.
5.2.2 Preparation of Modified Microspheres

We followed a very simple procedure from Galembeck and coworkers®’ that relies on
adsorption to modify the PS microspheres with MB. We mixed 0.5 mL of 752 + 21 nm diameter
PS microsphere solution (1.08x10'! particles/mL) as received from the manufacturer with 0.5
mL of 5 mM MB in 25 mM pH 7.5 phosphate buffer. We sonicated this solution for 60 min to
ensure that the PS microspheres were dispersed and then let the solution sit overnight at room
temperature. This was followed by 10 wash cycles, with a cycle consisting of centrifuging the
microsphere solution at 8,000 RPM for 10 min, removing the supernatant, adding 1 mL of fresh
50 mM pH 7.5 phosphate buffer to the microspheres, and sonicating the resulting solution for 2
min to redisperse the microspheres. The supernatant was a deep blue color after the first wash
cycle and progressively became clearer with each subsequent wash cycle. By the tenth cycle, the
supernatant had no visible color, while the PS microspheres retained a visibly blue color,
indicating successful modification with MB. Following the final centrifugation, the modified
MB-PS microspheres (taking up a volume ~ 0.3 mL) were dispersed with 1.5 mL of fresh 50
mM pH 7.5 phosphate buffer to a final volume of 1.8 mL. Assuming no particle loss during the
wash cycles, this results in a particle concentration of 3x10'° particles/mL, giving an
approximate maximum particle concentration. This solution was used as the stock MB-PS

microsphere solution and was stored between experiments at 4 °C. PS microspheres with
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diameters of 532 nm, 356 nm, and 112 nm were also successfully modified with MB using this
procedure. However, only results from the 752 nm diameter microspheres are discussed here.
Unmodified PS microspheres were used as a control. A stock solution of these was created by
dispersing 0.5 mL PS microsphere solution as received from the manufacturer in 1.3 mL 50 mM
pH 7.5 phosphate buffer.
5.2.3 Electrochemical Measurements

The voltammetry experiment in Figure 5.3 was carried out using a Chem-Clamp
potentiostat (Dagan Corporation) interfaced to a PC through a PCI-6251 data acquisition board
(National Instruments) using a BNC-2090 breakout box (National Instruments). An in-house
LabView 10.0 (National Instruments) program was used for voltage function generation and
acquisition of the current-voltage data. This program receives an external trigger from a camera,
enabling the synchronized recording of electrochemical and optical signals. For the voltage
pulsing experiments in Figures 5.6 and 5.7, the potential was controlled using a Chem-Clamp
potentiostat. An ITO-coated glass coverslip was used as the working electrode in the experiment
in Figure 5.6. Electrical connection was made to the ITO coverslip through a tungsten wire
connected to the ITO surface with silver paint (Dupont). The working electrode in the
experiments shown in Figures 5.3 and 5.7-5.10 was a 25 um diameter Au electrode with an inlaid
disk geometry. This electrode was fabricated by sealing a 25 um diameter Au microwire (Alfa-
Aesar) in a borosilicate capillary (Sutter Instrument Co.) and making connection to the Au with
tungsten wire and Ag paint (Dupont) through the back end of the capillary. A Ag/AgCl reference
electrode was used for all experiments, and all potentials are reported vs. Ag/AgCl. Onset
potentials were determined by taking the potential at which 10% of the steady-state current was

reached.
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The single-particle amperometry experiments were carried out using an Axopatch 200B
integrating patch-clamp amplifier (Molecular Devices) interfaced to a PC through a Digidata
1440A digitizer (Molecular Devices). The Axopatch was operating in V-clamp mode with whole
cell B = 1 and the low-pass filter set to 10 kHz. Amperometric traces were recorded using
pClamp 10.4 Axoscope software (Molecular Devices) with a 50 kHz sampling rate. Current
spikes were analyzed and integrated using pClamp 10.4 Clampfit software (Molecular Devices),
and histograms of the events were created using Origin software (OriginLab Corporation).

5.2.4 Optical Measurements

A Nikon Eclipse Ti inverted microscope and an Andor iXon EMCCD camera cooled to
-80 °C were used for brightfield and fluorescence imaging. A mercury lamp (Nikon Intensilight
C-HGFIE, ND1 filter setting) coupled to the microscope via an optical fiber was used as the
excitation source. Light was passed through a filter cube containing a 625/26 excitation filter
(Semrock Brightline), a 660 dichroic mirror (ChromaTechnology), and a 692/40 emission filter
(Semrock Brightline). The imaging in Figure 5.3 was done through a 40X 0.6 NA objective
(Nikon CFI S Plan Fluor ELWD). All other imaging was done through a 100X 1.49 NA oil
immersion objective (Nikon CFI Apo TIRF) using an additional 1.5X magnification on the
microscope. Nikon Type A immersion oil was used. All fluorescence imaging was done in
epifluorescence mode. Andor SOLIS software was used to record and process all images. The
exposure time and EM gain used to acquire the fluorescence images are as follows: Figure 5.3 =
0.1 s exposure, 100 EM gain; Figure 5.5 = 0.5 s exposure, 100 EM gain for (a), 300 EM gain for
(b); Figure 5.6 = 0.1 s exposure, 300 EM gain; Figure 5.7 = 0.5 s exposure, 300 EM gain. A

preamplifier gain of 5.1 was used. For the experiments in Figure 5.3 and Figure 5.7, the electrode
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was positioned 300 um or 50 um, respectively, above a glass coverslip using a motorized

micromanipulator (Sutter Instruments MP-285).

5.3 Results and Discussion
5.3.1 Coupled Electrochemical and Fluorescence Properties of Free Methylene Blue

We first sought to demonstrate the coupled behavior of the fluorescence state and redox
state of solution phase methylene blue (MB). MB is a redox-active molecule that can undergo a
reversible two-electron reduction reaction to leucomethylene blue (LMB) (Figure 5.2). MB has
an absorbance maximum at 665 nm, which explains its characteristic deep blue color.™ It has a
corresponding fluorescence maximum at 682 nm, although MB is a weak fluorophore with a
quantum vyield < 0.05. LMB only absorbs in the UV range, which explains its colorless
appearance, and although it has a quantum vyield similar to that of MB, the fluorescence
maximum is shifted to 452 nm. This difference in optical properties between MB and LMB
enables one to optically monitor the redox state of the molecules. The popular “Blue Bottle
Experiment” classroom demonstration utilizes this change in optical properties, as glucose
chemically reduces a solution of MB to LMB, turning the solution from blue to colorless.?3%*

We utilize the change in fluorescence state to optically monitor the redox state of MB. In
its oxidized form, MB will fluoresce around 680 nm, while the reduced form, LMB, will show
no fluorescence in that wavelength region. To demonstrate this property, we performed an
experiment in which the current and fluorescence from a 25 um diameter Au microelectrode
were simultaneously monitored during a potential sweep in MB solution. The electrode was
placed in an argon-bubbled solution of 100 uM MB in 50 mM pH 7.5 phosphate buffer and

positioned on an inverted microscope for fluorescence imaging. The potential of the electrode
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was swept between 0 and -0.8 V vs. a Ag/AgCI reference electrode at 20 mV/s. The current and
fluorescence intensity at the electrode were simultaneously monitored during the potential sweep
and the averaged results of three scans are plotted in Figure 5.3a (dashed black trace = current,
red trace = fluorescence). As can be seen, the current follows the expected sigmoidal-shaped
curve with an onset potential of -0.34 V, indicating the onset of reduction of MB to LMB. The
current then decreases until it reaches a steady-state current of -0.40 nA. Using a diffusion
coefficient of 8.3x101° m?/s for MB, this current matches the theoretical steady-state current.?>2°
On the return scan, the current increases as the potential is scanned back to 0 V and a small
oxidation peak is present at -0.35 V. This behavior is likely due to the reoxidation of the
reduction product, LMB, which can be adsorbed onto the electrode surface.?’

The fluorescence signal follows the current nearly exactly. The fluorescence intensity
starts off at a maximum, as the solution around the electrode contains only MB. The intensity
begins to decrease as the current decreases, signifying the reduction of the fluorescent MB to the
non-fluorescent LMB. This decreases the local concentration of MB near the electrode, thus
decreasing the fluorescence intensity at the electrode. As the potential decreases to -0.8 V, the
fluorescence intensity reaches a steady-state value along with the current. On the return scan, the
fluorescence intensity doesn’t initially follow the same increase as the current does, which may
indicate that this current increase is due to a charging current. A charging current, which is a
non-faradaic process, would not produce a change in the fluorescence signal. The change in
fluorescence intensity at the electrode can clearly be seen in Figure 5.3b. The first image shows
the electrode at a potential of -0.2 V, which is before the onset of MB reduction. The second

image shows the electrode at a potential of -0.8 V, where the reduction of MB to LMB is being
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driven at its diffusion-limited maximum. As can be seen, the electrode exhibits a much brighter
fluorescence signal at -0.2 V.

As is clear, the electrochemical reduction of MB to LMB can be monitored by imaging
the fluorescence signal at an electrode. The fluorescence intensity correlates extremely well to
the current and is directly proportional to it. The fluorescence intensity (rather than the time-
derivative of the fluorescence intensity) is directly proportional to the current in this system
because a fluorophore is being turned off upon faradaic reaction, meaning that once the
fluorophore is reduced, signal is no longer generated from it. This system is in many ways
analogous to the dihydroresorufin system discussed in Chapter 2, but opposite in the regard that
the dihydroresorufin system converts a fluorophore from an off to an on state via faradaic
reaction, while this system with MB converts a fluorophore from an on to an off state via
faradaic reaction.

5.3.2 Coupled Electrochemical and Fluorescence Properties of MB-PS Microspheres

After successfully demonstrating the ability to monitor the redox state of free MB using
fluorescence microscopy, we sought to measure the electrochemical and fluorescence properties
of the MB-modified PS microspheres. Successful modification of the PS microspheres is easily
visible to the naked eye, as can be seen in Figure 5.4. Figure 5.4a-b shows unmodified PS
microspheres (5.4a) and MB-modified PS microspheres (5.4b) after centrifuging a prepared
solution of each. The precipitate from the unmodified microspheres is white, while the
precipitate from the MB-modified microspheres is a distinct blue, indicating successful
adsorption of MB onto the microspheres. This color change can also easily be seen in the dried
form of the microspheres. Figure 5.4c-d shows a photograph of the unmodified (5.4c) and MB-

modified (5.4d) PS microspheres after 150 pL of dispersed solution of each was dropped and
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dried onto a glass coverslip. Once again, the unmodified microspheres are white, while the MB-
modified microspheres exhibit the characteristic color of methylene blue. Previous studies
indicate that the cationic methylene blue adsorbs onto the surface of the PS microspheres, which
contain a net anionic charge, via electrostatic attraction.”282%30 This explanation is supported by
our unsuccessful attempt to modify the microspheres with an anionic redox-active fluorophore,
resorufin. We repeated the MB modification procedure, substituting resorufin for MB, and found
that after washing, the microspheres remained white, indicating no adsorption of resorufin onto
the PS microsphere surfaces.

We used fluorescence imaging of the microspheres to show that MB-modification
imparts fluorescence to the modified PS microspheres. Figure 5.5 shows images from a simple
fluorescence microscopy experiment. Figure 5.5a shows brightfield and fluorescence images of
dispersed solutions of unmodified and MB-modified PS microspheres on a glass coverslip. The
brightfield images clearly show single microspheres and clusters of microspheres resting on the
coverslip. When switched over to fluorescence mode, the unmodified microspheres are no longer
visible, indicating no fluorescence. However, the MB-modified microspheres are clearly visible,
indicating that MB-modification imparts fluorescence to the microspheres. There is also a
noticeable fluorescence background in the image, which is likely due to residual MB in solution
that was either not successfully removed during the washing cycles or desorbed from the
microsphere surfaces over time. Figure 5.5b shows brightfield and fluorescence images of
dispersed solutions of unmodified and MB-modified PS microspheres dried onto a glass
coverslip before imaging. Again, the brightfield images clearly show single microspheres and
clusters of microspheres for both unmodified and modified PS, but only the modified

microspheres are clearly visible in the fluorescence images. As opposed to the fluorescence
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image of the modified microspheres in solution, single microspheres are easily discernible in the
fluorescence image of the dried particles, which is likely due to the higher signal to noise ratio in
the dried particle image caused by not having a background of residual MB in solution. Overall,
it is clear that MB imparts fluorescence behavior to the PS microspheres.

We were then interested to see if the MB-modified microspheres displayed
electrochemical activity. Specifically, we wanted to know if the fluorescence state of a
microsphere could be switched via redox reaction in an analogous way to switching the
fluorescence state of an individual MB molecule by reversible reduction to LMB. To test this
idea, we devised a fluorescence imaging experiment similar to that in Figure 5.5, except we
replaced the glass coverslip with an ITO-coated glass coverslip. The ITO-coated coverslip served
as a transparent working electrode, enabling us to image the PS microspheres while applying
potentials to drive faradaic reactions. Figure 5.6 shows the results of an experiment of this type.
A solution of dispersed MB-modified microspheres was dropped onto an ITO-coated glass
coverslip that was positioned on a microscope for fluorescence imaging. The ITO coverslip
served as a working electrode, and the potential of it was switched between 0 and -1 V vs. a
Ag/AgCI reference electrode. Fluorescence imaging of the ITO coverslip was carried out
simultaneously with this potential switching.

Figure 5.6a is a brightfield image of the area of the ITO coverslip that was imaged in this
experiment. As can be seen, there are several microspheres and clusters of microspheres on the
ITO surface. Figures 5.6b-5.6e are fluorescence images of this same area at various times during
the experiment as indicated by the arrows on Figure 5.6f. Figures 5.6b and 5.6d are images taken
when the potential of the ITO is at -1 V, and Figure 5.6¢ and 5.6e are images taken when the

potential of the ITO is at 0 V. It is clear that at 0 V, there is a fluorescence signal and
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individual/clusters of microspheres can be easily seen, while at -1 V, the fluorescence signal
significantly diminishes and the microspheres can no longer be seen. This behavior matches the
expected behavior for MB, which should remain in its oxidized, fluorescent form at 0 V and be
reduced to the non-fluorescent LMB at -1 V. This behavior indicates that the MB molecules
adsorbed onto the PS surface retain their electrochemical activity and can be reversibly switched
on and off through the reversible electrochemical reduction of MB to LMB. This is a very
interesting behavior, as the modification in a sense turns the PS microsphere into a large MB
“molecule.” That is, it appears that the modified PS microspheres retain the same coupled and
reversible electrochemical and fluorescence behavior that is expected for individual MB
molecules.

Figure 5.6f is a plot of the background-corrected fluorescence intensity-time traces over
the duration of the experiment for the four individual/clusters of microspheres indicated in
Figures 5.6a-5.6e. 1 and 4 are larger clusters of microspheres, while 2 is an individual
microsphere and 3 is a cluster of two microspheres. One can see that the signal for all four areas
is highly reversible, which can be explained by the reversibility of the MB reduction reaction.
One can also see that the fluorescence intensity of areas 1 and 4 is much greater, owing to those
areas being large clusters of modified microspheres. Additionally, the intensity of area 3 is
roughly twice that of area 2, which is expected as area 3 is a cluster of two microspheres while
area 2 is a single microsphere. Of interest is the observation that at -1 V, the fluorescence
intensity drops to about 20% or less of the intensity at 0 V for all four areas. For area 2, the
single microsphere, the intensity drops to less than 5%. This suggests that the majority of the MB
molecules adsorbed onto the PS microspheres are available for electrochemical reduction. As the

microsphere diameter is much greater than the distance a MB molecule needs to be from the
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electrode to undergo electron transfer (~1 nm), this suggests a self-exchange type mechanism
may be responsible for the reduction of adsorbed MB molecules held away from the ITO surface.
The dynamics of the on-off fluorescence behavior of the microspheres and the relationship of
that behavior to individual microsphere size and microsphere cluster size, as well as electrode
potential, should be the subject of further study. Nevertheless, this experiment makes it clear that
the MB-modified PS microspheres exhibit reversible, potential-controlled, on-off fluorescence
behavior.
5.3.3 Optical and Electrochemical Detection of Single MB-PS Microsphere Collisions

We decided to use a single-particle collision type experiment to further study the MB-
modified microspheres. These experiments have recently garnered much interest in the field of
electrochemistry, being used to electrochemically detect single nanoparticles in solution and
elucidate various properties of the particles. Of particular interest to us was the use of this
method to quantify the number of electrochemically-active MB molecules on a PS microsphere.
In our experiment, a 25 pm diameter Au microelectrode was placed in a diluted solution of
dispersed MB-modified PS microspheres. The microspheres will randomly diffuse in the solution
and occasionally collide with the Au electrode surface. If the electrode is poised at a potential
sufficient to reduce MB, any electrochemically-active MB molecules adsorbed onto the PS
microsphere surface will be reduced to LMB, resulting in a current spike. By Faraday’s Law, the
charge passed during this current spike can be converted to the number of methylene blue
molecules reacted, giving us a quantitation of the number of electrochemically-active MB
molecules on the microsphere. Additionally, due to the fluorescence properties of MB and LMB,
the microsphere should switch from an on fluorescence state to an off fluorescence state. A small

electrode must be used in order to reduce the noise associated with current monitoring, as
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collision experiments of this type typically give currents on the order of 10 or 100 pA. This
precludes the use of the ITO-coated coverslip electrode used in the experiment shown in Figure
5.6 unless fabrication methods are used to significantly reduce the electrode surface area.

Figure 5.7 shows the results of a collision experiment in which the electrode surface was
monitored via fluorescence microscopy. A 25 pum diameter Au working electrode was placed in a
dilute solution of dispersed MB-modified PS microspheres that was dropped onto a glass
coverslip. This electrode and coverslip were set up on a microscope to enable fluorescence
imaging. The potential of the Au electrode was switched between 0 and -1 V to control the redox
state of the MB-modified microspheres. Figures 5.7a-5.7f are fluorescence images at various
points during the experiment as noted in Figure 5.7g. As can be seen in Figure 5.7a several spots
of high fluorescence intensity are visible on the electrode, which indicates that
individual/clusters of microspheres already collided and attached to the electrode while the
electrode was being aligned for imaging. Figures 5.7b-5.7d show a small cluster of microspheres
diffusing near the electrode surface and then colliding and sticking to it. After this collision, the
potential of the electrode is switched to -1 V to reduce MB to LMB. As can be seen in Figure
5.7e, this causes the fluorescence intensity to significantly diminish, indicating successful
reduction of MB. The potential is then switched back to 0 V to oxidize LMB back to MB. This
restores the fluorescence signal, as can be seen in Figure 5.7f.

Figure 5.7g shows the background-corrected fluorescence intensity-time trace over the
duration of the experiment for the 20x20 pixel area outlined by the green box in Figure 5.7a.
This is the area of the electrode onto which the microsphere cluster collides and sticks. As can be
seen, the intensity sharply increases when the fluorescent microsphere cluster collides with the

electrode and then is reversibly switched between an on and off state by switching the electrode
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potential between 0 and -1 V, respectively. Again, this shows that the MB-modified
microspheres exhibit potential-controlled, on-off fluorescence behavior. As in the experiment in
Figure 5.6, the dynamics of this switching should be the subject of future investigation. A
negative aspect of this type of observation is that it is doesn’t allow for brightfield imaging of the
particles on the electrode due to the geometry of the experimental setup. This makes it difficult
to discern whether colliding microspheres are individual microspheres or clusters, and if clusters,
how many microspheres are in a cluster. In future experiments, a transparent working electrode,
such as the one used in the experiment shown in Figure 5.6, fabricated to have a small surface
area would be ideal for imaging microsphere collisions.

Figure 5.8 shows the results of a collision experiment where the current of the Au
working electrode was monitored over time. In this experiment, the electrode was placed in
either a dilute solution of dispersed, unmodified PS microspheres (Figure 5.8a) or a dilute
solution of dispersed, MB-modified PS microspheres (Figure 5.8b). The potential of the
electrode was initially held at -0.6 V (a potential sufficient to reduce MB) for 1200 s, then
switched and held at 0 V (a potential insufficient to reduce MB) for about 1000 s, then finally
switched back to -0.6 V for the remainder of the experiment. As seen in Figure 5.8a, the
unmodified PS microspheres show no currents above the baseline for the duration of the
experiment. For the MB-modified PS microspheres (Figure 5.8b), however, reductive spikes in
the current with typical amplitudes on the order of 10 pA can be observed when the electrode
potential is held at -0.6 V. When the potential is held at 0 V, no current spikes are observed. We
believe this spike behavior is likely due to the electrochemical reduction of surface-adsorbed MB
when the microspheres collide with the electrode, with each current spike representing one

microsphere or cluster of microspheres colliding with the electrode and being reduced. This idea
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is further supported by the experiment shown in Figure 5.9, which shows current-time traces for
an electrode in a dilute solution of dispersed MB-modified PS microspheres held at different
potentials. There are no reductive spikes in current at -0.1 V and only a small number of low-
amplitude spikes at -0.2 V. However, when the electrode reaches -0.3 V, the frequency and
amplitude of the spikes increases dramatically. This potential matches very well with the onset
potential for MB reduction we measured in the experiment in Figure 5.3, indicating that the
spikes in current are indeed due to the reduction of MB adsorbed on the modified particles.
Assuming this is true, one can use Faraday’s Law, Q = nFN, to calculate the number of
MB molecules reduced in each collision event. Q is the total charge, n is the number of electrons
transferred per reaction, F is the Faraday constant, and N is the moles of reactant consumed. This
is done by integrating the area under each spike in the current-time trace, which gives the total
charge passed in the event, Q. Using n = 2 (the reduction of MB is a two-electron process) one
can then calculate the number of MB molecules needed to pass Q charge. We did this for a
collision detection experiment of MB-modified PS microspheres where the Au working
electrode was held at -0.4 V for the duration of the detection. We integrated the area under each
reductive spike in the current-time trace and converted each area to a number of MB molecules
using Faraday’s Law. This resulted in a distribution of MB molecules detected per event, which
is plotted as a histogram in Figure 5.10. A Gaussian fit to this histogram gives an average
number of MB molecules detected per event of 6.4x10°. If our assumption that the reductive
spikes in current are solely due to the reduction of MB adsorbed onto the modified microsphere
surface is true, this value is the average number of electrochemically-active MB molecules per
microsphere. Future experiments should combine simultaneous fluorescence and electrochemical

detection of single modified microsphere collisions. This would show very strong evidence that
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the reductive spikes in the current-time traces are indeed due to the reduction of the surface-
adsorbed MB molecules, as the fluorescence signal could be directly correlated to the current

signal.

5.4 Conclusion

This study demonstrated and examined the interesting coupled behavior between the
electrochemical and fluorescence properties of methylene blue-modified polystyrene
microspheres. We first demonstrated fluorescence monitoring of the electrochemical reduction of
free methylene blue in solution, which can be reduced from the fluorescent methylene blue to the
non-fluorescent leucomethylene blue. Following other studies, we made the modified
microspheres through a very simple procedure in which methylene blue, a cationic dye, adsorbs
to the surface of slightly anionic polystyrene microspheres via electrostatic attraction. The
resulting microspheres exhibit the characteristic blue color of methylene blue and are
fluorescent. These particles appear to follow the same electrochemical and fluorescence behavior
as methylene blue, indicating that the adsorbed methylene blue molecules remain
electrochemically active. This results in the particles possessing a very interesting, potential-
controlled on-off fluorescence behavior. We were able to optically monitor single microsphere
collisions using fluorescence microscopy and have experimental results indicating the successful
electrochemical detection of single microsphere collisions, which can be used as a way to

quantify the number of electrochemically-active methylene blue molecules per microsphere.
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5.5 Figures
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Figure 5.1. Proposed scheme for quantitatively studying the detection limit of FEEM.

In this scheme, two electrodes are connected to form a bipolar electrode. One electrode is placed
in a solution of redox-modified particles, while the other is placed in a solution of fluorogenic
indicator (in this example, resazurin (S)). A potential is applied across the two solutions so that
when a particle stochastically collides with the electrode, the redox moieties undergo faradaic
reaction, injecting (or withdrawing) a discrete number of electrons. These electrons are coupled
to the faradaic reaction of the fluorogenic indicator at the other pole of the electrode, resulting in
a burst of fluorescence (in this example, creation of resorufin (P)). Systematically changing the
redox loading of the particles will change the number of electrons passing through the electrode,
thus giving a quantitative method to study how the fluorescence signal changes with the number
of electrons. Additionally, the redox-modified particles could be labeled with a fluorophore,
enabling the observation of particle collision events.
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Figure 5.2. Reaction scheme of the reversible reduction of methylene blue.
The reversible, two-electron electrochemical reduction of methylene blue (MB) to
leucomethylene blue (LMB).
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Figure 5.3. Current and fluorescence signal of methylene blue during a CV experiment.
Results of a potential sweep experiment in which a 25 pm diameter Au electrode was placed in
100 uM MB solution and the potential swept from 0 to -0.8 V at 20 mV/s. (a) The potential
waveform and the simultaneously-measured current (dashed black trace) and fluorescence
intensity (solid red trace). The traces are the average of 3 trials. (b) Fluorescence images of the
electrode at -0.2 V during the forward scan and at -0.8 V.
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Figure 5.4. Photos of unmodified and methylene blue-modified polystyrene microspheres.

Photos of unmodified (a) and (c) and methylene blue-modified (b) and (d) polystyrene
microspheres. (a) and (b) are photos of the precipitate in a microcentrifuge tube following
centrifugation of a dispersed solution of each type of particle. (c¢) and (d) are photos of a
dispersed solution of each type of particle dropped onto a glass slide and dried. The scale bar in

each photo is 5 mm.
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Figure 5.5. Micrographs of unmodified and MB-modified PS microspheres.

Brightfield and fluorescence images of unmodified and MB-modified PS microspheres. The
fluorescence images are of the same area as the corresponding brightfield images. The insets
outlined in the solid red lines are zoom-in views of the 100x100 pixel areas indicated by the
dashed red lines. In (a) solutions of dispersed microspheres were dropped onto glass coverslips
and imaged, whereas in (b) solutions of dispersed microspheres were dropped onto glass
coverslips and dried before imaging. The scale for the fluorescence images in (a) is 0-5000
counts, while the scale for the fluorescence images in (b) is 0-9000 counts.
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Figure 5.6. Fluorescence of MB-modified PS microspheres during potential switching.

Imaging results from a potential switching experiment in which a solution of dispersed MB-
modified PS microspheres was dropped onto an ITO-coated coverslip, which served as a
transparent working electrode. The potential of the electrode was pulsed between 0 and -1 V with
simultaneous fluorescence imaging. (a) Brightfield image of the area of the ITO coverslip under
observation. (b)-(e) Fluorescence images of the ITO coverslip at various points (indicated in (f))
during the experiment. (f) Background-corrected fluorescence intensity-time traces over the
duration of the experiment for the individual or clusters of microspheres indicated in (a)-(e).
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Figure 5.7. Imaging single microsphere collision and subsequent potential switching.
Fluorescence imaging of a MB-modified microsphere cluster collision and subsequent potential-
controlled on-off fluorescence switching of the cluster. (a)-(f) Fluorescence images of the 25 um
diameter electrode surface at various points during the experiment as indicated in (g). The
electrode was held at a distance of 50 um from the glass coverslip. The insets outlined in solid
red lines are zoom-in views of the 48x48 pixel area indicated by the dashed red lines. ()
Background-corrected fluorescence intensity-time trace for the 20x20 pixel area of the electrode
onto which the microsphere cluster collides and sticks. This area is indicated by the solid green
box in (a).
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Figure 5.8. Current-time traces for unmodified and MB-modified microsphere collisions.
Current-time traces for a collision experiment where a 25 pum diameter Au working electrode
was placed in a dilute solution of either unmodified (a) or MB-modified (b) PS microspheres.
For both experiments, the electrode was held at -0.6 V for 1200 s, then switched and held at 0 V
for about 1000 s, and then switched back to -0.6 V for the remainder of the experiment. The
traces outlined in red show zoom-ins of selected portions of the current-time signal. The scales of
the axes of these zoom-in traces are all the same, as are the scales of the axes in (a) and (b).
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Figure 5.9. MB-modified microsphere collision detection at different potentials.
Current-time traces for a collision experiment where a 25 pum diameter Au working electrode
was placed in a dilute solution of MB-modified PS microspheres. The potential of the electrode

was changed between -0.1, -0.2, and -0.3 V.
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Figure 5.10. Calculated number of MB molecules detected per collision event.

Histogram of detection events for a collision experiment where a 25 um Au working electrode
was placed in a dilute solution of MB-modified PS microspheres and held at -0.4 V. The area
under each spike in the current-time trace was integrated and this value was converted to the
number of methylene blue molecules using Faraday’s Law. The black line is a Gaussian fit to the
histogram.
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The steady-state current for a given analyte concentration can be easily calculated for a
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CHAPTER 6

Single Ag Nanoparticle Detection via Stochastic Collisions:

Use in Quantifying FEEM Detection Limit and the Observation of Multipeak Behavior

6.1 Introduction

Stochastic single-nanoparticle (NP) collision amperometry is a method used to
electrochemically detect single NPs that was first introduced by the Bard group.! The literature
published on this method has grown significantly since the initial report, as it has been applied in
various schemes to detect a multitude of different types of NPs.?®* In the original scheme, an
electrocatalytic amplification method is used where a particle is detected by catalyzing an
electrochemical reaction of a solution-based species upon collision with a UME, resulting in a
sharp change in current.! This has proven a useful method, enabling the measurement of
important parameters such as size® and eletrocatalytic activity® on a single-NP level.

The Compton group adapted this idea to the detection of NPs via the direct faradaic
reaction of the NPs themselves in a method they call anodic particle coulometry. In their initial
report, the group reported the detection of single Ag NPs using a glassy carbon UME.’” When the
UME was held at oxidizing potentials, oxidative spikes in the current signal were observed that
were credited to the direct electro-oxidation of colliding Ag NPs. Additionally, the charge
associated with each collision event was found to be in agreement with the charge expected
based on the NP size, indicating complete oxidation of the NPs. This method was extended to the
detection of Au and Ni NPs as well.3°
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We became interesting in using single Ag NP collisions as a way to quantify the detection
limit of FEEM in regard to the detection of small, discrete redox events. Detecting these types of
events is of interest to us for two main reasons. First, we are interested in using FEEM to image
the synaptic transmission of electroactive neurotransmitters such as dopamine from neuronal
cells. The model neuronal cells that would be used for this type of study secrete ~10° dopamine
molecules per quantal release, which can be electrochemically detected over a time period of
several milliseconds.!® This means that our system must have the capability to detect a discrete
redox event that injects ~10° electrons into a bipolar electrode over a period of a few
milliseconds. The second reason we are interested in these types of events is the exciting
possibility of using FEEM for detecting single electron transfer events, which are by definition
discrete. Detecting larger discrete redox events is the natural starting point for probing the
possibility of single-molecule electrochemistry using FEEM.

In order to systematically study the detection performance of FEEM for these types of
redox events, a method of reproducibly delivering small quantities of electrons to the bipolar
electrode in discrete events is needed. This was the initial motivation behind developing the
methylene blue-modified polystyrene microspheres discussed in Chapter 5. We believe that we
can use Ag NPs as an even simpler method of achieving this goal. Our idea is outlined
schematically in Figure 6.1. In this scheme, the anodic pole of a bipolar electrode is placed in a
dilute solution of Ag NPs, and the cathodic pole is placed in a solution of the non-fluorescent
resazurin, which can be reduced to the fluorescent resorufin. The cathodic pole is positioned on a
microscope so it can be imaged via fluorescence microscopy. A potential is applied across the
bipolar electrode that is sufficient to drive the coupled reactions of Ag oxidation at the anodic

pole and resazurin reduction at the cathodic pole. Typically, there will be nothing to oxidize at
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the anodic pole, so the current through the bipolar electrode and the fluorescence at the cathodic
pole will remain at baseline. However, Ag NPs will randomly diffuse to the anodic pole and be
oxidized. This will result in the periodic injection of electrons into the bipolar electrode, which
can be observed as an oxidative spike in the current through the bipolar electrode. If these
electrons couple to resazurin reduction, each Ag NP collision event will result in a burst of
fluorescence at the cathodic pole. The area of each spike on the current-time trace can be
integrated to yield the total number of electrons injected into the bipolar electrode. This enables a
way to directly correlate the fluorescence signal with the number of electrons injected into the
system. Additionally, the size of the Ag NPs can be changed to alter the number of electrons
injected, giving a way to easily quantify and test detection performance. Since the delivery of Ag
NPs to the anodic pole is very repeatable, this method offers an excellent way to idealize the
conditions of the cathodic pole while ensuring that the anodic pole remains constant.

In this chapter, we first demonstrate the bipolar coupling of the oxidation of bulk Ag to
the reduction of resazurin. We show that the current through the bipolar electrode can be
correlated to the fluorescence detected at the cathodic pole and that a detection signal is only
present when Ag is present at the anodic pole. We then demonstrate the successful detection of
single Ag NP collisions on a bipolar electrode via current monitoring. However, we show that a
fluorescence signal is not present at the cathodic pole during these collisions. We find that Ag NP
detection is possible without any resazurin present at the cathodic pole, indicating that the
electrons from Ag NP oxidation are instead coupled to some non-fluorogenic scavenger
reaction(s) at the cathodic pole. This study highlights the utility of using this Ag NP detection
method to test the detection performance of FEEM. This chapter also discusses a unique

behavior observed in the current-time traces of single Ag NP oxidation events. We find that each
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oxidation event occurs in a series of small, discrete events spaced apart by ~1 ms rather than one
large event as previously assumed. We discuss the preliminary details of this previously
unobserved “multipeak” behavior, which indicates interesting dynamic interactions occurring
between these single metal NPs and an electrode surface. This highlights the type of information

that can only be gained by studying NPs on a single-particle basis.

6.2 Experimental Section

6.2.1 Chemicals and Nanoparticle Detection Solution

Silver nitrate, trisodium citrate, citric acid, and potassium nitrate were all used as
received. Deionized water (>18 MQ-cm) was obtained through a Barnstead Nanopure water
purification system and used for all aqueous solutions. The Ag NPs were made in house via a
citrate reduction method described in the following section. The typical NP detection solution
was prepared by combining the stock NP solution, 100 mM KNO3, and 10 mM trisodium citrate
in a 1:1:3 ratio by volume. This results in a solution of about 30 pM Ag NPs, 20 mM KNOg3, and
8 mM trisodium citrate. This solution has a pH of 7.7 and was found to give stable NP detection
over a period of tens of minutes.

Ag NP detection at different concentrations of KNOs was carried out as follows. We
started with a solution of 4:1 by volume 10 mM trisodium citrate:Ag NP solution. Since the Ag
NP solution also contained 10 mM trisodium citrate, this gave an initial concentration of 10 mM
trisodium citrate. Particle detection was carried for about 10 min at a detection potential of 0.6 V
vs. Ag/AgCI using this solution. The KNOs concentration was then increased by adding an
aliquot of solution that was 100 mM KNOsz and 10 mM trisodium citrate, along with an
appropriate aliquot of Ag NP solution to ensure that both the trisodium citrate concentration and
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Ag NP concentration remained constant. Particle detection was then carried out using this new
solution for about 10 min. Sequential increases in KNO3s concentration were continued in this
fashion. Ag NP detection at different concentrations of trisodium citrate was carried out in the
same manner as the KNOgz concentration experiment, adding aliquots of 100 mM trisodium
citrate instead of KNOa.

Ag NP detection at different pH values (Figure 6.12) was carried out as follows. The pH
7.7 detection solution was the normal detection solution used: a 1:1:3 by volume solution of Ag
NP solution, 100 mM KNOs, and 10 mM trisodium citrate. As opposed to the KNOz and
trisodium citrate concentration adjustment experiments, a completely new detection solution was
made for each pH value tested. To adjust the pH to 10.1, a small amount of 1 M KOH solution
was added to the normal detection solution. The pH 5.5 solution was 1:1:1:2 by volume of Ag
NP solution, 100 mM KNOs3, 10 mM citric acid, and 10 mM trisodium citrate. The pH 4.4
solution was 1:1:2:1 by volume of the same components. A pH 3.4 solution was also tested,
which was 1:1:3 by volume of Ag NP solution, 100 mM KNOs, and 10 mM citric acid, however
no NP oxidation events were detected. For all detection solutions, the detection electrode was
held at 0.6 V vs. Ag/AgCI for about 10 min.
6.2.2 Preparation of Ag Nanoparticles

Ag NPs were synthesized using citrate reduction. All glassware used in the synthesis was
cleaned with Aqua Regia prior to use. 100 mL of 1 mM AgNOs was brought to a boil. While
stirring, 2 mL of 1% (wt.) trisodium citrate was added. The reaction solution first turned yellow
and then grey-orange after a few minutes. This solution was stirred and refluxed for 1 h, after
which point it was cooled to room temperature. The solution was then centrifuged at 8,000 RPM

for 20 min, and the resulting supernatant was removed. The precipitate was redispersed in 100
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mL of fresh 10 mM trisodium citrate and sonicated for 5 min. This centrifugation cycle was
repeated once, and the precipitate was again dispersed in 100 mL of 10 mM trisodium citrate.
This solution was used as the stock NP solution for all experiments. The resulting Ag NPs were
imaged and sized using TEM (Figure 6.2). For TEM imaging, the NPs were dropcast onto a
carbon-coated Formvar copper TEM grid (Ted Pella) and imaged with an FEI Technai G2 F20
Supertwin TEM operating at 200 kV. NP sizes were measured using ImageJ software.!! The
histogram of the NP size distribution and corresponding Gaussian fit were created using Origin
software (OriginLab Corporation). The particles were approximately spherical with an average
diameter of 62 £ 13 nm. Using this average diameter and the amount of Ag ions used in the
synthesis, a maximum particle concentration for the stock solution of 9.1x10% particles/mL (or
150 pM) can be calculated. This concentration assumes that all Ag ions were reduced into NPs
and that no NPs were lost in the centrifugation steps.
6.2.3 Electrochemical Measurements

Voltammetry experiments were carried out using a Chem-Clamp potentiostat (Dagan
Corporation) interfaced to a PC through a PCI-6251 data acquisition board (National
Instruments) using a BNC-2090 breakout box (National Instruments). An in-house LabView
10.0 (National Instruments) program was used for voltage function generation and acquisition of
the current-voltage data. This program receives an external trigger from a camera, enabling the
synchronized recording of electrochemical and optical signals.

The Ag electrodeposition experiment and potential step experiments shown in Figures 6.3
and 6.4 were carried out using a Chem-Clamp potentiostat interfaced to a PC through a Digidata
1440A digitizer (Molecular Devices). A N = 0.01 headstage and 1 kHz filter were used for the

FEEM detection of electrodeposited Ag. The current-time traces for these experiments were

160



recorded using pClamp 10.4 Axoscope software (Molecular Devices) with a 50 kHz sampling
rate. The potential steps were generated with an in-house LabView program.

The single-NP amperometry experiments were carried out using an Axopatch 200B
integrating patch-clamp amplifier (Molecular Devices) interfaced to a PC through a Digidata
1440A digitizer. The Axopatch was used in V-clamp mode with whole cell B = 1 and the low-
pass filter set to 1 kHz. The single-NP detection experiment with potential pulsing (Figure 6.13)
was carried out using a Chem-Clamp potentiostat in place of the Axopatch 200B. A N = 0.01
headstage and 1 kHz filter were used with the potentiostat. The potential pulses were generated
with an in-house LabView program. Amperometric traces were recorded using pClamp 10.4
Axoscope software with a 50 kHz sampling rate. Current spikes were analyzed and integrated
using pClamp 10.4 Clampfit software (Molecular Devices), and histograms of the events with
corresponding Gaussian fits were created using Origin software.

All bipolar electrode experiments were done using two 12.7 um diameter Au electrodes
electrically connected to form a bipolar electrode. These electrodes possessed an inlaid disk
geometry and were fabricated by sealing a 12.7 um diameter Au microwire (Alfa-Aesar) in a
borosilicate capillary (Sutter Instrument Co.). Electrical connection was made to the Au with
tungsten wire and Ag paint (Dupont) through the back end of the capillary. The Au electrodes
were cleaned via mechanical polishing before each detection experiment. A potential was
applied across the bipolar electrode using two Ag/AgCl wire driving electrodes. All non-bipolar
electrode experiments were done using a two-electrode setup with a 12.7 um diameter Au
working electrode and an Ag/AgCl wire counter/quasi reference electrode. For all experiments,
the electrodes were setup in a home built Faraday cage. All potentials are reported vs. Ag/AgCI.

6.2.4 Optical Measurements
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Fluorescence imaging was done on an Olympus 1X70 inverted microscope equipped with
an IX-FLA inverted reflected light fluorescence observation attachment. The excitation source
consisted of a Thorlabs M530L2 Collimated LED powered by a DC2100 LED Driver run at
1500 mA. For filtering, we used a HQ535/50 excitation filter, a Q565Ip dichroic mirror and a
HQ610/75 emission filter. A 40X 0.75NA objective (Olympus UPlanFl) with an additional 1.5X
magnification on the microsope was used. An Andor iXon+ EMCCD camera cooled to -80 °C
and Andor SOLIS software was used to record and process all videos and images. Video was
recorded at a frame rate of 10 Hz for all experiments using a pre-amplifier gain setting of 5.1. An
EM gain of 150 was used for the imaging in the experiments shown in Figures 6.3 and 6.4. An

EM gain of 200 was used for the imaging in the experiment shown in Figure 6.6.

6.3 Results and Discussion
6.3.1 Detection of Bulk Ag Oxidation with FEEM

Before attempting to detect single Ag NPs with FEEM, we first wished to detect bulk Ag
to demonstrate the principle of coupling Ag oxidation to resazurin reduction on a bipolar
electrode. To do this, we adopted an experimental scheme as outlined in Figure 6.3a. In this
setup, two 12.7 um diameter Au electrodes are electrically connected to form a bipolar electrode.
The cathodic pole of the bipolar electrode is immersed in a solution of 5 UM resazurin and 50
mM pH 7.5 phosphate buffer and placed on a microscope for fluorescence imaging. The anodic
pole of the bipolar electrode contains bulk Ag electrodeposited onto the Au surface of the
electrode. The Ag electrodeposition procedure is carried out by placing the Au electrode in a
solution of 15 mM AgNOs containing 100 mM KNOs as supporting electrolyte and biasing the

electrode at -0.15 V vs. Ag/AgCl. This causes Ag* ions to be reduced at the Au electrode
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surface, resulting in the deposition of solid Ag onto the electrode. The deposition is stopped by
breaking the circuit. The amount of Ag deposited onto the electrode can conveniently be adjusted
by changing the deposition parameters (Ag" concentration and/or deposition time). Figure 6.3b
shows a current-time trace for a 5 s electrodeposition. As seen, there is a sharp jump in reductive
current when the potential is stepped to -0.15 V, indicating Ag" reduction onto the electrode.
This current increases in magnitude with time due to the surface area of the electrode growing as
more Ag is deposited. When the circuit is broken after 5 s, the deposition immediately stops.

The electrodeposited Ag can be easily oxidized off the Au surface. Figure 6.3c shows a
two-electrode (non-bipolar) cyclic voltammetry experiment using a Au electrode modified by a 5
s Ag electrodeposition. The Ag-coated electrode is placed in a solution of 100 mM KNO3 and
the potential is swept from -0.15 V to 0.3 V at 50 mV/s for three consecutive cycles. As seen in
the first cycle (black trace), a large oxidation peak appears centered at 0.2 V, with the current
returning back to baseline at higher potentials. This indicates complete oxidation of the deposited
Ag back to Ag* ions. This is confirmed by the second (red trace) and third (blue trace) cycles,
which no longer show an oxidation peak.

The Ag oxidation process can also readily be observed using FEEM. Figure 6d shows the
results of a FEEM experiment coupling the oxidation of deposited Ag at the anodic pole to the
reduction of resazurin at the cathodic pole. In this experiment, the anodic pole was placed in a
solution of 100 mM KNOs and was either a bare Au electrode (control, red traces) or a Ag-
coated Au electrode (black traces). A bare Au electrode was used as the cathodic pole and placed
in a solution of 5 UM resazurin and 50 mM pH 7.5 phosphate buffer. A potential sweep from 0 to
1V at 50 mV/s was applied using two Ag/AgCI driving electrodes and the current through the

bipolar electrode and fluorescence from the cathodic pole were simultaneously monitored. As
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seen in the control experiment, no current or fluorescence signal is observed over this potential
range. This is expected, as there is no oxidation reaction occurring at the anodic pole. However,
when the anodic pole contains Ag, there is a coupled increase in the current and fluorescence
signals at potentials above 0.6 V. This indicates that Ag oxidation at the anodic pole is coupled
to resazurin reduction at the cathodic pole, leading to a coupled current and fluorescence signal.
The onset potential of the coupled signal supports this, as the onset potential for coupled bipolar
reactions is expected to be roughly the difference between the two individual reactions in a
traditional setup (0.15 V for Ag oxidation, Figure 6.3b; -0.4 to -0.5 V for resazurin reduction??).
Bulk Ag oxidation can also be detected in a FEEM setup using a potential step
experiment. We desired to demonstrate the FEEM detection of Ag in this manner because a
potential step is more similar in nature to how single NP experiments are performed, where the
potential is held constant during detection. For this experiment, we used the same experimental
setup as used for the experiment in Figure 6.3d, except a potential step was applied to the bipolar
electrode rather than a potential sweep. The potential applied across the bipolar electrode was
initially 0 V, which is insufficient to drive the coupled Ag oxidation and resazurin reduction
reactions. After about 10 s, the potential was stepped to 0.8 V, which is sufficient to drive the
coupled reactions. Figure 6.4 shows typical results from this experiment. As seen in 6.4a, the
current and fluorescence signals are initially at baseline. However, upon stepping the potential to
0.8 V, both the current at fluorescence signals rapidly increase, indicating successful coupling of
Ag oxidation to resazurin reduction. After about 55 s, both signals begin to drop back to the
baseline, indicating that all of the Ag has been oxidized off the anodic pole. As seen, the
fluorescence response is much more sluggish than the current response. This is primarily due to

the irreversibility of the resazurin reduction reaction, which causes a slow buildup of
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fluorophores. This effect was discussed in more detail in Chapter 2. Another interesting
observation is the long overall duration (~ 45 s) of the signal. For comparison, oxidation of this
amount of deposited Ag in a two-electrode setup takes less than 0.1 s. This indicates that the
cathodic pole is the limiting pole, meaning that Ag oxidation is occurring at a rate limited by the
rate of resazurin reduction at the cathodic pole.

A final interesting observation is the occurrence of spikes in the current after the average
current drops back down to baseline. This is intriguing behavior that seems to indicate discrete
“bursts” of reaction after the majority of the Ag has been oxidized away. We don’t yet have a
good explanation for this behavior, but it was observed in nearly all of the trials we did. Figure
6.4b shows the current and fluorescence traces of another trial of this same experiment in which
the current spikes are even more pronounced. As seen, the fluorescence signal seems to correlate
with the current signal for some of the bigger spike events. Figure 6.4c overlays the fluorescence
signal with the unaveraged current signal. This highlights the many sharp, discrete spikes in
current observed. Again, it appears that the fluorescence signal correlates with the current signal
for some of the bigger spikes/clusters of spikes. These current spikes are reminiscent, though
much larger, than the current spikes observed in the Ag NP collision experiments discussed in
the rest of this chapter. This leads to one possible explanation for the observed current spikes,
which is that the oxidation of the bulk Ag leads to the formation of some Ag particles in solution
that are then detected as current spikes when they diffuse into the electrode and oxidize.
Whatever the case, an important takeaway is that fluorescence can successfully detect some of
the larger current spikes. This is the first evidence of FEEM detecting discrete redox events of
this nature. However, as can be seen by Figure 6.4, the vast majority of current spikes are not

detected by fluorescence, thus leaving much desire for improvement.
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6.3.2 Attempts at Detection of Single Ag Nanoparticle Oxidation with FEEM

After successfully demonstrating the FEEM detection of bulk Ag, we moved onto
attempts to detect single Ag NPs. Figure 6.5 shows a current-time trace in which single Ag NPs
are detected using a 12.7 um Au electrode in a two-electrode setup. The electrode is placed in a
dilute solution of dispersed Ag NPs and held at a potential of 0.6 V throughout the experiment.
Each oxidative spike in current is associated with a single Ag NP diffusing to the electrode
surface and undergoing oxidation. As seen, this is a great method to repeatedly deliver
quantifiable amounts of electrons to an electrode in discrete events. We noticed very interesting
behavior in the current-time traces of these single oxidation events, where each NP seems to be
oxidized is a series of discrete steps. We elaborate on this intriguing behavior in section 6.3.3 of
this chapter and reserve this section for the discussion of experiments focused on the FEEM
detection of these NPs.

For the FEEM-based detection of single Ag NPs, we used a very similar setup to that
outlined in Figure 6.3a, where two 12.7 um diameter Au working electrodes are electrically
connected to form a bipolar electrode. Once again, the cathodic pole is placed in a solution of 5
MM resazurin and 50 mM pH 7.5 phosphate buffer and placed on a microscope for fluorescence
imaging. The difference here is that instead of using an anodic pole that is modified with
deposited Ag, the anodic pole is placed in a solution of Ag NPs. In this scheme, a discrete
quantity of charge is delivered to the bipolar electrode by each Ag NP. By applying a potential
across the bipolar electrode, we hoped that each time a Ag NP diffused to the surface of the
anodic pole, it would be oxidized and the electrons from that oxidation would be coupled to the
reduction of resazurin. Therefore, each NP impact should result in a burst of fluorescence at the

cathodic pole. Figure 6.6 shows the simultaneously recorded current and fluorescence signal
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from such an experiment where a potential of 0.6 V was applied across the bipolar electrode. As
seen in the current signal (black trace), discrete oxidative spikes in the current are observed,
indicating that Ag NPs are indeed stochastically diffusing into the electrode and being oxidized.
However, the fluorescence signal (red trace) shows no spikes or correlation to the current signal.
This suggests that although Ag NPs are being oxidized at the anodic pole, resazurin is either not
being reduced at the cathodic pole or the amount of resazurin being reduced is not detectable
with our fluorescence setup. We found this behavior (spikes in current, but no spikes in
fluorescence) to occur at potentials ranging from 0.3 V up to 1 V. This supports the explanation
that resazurin may not be reduced at all at the cathodic pole, as 0.3 V is well below the 0.6 V
needed to couple Ag oxidation to resazurin reduction (Figure 6.3d).

A control experiment provided very strong additional evidence for this explanation.
Figure 6.7 shows current-time traces for Ag NP detection experiments using a bipolar setup. For
both 6.7a and 6.7b, the anodic pole was placed in a solution of Ag NPs. However, in 6.7a the
cathodic pole was placed in a solution containing only 50 mM pH 7.5 phosphate buffer (i.e. no
added redox species), while in 6.7b the cathodic pole was placed in a solution of 50 mM pH 7.5
phosphate buffer containing 5 UM resazurin. As seen, both traces give very similar NP detection.
The fact that Ag NP detection occurs when the cathodic pole is placed in a solution containing
no resazurin shows that the NP oxidation occurring at the anodic pole must be coupling to a non-
fluorogenic reaction at the cathodic pole. This explains the absence of any fluorescence signal in
Figure 6.6, as the electrons from Ag NP oxidation are not coupling to resazurin reduction. This
begs the obvious question: Where are the electrons going?

We tested multiple cathodic solutions containing no added redox species and found that

NP detection occurred uninhibited in every solution tested. These solutions included solutions of
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KCI ranging from 0.01 to 1 M and solutions of KNOz. One possible explanation is that the Ag
NP oxidation is coupling to the reduction of dissolved oxygen in the cathodic solution. However,
purging the cathodic solution of oxygen via Ar bubbling did not affect the detection signal. This
indicates that either the low concentration of oxygen left in solution after Ar bubbling is
sufficient to couple to Ag NP oxidation or that oxygen is not responsible for the coupling.
Another possible explanation is that the cathodic solution gets contaminated with Ag* ions
leached from the reference electrode, which can be reduced at the cathodic pole. However, using
Pt driving electrodes in place of the usual Ag/AgCl driving electrodes did not affect detection.
Another possible explanation is that protons in the cathodic solution are being reduced. This idea
has yet to be tested, but testing it by using an aprotic solvent (which likely will have the dual
benefit of having a lower solubility for oxygen) is the logical next step.

Thus far, the FEEM detection of Ag NP oxidation has been unsuccessful. However, using
this method has made a number of very important revelations. First, it shows that as is, FEEM is
not capable of detecting small, discrete redox events such as the exocytosis of electroactive
neurotransmitters. This is the first evidence of this limitation. Second, it has shown that this
limitation is due to oxidation reactions coupling to non-fluorogenic side reactions rather than
resazurin reduction. This suggests that at the very least, the resazurin solution needs to be altered.
Most importantly, this study shows the utility of using this detection scheme. Ag NP collisions
represent an extremely simple way to repeatedly deliver small quantities of charge to the bipolar
electrode in discrete events. Monitoring the current through the bipolar system gives proof that
Ag NP oxidation is occurring. Therefore, if no fluorescence burst is detected at the cathodic pole,
one knows that this is the pole limiting FEEM detection. The easy repeatability of Ag NP

collision experiments makes it simple to adjust parameters on the cathodic side of the bipolar
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electrode (solution conditions, fluorescence microscopy setup, electrode size/material, etc.) in an
attempt to get fluorescence detection while keeping the anodic side constant. Once fluorescence
detection is successful, this will be a useful scheme to further idealize the cathodic pole.
6.3.3 Observation of Multipeak Behavior during Single Ag Nanoparticle Oxidation

We now move on to a discussion of the current-time traces measured for single Ag NP
oxidation events for the remainder of the chapter. All of the experiments discussed here were
performed in a two-electrode setup and only involve electrochemical measurements (i.e. no
FEEM). As previously mentioned, we noticed interesting behavior in the detection traces for the
oxidation of single Ag NPs. Figure 6.8a shows an example amperometric trace of Ag NP
detection where a 12.7 um diameter Au detection UME is held at a potential of 0.6 V. As seen,
several large oxidative spikes are present on top of a stable baseline current. The frequency of
these oxidative spikes is 1.3 Hz and is in fairly good agreement with the theoretical detection
frequency of 3.2 Hz, which can be calculated based on the size of the NPs (see Appendix 1).13
We noticed that upon zooming in on the time axis of a detection event each event consists of
several discrete oxidative spikes in current. Figure 6.8b shows an example of this. Multipeak
behavior, where an oxidation event consists of >1 “subpeak,” is observed in ~90% of detection
events. This interesting behavior, which indicates that the oxidation of single Ag NPs on the Au
UME typically occurs in several discrete events, has not been reported in the literature.

This behavior begs the question of why a Ag NP is typically oxidized in several small,
discrete events rather than a single large one. To better understand this behavior, we analyzed the
subpeaks present in Ag NP oxidation events recorded at four different detection potentials. 25
random events from each detection potential were chosen for analysis. Figure 6.9 shows

examples of these events with labeled subpeaks. Figure 6.10 shows the results of the analysis for
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the first six subpeaks of an event. The mean area, height, and duration of each subpeak are
plotted in 6.10a, 6.10b, and 6.10c, respectively, and the mean duration between subpeaks is
plotted in 6.10d. In terms of the number of subpeaks present per event, both the mean and
median number were 4-5 subpeaks per event at all four detection potentials.

This analysis reveals some interesting overall trends. The first subpeak typically has the
largest area and height. The area progressively decreases with subsequent subpeaks and levels
out after the fourth subpeak. The height sharply decreases after the first subpeak and is roughly
constant for subsequent subpeaks. The height of the first subpeak shows a very clear potential
dependence, with a higher detection potential yielding a greater height. This is likely due to an
increasing overpotential driving the electro-oxidation at a greater rate. It is interesting to note
that very high maximum current densities are observed (calculated as the peak height/NP surface
area), with the first subpeak at a potential of 0.6 V yielding a density of nearly 10 A/cm?. The
typical duration of each subpeak is roughly 1 ms, as is the typical duration between each
subpeak.

An additional key observation is that the total charge passed during each event indicates
incomplete oxidation of the Ag NP. Figure 6.11 shows a plot of the size distribution of the NPs
as determined by TEM imaging (dashed black line) and as calculated from the charge measured
by single NP detection at different potentials (solid lines). The NP size was calculated as shown
in previous reports (see Appendix 2).”* As seen, the particle size measured by TEM (62 nm) is
significantly larger than the particle size determined from electrochemical detection (~37 nm).
This indicates incomplete oxidation of the Ag NPs upon collision with the electrode. The
diameters reported here suggest that only about 25% of a Ag NP is oxidized. This result is

different from earlier reports using this method, which found the electrochemical measurement
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of Ag NPs particles to agree well with their known size.”* This discrepancy may be due to our
use of a Au detection electrode (as opposed to glassy carbon) or different detection solutions.

We found that both the multipeak behavior and partial oxidation behavior persisted under
a variety of detection conditions. We altered the concentration of trisodium citrate in the
detection solution from 10 to 26 mM. While the frequency of detection changed, all
concentrations showed multipeak detection and partial NP oxidation. We also altered the
concentration of KNOz from 0 to 25 mM (in the presence of 10 mM trisodium citrate). Again,
we found that although the detection frequency changed, multipeak and partial NP oxidation
behavior occurs. We also tried detection at four different pH conditions: 10.1, 7.7, 5.5, and 4.4.
Figure 6.12 shows 20 ms amperometry traces of representative detection events at the four
different pH values. As can be seen, multipeak behavior again occurs under all four conditions.
A charge analysis of the detection events also indicated partial NP oxidation under all four pH
values.

We performed a final experiment designed to help determine the product resulting from
the electro-oxidation of the Ag NPs. An early hypothesis we had to explain the multipeak
behavior of Ag NP oxidation involved the formation of an insulating layer of Ag oxide. Since
our typical detection solution is slightly basic (pH ~8), we hypothesized that the Ag NPs may be
oxidized to Ag oxide rather than Ag" ions. To test this, we devised an experiment in which the
detection UME was rapidly pulsed between a reducing (-0.2 V) and oxidizing (0.4 V) potential
while measuring the current. The goal was to see if any product created during the oxidation of a
Ag NP could be collected by electrochemical reduction. Figure 6.13a shows a 1 s section of a
current-time trace for a pulsing frequency of 5 Hz. As can be seen an occasional collision event

is observed when the electrode is at an oxidizing potential (Figure 6.13b).
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To analyze this data, we integrated the charge associated with each potential pulse and
background-subtracted this value by the average charge of the ten pulses before and after it. We
then plotted these values as a scatter plot (Figure 6.13c and 6.13d), with one X,y data point
representing the oxidation and reduction charges associated with one potential pulse cycle. As
seen in the scatter plots, the majority of the data points are clustered about the origin, indicating
no above-average charge detection. However, it is clear that there are several points with above-
average oxidation charges, which indicate the detection of a collision event. In Figure 6.13c,
which is the result of potential pulsing at 5 Hz, these points are centered about y = 0, indicating
no product collection on the subsequent reduction pulse. However, in Figure 6.13d, which is the
result of potential pulsing at 50 Hz, these points are centered on a negatively-sloped line. This
indicates product collection on the subsequent reduction pulses in an amount proportional to the
amount oxidized. Since collection of the oxidation product only occurs at a high pulsing
frequency, this suggests that the oxidation product diffuses away from the electrode upon
oxidation, which we believe is consistent with the formation of Ag* ions as the electro-oxidation
product.

Drawing on all of the results discussed, we hypothesize that the multipeak behavior of
single Ag NP electro-oxidation events may be due to diffusion of the Ag NP in and out of
contact with the detection UME. As faradaic oxidation of the Ag NP should only occur when the
NP is within ~1 nm of the electrode surface, diffusion in and out of this distance could repeatedly
turn the oxidation off and on, giving rise to multiple, closely-spaced oxidation peaks. This
explanation fits with much of the observed data here. For example, the decrease in the charge
passed with each subsequent subpeak could be due to the NPs decreasing size, as part of it

oxidizes away each time it contacts the electrode. Additionally, the observation of multipeak
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behavior in all conditions tested (different potentials, electrolyte concentrations, and pH values)
is consistent with this explanation, as none of these conditions should significantly change the
diffusion of the NPs. Lastly, the observation of incomplete NP oxidation is consistent with this
explanation, as the NP may only be in the ~1 nm vicinity of the electrode surface for a brief
period of time before permanently diffusing away from the electrode surface. Therefore, only a

portion of the NP may oxidize.

6.4 Conclusion

In the first part of this chapter, we demonstrated the successful bipolar coupling of the
bulk oxidation of Ag to the reduction of resazurin. We showed the correlation between the
current and fluorescence signal, proving that FEEM can be used to detect Ag oxidation. We then
implemented a novel detection scheme using the stochastic collision of Ag NPs to deliver a
specific, quantifiable number of electrons to the bipolar electrode in order to test the detection
performance of FEEM. Although we were able to successfully detect single Ag NP oxidation
events at a bipolar electrode through the current signal, we were unable to detect any
corresponding change in the fluorescence signal. This revealed the present limitation in the
ability of FEEM to detect small, discrete redox events. It also revealed the cause of this
limitation to be the coupling of electrons to non-fluorogenic side reactions, giving important
guidance to future studies aimed at overcoming this limitation. Most importantly, this study
shows the utility of using this detection scheme. The easy repeatability of Ag NP collision
experiments makes it simple to adjust parameters on the cathodic side of the bipolar electrode in

an attempt to get fluorescence detection while keeping the anodic side constant. This detection
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scheme will be very useful in future FEEM studies aimed at improving the detection
performance.

In the second part of this chapter, we revealed that the electro-oxidation of single Ag NPs
colliding with an Au detection UME is a highly dynamic process. A typical detection event is
observed as a series of discrete oxidation peaks rather than one large peak, as previously
assumed. We have also revealed that the Ag NPs do not undergo complete oxidation. Both of
these behaviors were shown to exist under a wide range of detection conditions. We have
evidence that suggests this behavior may be due to the diffusion of Ag NPs in and out of contact
with the UME surface, however further experiments and simulations are needed to support this
hypothesis. This study reveals that NP interactions with an electrode surface are highly dynamic,
and it should be broadly relevant to many current studies focused on the electrochemical

detection and study of single NPs.
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6.5 Figures
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Figure 6.1. Detection scheme for FEEM detection of stochastic Ag NP collisions.

In this scheme, the anodic pole of a bipolar electrode is placed in a solution of Ag NPs, and the
cathodic pole is placed in a solution of resazurin (S). Resazurin is a non-fluorescent molecule
that can undergo a two-electron reduction to the fluorescent resorufin (P). The cathodic pole is
placed on a microscope for observation via fluorescence microscopy. A potential sufficient to
drive the coupled reaction of Ag oxidation and resazurin reduction is applied across the bipolar
electrode using two driving electrodes, while the current through the bipolar electrode and the
fluorescence of the cathodic pole are simultaneously monitored. Each time a Ag NP randomly
diffuses to the anodic pole, it will be oxidized, injecting a number of electrons into the bipolar
electrode in a discrete event. This results in an oxidative spike in the current signal. If these
electrons couple to the reduction of resazurin, this will also result in a burst of fluorescence at the
cathodic pole
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Figure 6.2. TEM image and size distribution of Ag nanopatrticles.
(a) TEM image of synthesized citrate-capped Ag NPs. (b) Size distribution of NPs as determined
from TEM imaging. The black trace represents a Gaussian fit to the histogram.
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Figure 6.3. Experimental scheme and data for FEEM detection of bulk Ag.

Experimental scheme for the FEEM detection of bulk Ag electrodeposited onto the anodic pole
of a bipolar electrode (a). (b) is the current-time trace recorded for a 5 s electrodeposition of Ag
onto a 12.7 um diameter Au electrode using a two-electrode setup. (c) is a series of three
consecutive cyclic voltammograms taken of an Ag-coated Au electrode immersed in a solution
of supporting electrolyte in a two-electrode setup. (d) shows a FEEM detection experiment as
outlined in (a), where the current and fluorescence signal from a bipolar electrode are
simultaneously monitored during a potential sweep from 0 to 1 V. In this experiment, the anodic
pole of the bipolar electrode is either bare Au (red traces), or Au with Ag electrodeposited onto
the surface (black traces).
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Figure 6.4. FEEM detection of bulk Ag using a potential step.

FEEM detection experiment as outlined in Figure 6.3a, where the fluorescence and current signal
from a bipolar electrode are simultaneously monitored during a potential step. In (a) and (b), the
anodic pole of the bipolar electrode is an Au electrode with Ag electrodeposited onto the surface,
while the cathodic pole is immersed in a solution containing resazurin. The potential is initially
held at 0 V for 10 s and then is stepped to 0.8 V for the remainder of the experiment. (c) is a
zoom-in of the current and fluorescence signals of (b) from 50 s to the end of the experiment.
The current signal in (a) and (b) is averaged to a 10 Hz sampling rate, while the current signal in
(c) is left in the original form (1000 Hz sampling rate).
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Figure 6.5. Two-electrode detection of single Ag nanoparticles.

Example current-time trace showing Ag NPs colliding with a 12.7 um diameter Au UME poised
at 0.6 V vs. Ag/AgCI. Each spike in the current corresponds to a Ag NP colliding with the UME
and undergoing oxidation.

179



102 - 100
—_— - 80
101 - - 60

100 A

Fluorescence Intensity/108
Current (pA)

99 T T T 1

100 200 300 400 500
Time (s)

Figure 6.6. Attempt at FEEM detection of single Ag nanoparticles.

Simultaneously monitored fluorescence and current signals for the FEEM detection of single Ag
NP collisions. Two Au electrodes were connected to form a bipolar electrode as shown in Figure
6.3a, with the cathodic pole immersed in a solution of resazurin and the anodic pole immersed in

a dispersed solution of Ag NPs. The potential was held at 0.6 V for the duration of the
experiment.
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Figure 6.7. Bipolar detection of single Ag nanoparticles with and without resazurin.
Current-time traces for the bipolar detection of single Ag NPs. For (a), the cathodic pole of the
bipolar electrode was placed in a solution of 50 mM pH 7.5 phosphate buffer. For (b), the
cathodic pole was placed in a solution of 50 mM pH 7.5 phosphate buffer containing 5 UM
resazurin. For both (a) and (b), the anodic pole of the bipolar electrode was placed in a solution
of dispersed Ag NPs. The potential was held at 0.6 V for the duration of both experiments.
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Figure 6.8. Example of the multipeak behavior observed during Ag nanoparticle oxidation.
Example detection trace of Ag NPs colliding with an Au UME poised at 0.6 V vs. Ag/AgCI. (a)
30 s detection trace, with each spike corresponding to a particle colliding with the UME and
undergoing oxidation. This is the same trace shown in Figure 6.5. (b) 20 ms zoom-in trace of the
event in (a) indicated with the red arrow. As seen, this event is made up of several smaller,

discrete spikes.
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Figure 6.9. Example current-time traces of events used for subpeak analysis.

Current-time traces showing three of the oxidation events at each potential used for the subpeak
analysis presented in Figure 6.10. The time scale is 40 ms for all traces. Note the different
current scales for each potential.
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Figure 6.10. Subpeak analysis of Ag nanoparticle oxidation events.

Analysis of the first six subpeaks for 25 random oxidation events recorded at each of four
different detection potentials. (a), (b), and (c) give the mean subpeak area, height, and duration,
respectively. (d) gives the mean duration between subpeaks.
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Figure 6.11. TEM and electrochemical measurement of Ag nanoparticle diameter.

Comparison of Ag NP diameters as measured by TEM imaging and single-NP electrochemical
detection.
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(a) %'_ (b)

Figure 6.12. Typical Ag nanoparticle oxidation events at different pH values.

20 ms amperometric traces showing a representative detection event at each of four pH values:
(@ pH 10.1 (b) pH 7.7 (c) pH 5.5 (d) pH 4.4. As seen, similar multipeak behavior is observed

under all four conditions.
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Figure 6.13. Ag nanoparticle detection with potential pulsing.

Results of an Ag NP detection experiment with potential pulsing. (a) Section of a current-time
trace from a detection experiment with a pulsing frequency of 5 Hz. (b) Zoom-in of the collision
event indicated in (a) with the red arrow. (c) and (d) Scatter plots of detection experiments with
pulsing frequencies of 5 Hz and 50 Hz, respectively. The solid red lines in (c) and (d) are lines
with a slope of -1 and intercept of 0 and indicate 100% collection efficiency (i.e. oxidation area =
-reduction area).
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6.6 Appendix 1

Calculation of Expected Collision Frequency

As previously reported,™ a theoretical NP collision frequency, f, for detection on a disk-

shaped UME can be calculated using the following equation:
f :4DNP CNP relectrode NA

where Dnp is the NP diffusion coefficient, Cnp is the molar concentration of NPS, rejectrode IS the
radius of the detection electrode, and Na is the Avogadro constant. The diffusion coefficient of

the approximately spherical NPs can be calculated using the Stokes-Einstein equation:

kg T
67nTyp

DNP =

where k; is the Boltzmann constant, T is the solution temperature, # is the solution viscosity, and
rye IS the radius of the NPs. Using a temperature of 293 K, a viscosity of 1.002 x 10 kg/m-s, and

an average NP radius of 31 nm gives a NP diffusion coefficient of 6.91 x 1012 m?/s. Using this
value for Dnp with a 6.35 pum radius detection electrode and a 30 pM NP concentration gives a

theoretical NP collision frequency of 3.2 collisions/s.
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6.7 Appendix 2
Calculation of Nanoparticle Size from Measured Charge

As previously reported,” a silver NP radius, r, can be calculated from the charge

measured during an oxidation event using the following equation:

1
. 3AM Q3
4 F ppgy

where AM, is the atomic mass of silver, Q is the charge measured from the oxidation event, F is
the Faraday constant, and Pag is the density of silver. The equation assumes that the NP has a

spherical shape. To make the Gaussian fits shown in Figure 6.11, we first integrated the charge
associated with each detection event and converted this number to a NP diameter using the
equation above. These diameter values were then plotted in histograms, which are shown below
in Figure 6.A2.1. A Gaussian fit was performed on each of these histograms. These fits, which
are overlaid on the histograms in Figure 6.A2.1, are the same as those shown in Figure 6.11.

Table 6.A2.1 gives numbers associated with each histogram and respective Gaussian fit.
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Figure 6.A2.1. Nanoparticle diameters calculated from electrochemical detection data.
Histograms and corresponding Gaussian fits of calculated Ag NP diameters from
electrochemical detection at different potentials.

E/V vs. Ag/AgCl | n d/nm Std. Dev./nm
0.6 246 37.2 8.6
0.5 237 37.2 10.7
0.4 255 36.9 9.3
0.3 279 38.3 9.9

Table 6.A2.1. Histogram and Gaussian fit data for Ag NP detection at different potentials. E is
the potential of the detection electrode, n is the number of NP oxidation events recorded, d is the
estimated mean value of the calculated NP diameter as determined by the center of the Gaussian
fit, and Std. Dev. is the standard deviation associated with d.
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