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Abstract

New Electrochemical Methods for Studying Nanoparticle Electrocatalysis and Neuronal Exocytosis

Jonathan T. Cox

Chair of the Supervisory Committee:
Assistant Professor Bo Zhang
Department of Chemistry

This dissertation presents the construction and application of micro and nanoscale electrodes for
electroanalytical analysis. The studies presented herein encompass two main areas: electrochemical

catalysis, and studies of the dynamics of single cell exocytosis.

The first portion of this dissertation engages the use of Pt nanoelectrodes to study the stability
and electrocatalytic properties of materials. A single nanoparticle electrode (SNPE) was fabricated by
immobilizing a single Au nanoparticle on a Pt disk nanoelectrode via an amine-terminated silane cross
linker. In this manner we were able to effectively study the electrochemistry and electrocatalytic activity of
single Au nanoparticles and found that the electrocatalytic activity is dependent on nanoparticle size.
This study can further the understanding of the structure-function relationship in nanoparticle based
electrocatalysis. Further work was conducted to probe the stability of Pt nanoelectrodes under conditions
of potential cycling. Pt based catalysts are known to deteriorate under such conditions due to losses in
electrochemical surface area and Pt dissolution. By using Pt disk nanoelectrodes we were able to study
Pt dissolution via steady-state voltammetry. We observed an enhanced dissolution rate and higher

charge density on nanoelectrodes than that previously found on macro scale electrodes.

The goal of the second portion of this dissertation is to develop new analytical methods to study
the dynamics of exocytosis from single cells. The secretion of neurotransmitters plays a key role in

neuronal communication, and our studies highlight how bipolar electrochemistry can be employed to



enhance detection of neurotransmitters from single cells. First, we developed a theory to quantitatively
characterize the voltammetric behavior of bipolar carbon fiber microelectrodes and secondly applied
those principles to single cell detection. We showed that by simply adding an additional redox mediator
to the back-fill solution of a carbon fiber microelectrode, there is a significant enhancement in detection.
Additionally we used solid state nanopores to detect individual phospholipid vesicles in solution. Vesicles
are key cellular components that play essential biological roles especially in neurotransmission. This
work represents preliminary studies in detection and size determination from vesicles isolated from

individual cells.



TABLE OF CONTENTS

I o) T U= SR OPEPRRN: iv
I o) 1= o USSR viii
(€[0S | Y PP UPR TSR v
CHAPTER 1 INTRODUGCTION ...ttt ettt ettt ettt e et e e e ante e e e e anbe e e e enteeeeenreeeeennees 1
1.1. Microvoltammetric EIECIrOAES. ...........ooiiii i 1
1.2. Methods of Characterization..............coui i e 2
1.2.1. Steady-State VORaMMEIrY .......coooiiiieeee e 2
1.2.2. Characterization by Electron MiCrOSCOPY ......cccvviiiieeeiiiiiiiieiee e 4
1.2.3. Scanning Electrochemical MiCrOSCOPY ......cccoiiuiiiiiiiiiiieeiiiee et 4
1.2.4. Surface Adsorption and Charging...........cccceiiiiii e 4
1.3. Development of Electrode Fabrication Techniques..........ccccoeeiiiiiiiiiiiiee e 5
1.3.1. Disk Nanoelectrode Fabrication.............ccoooiiiiiiiiie e 6
1.4. Electrochemical Approaches to Investigate EXOCYLOSIS .........ccceeiiiiiiiiiiiii i 7
1.4.1. Constant Potential AmpPerometry ... 8
1.4.2. Fast Scan Cyclic VOIaMMELNY ........c.uuiiiiieeeceeeee e 9
1.5, Tables and FIQUIES ... 10
CHAPTER 2 INSTRUMENTATION AND FABRICATION ...ttt 11
2.1. Reagents and MaterialS..........ocuuueiiiiiiiii e 11
2.2. Fabrication MEthOdS ........cooi e e e e e e 11
2.2.1. Fabrication of Pt NanO€leCIrodes ..........cceviiiiiiiiiiiiiie e 12
2.2.2. Fabrication of Au and Pt Microelectrodes............cccoiiiiiiiiiiiii e 12
2.2.3. Fabrication of Carbon Fiber Microelectrodes............cooouiiiiiiiiiiiiiiiee e 13
2.2.4. Fabrication of Silica NanoChannels ............ccccuiiiiiiiiiiiiciee e 13
2.3, CyClic VORAMMEIIY ..ottt e st e et e e snneeee s 14
2.4, Tables @Nd FIQUIES ........uuiiiiiiiiie ettt st sbb e nneee s 15
CHAPTER 3 ELECTROCHEMICAL RESPONSES AND ELECTROCATALYSIS AT SINGLE Au
NANOPARTICLES ...ttt ettt ettt e ettt e e e et e e e e s ssteeesansseeeeansseeeaansseeeeannseeesannees 20
K Tt R [0 o o (3 T2 1 o USSR 20
3.2, Experimental SECHON ......coo e e e e e 22
3.2.1. Preparation and Characterization of Au Nanoparticles .............ccccccooiiiiiiiiiiinnnie, 22
3.2.2. Fabrication of Au Single Nanoparticle Electrodes ..........cccoveiiiiiiiiiiiiniiec e, 23
3.2.3. Transmission EIeCtron MIiCrOSCOPY ........uuuuuurururuinruinierniernrurernrninrnrsenrnrnenrnrnrnrsrnrere.s 23
3.3. ReSUItS @and DiSCUSSION .......uuiiiiiiiiii ittt e e et e e e e e e e e eeeeaeeeaannes 23
3.3.1. TEM Characterization of AU SNPES .........ccccoiiiiiiiie e 23
3.3.2. Underpotential Deposition of Cu at Au SNPES ..........cceeiiiiiiiiiiiieee e 24
3.3.3. Voltammetric Responses of Au SNPES in HoSOy4.......cuviiiiiiiiiiiiiiiieeee e 25
3.3.4. Steady-State Voltammetric Response at Au Nanoparticle arrays on a Pt UME ........ 26
3.3.5. Steady-State Voltammetric Response at Au SNPES...........oooii 26
3.3.6. Oxygen Reduction at Single Au NanopartiCles...........ccoccviiiieiiiiiicii e 28
K S @7 Lo (U1 (] LSO 30
3.5, TabIes and FIQUIES .......coiiiiiiiii ettt ettt b e e sba e e e e sbeeeeeaaes 31



CHAPTER 4 STABILITY OF Pt NANOEELCTRODES IN A SULFURIC ACID SOLUTION UNDER

POTENTIAL CYCLING ..ot 43
Ly I [ 01 (o Yo [T 1o o [T 43
4.2. Experimental SECHON ... . ... e e e 44

4.2.1. Finite-Element SIMUIGtIONS ... e e e e eaa 44
4.3. RESUITS N DISCUSSION ....u.iiieiiiiiiie et e e e e e e e e e e e e e s et e e e eaa e e seaneeeeaanes 44
4.3.1. Electrode Characterization..............oooiiiiiiiiiie e e e 44
4.3.2. Finite Element Simulations of the Steady-State Response of a Recessed Disk
=T [0 1= (ST o3 {fo Yo [ 45
4.3.3. Pt Dissolution Under Potential CyCling ............ccoouiiiiiiiiiiiieee e 47
4.3.4. SEM characterization of a Recessed Disk Nanoelectrode...............cooovvvvieeiiiieeninnnnee. 48
4.3.5. Mechanism of Pt DiSSOIULION........ccouueiiee e e e 49
4.3.6. Determination of Pt Dissolution Rate..........coouueiiiieiieieeeeeeee e 50
O 0o g o] [ V=1 (o] o 1= TR 51
T = o] L= =T o To I ol o 0 = ST RR 53

CHAPTER 5 STEADY-STATE VOLTAMMETRY OF A MICROELECTRODE IN A CLOSED BIPOLAR

O USSR 62
L0t T 10 Yo 18 o3 1T o SRS 62
L0 I =] RO EPP PSPPSR 64
5.3. ReSUItS and DISCUSSION .....cciiiiiiiiiiiie e ettt e e e ettt e e e e e st e e e e e e s s raeeeaaeeesensneeeeaeaeeann 68

5.3.1. Steady-State Voltammetry of a Microelectrode in a Closed Bipolar Cell ................... 68
5.3.2. Is “Reversible Voltammetric Behavior Obtainable in a Bipolar Cell?............ccccccuu..... 70
Lo 7] g Tor 11 ] o] 1= SRR PRSPPI 73
5.5. Tables and FIQUIES ......oooiii et e et e e e e e e e re e e e e e e e eans 74

CHAPTER 6 USING BIPOLAR ELECTROCHEMISTRY TO ENHANCE DETECTION OF EXOCYTOSIS

O 1V O B O S SR 83
20 I [ a1 (oo [8 oz i o] IR 83
6.2. EXperimental SECHON ... e a e e e e 85

B.2.1. Cell CURUIE ...ttt e e e e e e e e e e e e e e e e ennneeeeeaaeeas 85
6.2.2. Single Cell MeasSUIrEMENTS ........cooiiiiiiiiie e 85
6.3. ReSUItS aNd DISCUSSION ....ooeiiiiiiiiiiiiie et e ettt e e e et e e e e e e e st ee e e e e e e e s ennneeeeeaaeeas 86
6.3.1. Characterization of a Bipolar Carbon Fiber Electrode .............ccccoeoeeiiiiiiiiiin, 86
6.3.2. Comparison of Different Backfill SOIUtiONS ...........coooiiiiiiii e, 88
6.3.3. Voltage Effects on DeteCtion.............ooiiiiiiiiiiii e 93
6.3.4. Electrode Stability ...........c.oveiiiiiiic e 95
B.4. CONCIUSIONS ...eeiiiiiieiiietie ettt e et e e e e e e et a e e e e e e e e e et aaaeeeeeeeasansbaereeaeessaanbsreneeaaeanan 96
oI T =T o (=Y = T o I o [ =PRIt 98

CHAPTER 7 RESISTIVE-PULSE ANALYSIS OF SINGLE PHOSPHOLIPID VESICLES USING QUARTZ

NANOCHANNELS ...ttt b e s e bt e eb bt e s b et e sa bt e st e e sbe e e sabeeenee s 108
48 Lo o (0T (o] IR PUURPPN 108
7.2. EXperimental SECHON .........ccuuiiiii e a e e aaaes 110

7.2.1. Preparation of Phospholipid VESICIES ...........ceeiiiiiiiiiiiiiiiie e 110
7.2.2. Resistive-Pulse Sensing of Single Nanoparticles and Vesicles ............ccccoceevenneenn. 110
7.3. ReSUItS and DiSCUSSION .......ceiiiiiiiiee it et e e e e e e et e e e e e e s e naeee e e e e e s e ssnseeeeeeaeesannnnes 111
7.3.1. Characterization of Cylindrical Quartz Nanochannels ............ccccoocviiiiiiicienee e 111
7.3.2. Resistive-Pulse Sensing of Polystyrene Nanoparticles ..........c.coccccciiieiiiiiieneiieenn, 112
7.3.3. Resistive-Pulse Sensing of VESICIES.........cocuiiiiiiiiiii e 114



7.3.4. Simultaneous Analysis of Nanoparticles and Vesicles ...........ccccovveeieeiiiiciiiieeeee e,
A S 0o o Tor (U= o) o - SRR
A ST - o] =Y 3= T Uo I o U = PSPPSR

Bibliography



List of Figures

Figure 1-1 Steady-State response of MIiCroelectrodes ..........cccceeiiiiiiiiiiiie e 10
Figure 2-1 Schematic of Pt nanoelectrode fabrication..............ccooiiiii 15
Figure 2-2 TEM images of a Pt nanowire and Pt nanoelectrode..............cccooiiiiiiine e 16
Figure 2-3 SEM image of a Pt microdisk €lectrode ............cueviveiiiiiciiiiiie e 17
Figure 2-4 SEM image of a carbon fiber microelectrode .............ccoocuiiiiieiiiiiiiii e 18
Figure 2-5 SEM image of a silica Nnanochannel .............c.cooiiiiiiiie e 19
Figure 3-1 Schematic 0f @ AU SNPE....... .o 33
Figure 3-2 TEM images of AU NanOPArtiCIES. .........oiiiii i 34
Figure 3-3 Modification scheme for the fabrication of a SNPE ..o 35
Figure 3-4 TEM image of @ AU SNPE ... .. 36
Figure 3-5 UPD of Cu on @ 24-nm AU SNPE .........oiii e 37
Figure 3-6 i-V response of 24-nm Au SNPE in 0.5 M HoSO4..ciiiiiiiiiiiiiie e 38
Figure 3-7 Voltammetric characterization of a 25-um Pt UME modified with Au nanoparticles ........ 39
Figure 3-8 Voltammetric characterization of Au SNPEs in potassium ferricyanide................ccco....... 40
Figure 3-9 Voltammetric characterization of Au SNPEs in hexamineruthenium (lll) chloride ........... 41
Figure 3-10 i-V response of Au SNPEs in 0.10 M KOH (ORR) .......coiiiiiiiiiiiiie e 42
Figure 4-1 i-V response of a 40 nm disk nanoelectrode in 0.5 M HoSOy....cooiiiiiiiiiiiiiiiieeeeee 54
Figure 4-2 Comsol simulation domain for the recessed disk nanoelectrode ...............cccccvvvieeeeeennnns 55
Figure 4-3 Simulated steady-state behavior of a recessed disk nanoelectrode..............cccoeevieeenne 56
Figure 4-4 j-V responses of a 2.7 nm and 150 nm disk nanoelectrodes before and after cycling..... 57
Figure 4-5 j-V response of a 1.2 uym disk micro electrode before and after cycling .........cccccceeeens 58
Figure 4-6 SEM image and i-V response of a recessed disk nanoelectrode............ccccccocveniiennnnnn 59
Figure 4-7 Effect of changing the positive potential limit on potential cycling.............ccocccvieeeniinnis 60
Figure 4-8 Plot of charge difference vs. electrode radius .............ccociiiiiiiii e 61

Figure 5-1 Schematic of a closed bipolar cell and two electrochemical cells connected in a series. 77
Figure 5-2 Theoretical i-V response and log plot for a closed BPE ..............ccccoiiiiviieii i 78

Figure 5-3 Experimental i-V response and log plot for a closed BPE..............ccoooiiiiiiiiiiis 79



Figure 5-4 i-V response for Fc oxidation at a Pt disk coupled to ferricyanide reduction at a Pt wire
£=11=Tod 1 fo o = TP PP PR PP PRPPPUPRPN 80
Figure 5-5 i-V response for Fc oxidation at a Pt disk coupled to various reduction reactions at a Pt wire
L= 1=Tod oo = TSP PPPOPPRRN 81
Figure 5-6 i-V responses for Fc and DA oxidation at a CFE coupled to various reduction reactions at a
(03] 1 Lo T4 o= 1 N O PSPPSR 82
Figure 6-1 Schematic of a bipolar CFE and i-V response obtained from Fc oxidation at various bipolar
101 o ot 0110 18] =1 1] o 1= PSR 101

Figure 6-2 Representative amperometric traces obtained from DA released by exocytosis at single PC12

detection of released DA from PC12 cells at +750 MV .......ooiiiiiiiiiiiiiii e 103
Figure 6-4 Representative amperometric peaks obtained from DA injection at a bipolar CFE ......... 104
Figure 6-5 Voltage dependence on amperometric detection of DA.........cooooiiiiii e 105

Figure 6-6 i-V response from a bipolar CFE and frequency histograms from amperometric detection of

released DA from PC12 cells at +200 MV ......oiiiiiiiiii e 106
Figure 6-7 Potential cycling of DA at various bipolar CFE configurations .............ccccccoviiiieiiineeee 107
Figure 7-1 Schematic of particle detection and Lucite pressure cell ............cccceeiiiiiiiniiin e 120
Figure 7-2 i-V response of a 640 nm nanochannel and corresponding SEM image...........c.............. 121
Figure 7-3 Amperometric detection of polystyrene spheres and size frequency histogram.............. 122
Figure 7-4 Amperometric detection of vesicles and size frequency histograms...............ccccccinne 123

Figure 7-5 Frequency histogram from amperometric detection of multiple polystyrene populations 124

Figure 7-6 Concurrent amperometric detection of vesicles and polystyrene spheres....................... 125



List of Tables

Table 3-1 Steady-state limiting currents from Au SNPES ..........cccoviiiiie i 31
Table 3-2 Electrocatalytic activity of Au SNPEs towards ORR............cooiiiiiiiiiiii e 32
Table 4-1 Pt dissolution rate for various sized nanoelectrodes ...........cccooveeiiiiiiiiiiiieee e 53
Table 5-1 Wave parameters obtained for theoretical and experimental i-V curves.......................... 74
Table 5-2 Wave parameters for Fc oxidation at a Pt BPE ...........ccooeiiiiiiiii e 75
Table 5-3 Wave parameters for Fc and DA oxidation ata CFE ...........cccociiiiii e 76

Table 6-1 Average kinetic parameters from pooled cell data for DA detection released from single
PC12 cells detected at 750 MV . ... e 98
Table 6-2 Average peak parameters obtained from DA injection at various bipolar CFEs ............... 99
Table 6-3 Average kinetic parameters from pooled cell data for DA detection released from single
PC12 cells detected at +200 MV ......oooiiiiiiee e s e e s e e e nnee e e e nnees 100

Table 7-1 Measurement of polystyrene particle diameters by different methods.............cccccoceee. 119

Vi



Glossary
BPE — Bipolar Electrode
CFE — Carbon fiber microelectrode
CV - Cyclic voltammetry
DA — Dopamine
E,, — Half-wave Potential
Fc — Ferrocene
FSCV — Fast Scan Cyclic Voltammetry
iss — Diffusion-limited steady-state current
ORR - Oxygen reduction reaction
SEM — Scanning electron microscopy
SNPE - Single nanoparticle electrode
TEM — Transmission electron microscopy
UME - ultramicroelectrode

UPD - underpotential deposition

Vi



Acknowledgement

There are numerous people | would like to thank for their support and guidance during my time at
the University of Washington. First my advisor Dr. Bo Zhang for allowing me to work in his lab and for the
research freedom and support he gave me. | wish to thank past and current members of the Zhang
group for their help and encouragement. | would also like to thank Professors Edward M. Eyring and Joel
M. Harris at the University of Utah. They have been great mentors to me and without their “gentle

persuasion” | would have ended up as lawyer.

Secondly | need to thank all of my friends and family who supported me throughout this
marathon. Karen for bringing me the sports page of the Seattle Times every morning, Kevin Garnett for
reminding me that “anything is possible”, and all of my friends at the Seattle Institute of Religion for being

my family away from home, most notably Todd Knowles and Debi Williams.

Lastly, | would like to thank my wife, Elisha, for her constant encouragement and for standing by
me when science wasn’t working as | would have hoped. She helped me see the light at the end of the

tunnel, and more importantly helped me to sprint towards it rather than wander idly in the darkness.

viii



Dedication

This work is dedicated to my father for going to work every day without complaining in order to provide for
us and teaching me the value of hard work, and also to my mother for her selfless example and

encouraging me to dream big.

To “baby” Cox, | hope to be able to teach you the same.



CHAPTER 1 INTRODUCTION

1.1. Microvoltammetric Electrodes

The past three decades have seen tremendous growth in electrochemistry applied on the micro
and nano scale. As fabrication methods and instrumentation have improved, research interest regarding
the application of micro and nanoelectrodes in fundamental electrochemistry, electrochemical analysis,
electrocatalysis, and many other research areas has increased. Nanoelectrodes typically refer to
voltammetric electrodes with at least one dimension below 100 nm. They can be viewed as a special type
of ultramicroelectrode (UME) with smaller critical dimensions. Most of the outstanding properties of
UMEs, such as small RC time constant and fast mass-transport, have been demonstrated on
nanoelectrodes and are in many cases more pronounced. More than two decades ago, Wightman
predicted in one of his early papers on UMEs some of the advantages to employ sub-micrometer
electrodes.” Penner et al. also stated that nanoelectrodes would find applications in various areas such
as neurophysiology, lithography and chemical analysis.2 In the years since those important publications,
electroanalytical methods have allowed some of those early predictions to come to fruition and substantial
research progress has come to pass.

The application of nanoelectrodes was initiated from the development of nanoband electrodes
with band width as small as 5 nm.> Penner et al. introduced glass-coated hemispherical nanoelectrodes
approaching true molecular dimensions (~1 nm).2 This afforded one many advantages because the
geometric dimensions of the electrodes were smaller than the diffusion lengths normally encountered.
The mass-transport rate increases as the electrode size decreases and radial diffusion becomes
dominant.* This allows steady-state voltammetric responses to be readily achieved."® Other advantages
include even smaller RC constants and the ability to make measurements in solutions of high resistance
because of a lower influence of solution resistance.’

In this introductory section, we begin our discussion of electrochemistry on the micro and
nanoscale with the analytical methods typically utilized to characterize UMEs. We will then review recent
advances in the fabrication of nanoelectrodes highlighting some of the new methods reported in literature.

We will also discuss the challenges in the fabrication of structurally well-defined nanoelectrodes.



Furthermore, the application of UMEs to study exocytosis of single cells will be presented as a large

portion of the work presented in this dissertation deals with this particular application.

1.2. Methods of Electrode Characterization

It is vital to fully characterize the size and shape of an electrode because its electrochemical
properties are often exceedingly sensitive to even small variations in its geometry. For example, the
steady-state limiting current of a recessed nanoelectrode is smaller than a disk nanoelectrode of same
size due to additional mass-transport resistance. Nanoelectrodes are typically characterized using
electron microscopy including scanning electron microscopy (SEM) and transmission electron microscopy
(TEM), as well as various electrochemical methods. Unfortunately, it is often very difficult to fully
characterize a nanoelectrode with sufficient spatial resolution with electron microscopy mainly due to
charging effects from the insulation materials. Electrochemical methods can provide a quick estimate of
the size of a nanoelectrode based on the assumption of known geometry. However, such results require
microscopic verification.

1.2.1.Steady-State Voltammetry

Under conventional experimental conditions, the voltammetric response of nano and micro
electrodes can be characterized by a sigmoidal-shape steady-state voltammogram. Transient
voltammetric responses can be obtained with sufficiently high sweep rates. For example, a 50-nm-radius
nanoelectrode will require the sweep rate to be at least 1000 V/s in order to show peak-shaped transient
voltammetric behavior. Under this condition the diffusion layer thickness can be estimated to be ~1 um for
a redox species with a diffusion coefficient ~10° cm/s.

Figure 1-1a shows a steady-state cyclic voltammogram (CV) of an 86-nm-radius Pt
nanoelectrode placed in acetonitrile containing 5-mM ferrocene and 0.2 M tetra-n-butylammonium
hexafluorophosphate (TBAPF;). The oxidation of ferrocene at the surface of a nanoelectrode in solutions
of high concentrations of supporting electrolyte is diffusion controlled and the steady-state limiting current,
iss, is easily observed. The magnitude of is; is dependent on the size and shape of the electrode. The
general equation for iss is governed by the total mass transfer resistance of the redox species from the

bulk solution to the electrode and shown by the following equation,4
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where n is the number of electrons transferred, F is Faraday’s constant, C’ is the bulk concentration of
redox species in solution and Ryr is the mass-transfer resistance. The electrodes fabricated in our lab
and used for the experimentation in this dissertation have disk shaped geometry. For a disk-shape UME
as the one used in Figure 1-1a, the steady-state limiting current can be represented using the following

equation,

i, =4nFDC a (1-2)

where a is the radius of the disk nanoelectrode, and D is the diffusion coefficient. The mass-transfer
resistance will vary for different electrode shapes and is shown in Figure 1-1b. The apparent radius for a
disk-shape and hemispherical electrode is represented by a. For a nanoband electrode, / and r represent
the band length and radius, respectively. The radius of the band is a geometric feature derived from the
band width divided by 1, this is because band geometry has the same radial diffusion field as a
hemicylindrical surface.® The time component, ¢, is equal to RT/Fv, " where R is the gas constant, T the
temperature, and v the scan rate. Although the equation exhibits slight time dependence, at long times
the current-time relationship approaches a steady-state limiting current.

There are several advantages which make steady-state cyclic voltammetry extremely useful for
studies involving the use of UMEs. Steady-state CV can be utilized to quickly evaluate the size of the
electrode from the diffusion-limited steady-state current based on the assumption of known shape, e.g.,
hemispherical electrode. Conversely the limiting current can also be easily used to analyze the
concentration of redox species using nanoelectrodes of known size and shape. The shape of the
voltammogram can be analyzed to provide useful information to evaluate kinetics of heterogeneous
electron transfer at the electrode surfaces.®® Using electrodes of specially designed geometry, e.g.,
nanopore electrodes, steady-state voltammetry can be utilized to study transport of redox species in

nanoscale spaces. "°



1.2.2.Characterization by Electron Microscopy

Electron microscopy can be especially helpful to obtain quick and direct information about the
shape and size of an electrode. The resulting information, however, is often limited by the spatial
resolution of the instrumentation, the skill of the operator, and the sample properties of the electrodes.
SEM can reveal very useful three dimensional information about the electrode geometry. However, it only
has limited spatial resolution with conventional tungsten-filament SEM. Field-emission SEM can provide
enhanced spatial resolution on the order of 1-2 nm under optimized conditions, e.g., using very
conductive samples. Higher spatial resolution can be obtained by imaging nanoelectrodes with TEM.
However, only certain nanoelectrodes with submicron overall dimensions can be imaged by TEM. The
high-energy electrons used in TEM can penetrate the thin silica insulating material and the sub-10 nm Pt
nanowire can be clearly resolved from the silica coating because of the z-contrast between the Pt and its

environment.
1.2.3.Scanning Electrochemical Microscopy

Although an apparent size of an electrode can be readily extracted from steady-state CV, little or
no information can be obtained about the shape of the electrode. SECM was first used to characterize
nanoelectrode tips by Bard’s group. ® In this method an approach curve is generated as a nanoelectrode
is lowered towards an insulating or conductive substrate in a solution containing an electroactive species.
A potential is applied at the tip to induce the desired electrochemical reaction and the current is monitored
as a function of the distance from the substrate as the probe gradually approaches it. When the tip is far
from the substrate the measured current is the same as i, and the radius of the electrode can be
calculated from equation 1. As the tip approaches the substrate the observed current change is
dependent on the distance to the substrate and its conductivity. In order to obtain a useful approach curve
the tip must be moved to within one or two tip radii from the substrate. This is challenging for small
nanoelectrodes, e.g., < 20 nm, with a short useful approach curve distance range.11 The shape of the
approach curve is governed by the mass transport at the tip and by comparing the shape of experimental

approach curves to theory, the geometry of the electrode can be ascertained.'*"



1.2.4.Surface Adsorption and Charging

One of the challenges that arise in research with electrodes on the micro and nano scales is the
correlation between the apparent electrode size and the actual microscopic area. Recent studies have
employed the usage of the underpotential deposition (UPD) at metal electrodes to obtain the actual

electrochemically active surface area.'*"”

This is usually done by electrochemically depositing a single
layer of Cu atoms on the surface of the electrode by applying a potential slightly more positive than the
Nernst potential for Cu. ® The Cu is then stripped from the surface by sweeping the potential producing a
current peak. The amount of charge for the oxidation of Cu is used to obtain the actual microscopic
area."’

Another method that has been used to estimate the microscopic surface area was demonstrated
by White and co-workers."® This method measures the electrical charge associated with the oxidation of
an adsorbed complex molecule, bis(2,2’-bipyridine)chloro(4,4’'trimethylenedipyridine)osmium(ll), by fast-
scan cyclic voltammetry. This method has been successfully used to measure Pt nanoelectrodes as small
as 70-nm in radius. After the complex is adsorbed on the electrode surface fast-scan cyclic voltammetry is
especially needed in the case of nanoelectrodes because of the small number of redox molecules

involved in the analysis. This method is advantageous because it is not always practical to obtain SEM or

TEM images of every electrode employed in laboratory use.
1.3. Development of Electrode Fabrication Techniques

Numerous methods have been previously employed to produce small electrodes of various

12,19

shapes and materials. Representative methods include micropipette pulling technology, partial

insulation of an electrochemically-sharpened metal wire or carbon fiber in photoresist,20 Teflon,”’

18,22-24 2,25

electrophoretic paint, and glass. For a detailed summary about different materials and methods
previously employed in electrode fabrication, please refer to Arrigan26 and Zoski?'. Despite the enormous
progress, the controllable fabrication of structurally well-defined nanoelectrodes and their characterization
at high spatial resolution remain challenging for their successful application. Recent progress in UME
fabrication has produced electrodes with the following shapes: band, disk, hemispherical, and pore-

shaped as well as electrode arrays and ensembles. The micro and nanoelectrodes used for



experimentation in this dissertation were all fabricated with disk geometry and as such only this geometry

will be highlighted.
1.3.1.Disk Nanoelectrode Fabrication

Substantial progress has been made in the past decade in the fabrication of disk nanoelectrodes.
Many reported disk nanoelectrodes consist of glass-encapsulated metal nanoelectrodes, where a metal
wire is sealed in an insulating sheath and a disk shaped cross section results from exposing the end of
the wire. The geometric area of a nanodisk electrode scales with the square of the radius, which can be
made as small as a few nm®. Electrodes of such dimensions can be advantageous when one wants to
examine faradaic reactions over a small area or probe single redox molecules or nanoparticles. However
this can result in a measured current that is quite small and detection of such small currents may be
limited in some cases by instrumentation.

Nanodisk electrodes evolved from sharp tip electrodes that were primarily employed for SECM®
and neuroscience applications.28 These existing methodologies were refined and resulted in the
fabrication of needle-type Pt-disk electrodes via a laser-assisted pulling process first demonstrated by
Shao and Mirkin' and then further improved by Schumann and co-workers.? This procedure has been

%" In this method a wire is

modified in our lab to fabricate Pt disk electrodes in the size range of 1-3 nm.
sealed in a glass capillary and is pulled into a sharp tip. This procedure is described in more detail in
chapter 2.

An alternative method to pulling would be to seal and expose sharp metal tips prepared by
electrochemical etching.25 In this method a Pt/Au microwire is electrochemically etched to a sharp tip in a
NaCN/NaOH solution. The sharpened tip is sealed into a piece of glass capillary and exposed to form a
nanodisk by mechanical polishing. In both methods a major factor that affects the diameter of the disk is
the amount of polishing.

Although Pt nanoelectrodes are regularly fabricated by the pulling method, difficulties arise when
it is desired to use a different metal. Because the melting point of quartz glass, ~1670 °C, is close to but

below the melting point of Pt metal, ~1770 °C, Pt wires can be readily pulled via the previously mentioned

method. In the case of Au where the melting point is substantially lower, ~1060 °C, it is more difficult to



fabricate Au nanoelectrodes. As a result it can be challenging to prepare Au nanoelectrodes with laser
pulling. Mirkin and co-workers have demonstrated the fabrication of Au disk nanoelectrodes with radii
down to roughly 40 nm by using borosilicate glass.31

Another method to fabricate Au disk nanoelectrodes of small dimensions involves the
electrochemical deposition of Au in Pt nanopore electrodes.* This is accomplished by first fabricating a
Pt disk nanoelectrode of desired dimension and electrochemically etching the Pt to form a nanopore
electrode.® In the next step Au is electrochemically reduced inside the nanopore to form a Au nanowire.
The excess Au is then polished away. As expected, the diameter of the Au nanoelectrode is dependent
upon the initial diameter of the Pt nanodisk electrode. By this method Au nanoelectrodes as small as 4.5
nm in radii have been obtained.

In spite of the recent progress, there are still challenges that exist in current fabrication methods
for disk nanoelectrodes. Most notably would be the agreement of geometric and effective electrochemical
dimensions. Sun and coworkers have recently conducted a series of nice experiments showing the
correlation of the radius as determined by CV and SEM.* They have concluded that the geometric radius
matches the effective radius closely when the electrode is greater than 20 nm. However when the
effective radius is under that limit the observed current fluctuates from probable potential fluctuations and
double layer effects. It has also been shown from a theoretical perspective that the voltammetric behavior
of nanoelectrodes will differ from conventional voltammetric theory when the radius is below 10 nm.***%
One of the factors attributing to this phenomenon is that the current density on a disk is non-uniform and
greater at the edge of the electrode. Another challenge that exists in preparing nanoelectrodes of this
manner is Ieakage14 and current fluctuation caused by mismatch in expansion coefficient and from
mechanical polishing. After mechanically polishing the electrode tips, it can be difficult to know exactly
whether the exposed tip is planar or non-planar. For this reason it is important to use SECM or other

analytical methods to confirm the electrode geometry.
1.4. Electrochemical Approaches to Investigate Exocytosis

One area that has seen tremendous growth and advancement in microscale electrochemistry is

in electroanalytical studies of neurochemistry. Neuronal communication is facilitated by exocytosis — a



process by which a secretory cell such as a neuron releases hormones or neurotransmitters. The ability
to acquire chemical knowledge of neurotransmission has many biological and medical implications and as
our ability to understand the chemical composition and dynamics of neurotransmission increases as does

.39 previous methods used to

our ability to treat neurological disorders such as Parkinson’s disease.
quantitatively study exocytosis traditionally centered on patch clamp measurements, however the
development of microscale electrochemistry has enabled the ability to directly measure neurotransmitter
release and eavesdrop on single cell communication.** A large fraction of neurotransmitters are
electrochemically active and can be directly detected using electrochemistry. Carbon fiber

' Carbon as

microelectrodes (CFE) have come forth as the ideal tool to study exocytosis at single cells.’
an electrode material has many advantages such as biocompatibility, large potential region and high
tensile strength. Additionally the fabrication of CFEs ranging from 5 ym to 20 ym is straightforward and

42 Because of the small surface area of CFEs diffusion-limited voltammetric studies can be

inexpensive.
conducted at high scan rates with very fast temporal and high spatial resolutions.*> The most widely used
methods which employ microelectrodes to study neurochemical dynamics are constant potential

amperometry and fast scan cyclic voltammetry.
1.4.1. Constant Potential Amperometry

In constant potential amperometry a carbon fiber microelectrode is placed directly next to a cell
with the potential at the electrode held at a sufficient potential to reduce or oxidize the chemical
messenger of interested such that the mass transfer is diffusion limited. The current at the electrode tip is
measured as a function of time. The cell is stimulated to release its contents and molecules are detected

as current peaks that represent the quantal amount of chemical present in synaptic vesicles.*®***°

44’46, brain slices‘”, intact

Amperometry has been used to study exocytosis in immortalized cell lines
neurons*®®°, and primary cell cultures.”’ Because the electron transfer occurs at a faster time scale than
the release and reaction is diffusion limited, constant potential amperometry has sub millisecond temporal
resolution and these studies can be used to observe the dynamics of individual exocytotic events.

Analysis of the current time trace and the features of the amperometric peaks allows one to quantitatively

characterize vesicular release and study the kinetics of fusion pore release.’



1.4.2. Fast Scan Cyclic Voltammetry

Although amperometry provides insight into fusion pore dynamics, it lacks in the ability to
chemically distinguish between different chemicals. By employing fast scan cyclic voltammetry one can
chemically resolve individual secreted species based upon their voltammetric signature.53 This method
allows for time resolved chemical changes in the local environment near the cell. In fast scan cyclic
voltammetry, individual voltammagrams are recorded by repeatedly applying a triangular wave form
through a range of potentials at high scan rates e. g. 400 V/s.>* By repeatedly scanning the electrode,
successive cyclic voltammagrams will be recorded as any electroactive species near the electrode will be
oxidized/reduced and identified on the basis of its individual electrochemical behavior.*® Because of the
high scan rates a large capacitance current arises. Voltammagrams are obtained before and after
stimulation, and the background current is subtracted allowing the i-V characteristics of the redox species
to be readily observed.”® The temporal resolution is limited by scan rate which limits its applications into
kinetic studies. However fast scan cyclic voltammetry is an effective complementary tool to amperometry

and most commonly used as a qualitative tool to identify secreted chemicals.



1.5. Figures and Tables
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Figure 1-1. (a) The steady-state voltammetric response of a 86-nm-radius Pt disk nanoelectrode. The
radius of the electrode, a, is calculated from the magnitude of iss; and the mass-transfer resistance for a
disk electrode geometry, (b) the equations for calculating the mass-transfer resistance of three different
electrode shapes.
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CHAPTER 2 INSTRUMENTATION AND FABRICATION

2.1. Reagents and Materials

The work carried out in this dissertation used the following redox molecules: ferrocene (Fc,
Fluka), dopamine hydrochloride (DA, Sigma-Aldrich), hexaamineruthenium (lll) chloride (Ru(NH3)sCls,
Aldrich), potassium ferricyanide (Ks;Fe(CN)s, Acros Organics), and potassium ferrocyanide (K ;Fe(CN)g,
Fluka). Supporting electrolytes: tetra-n-butylammonium hexafluorophostphate (TBAPFg, Aldrich), and
potassium chloride (KCI, Mallinckrodt Baker). Perchloric acid (HCIO,, Aldrich), and sulfuric acid (H,SO,,
Fisher) were also used in electrolyte solutions. All aqueous solutions were prepared using =218 MQ-cm
water from a Barnstead NanoPure purification system (Thermo Scientific), and organic solutions in
reagent grade acetonitrile (MeCN, Mallinkrodt Baker). Oxygen reduction reactions were carried out in a
0.1 M KOH (Mallinkrodt) solution which had been bubbled with O, for a minimum of 20 minutes.
Electrode surface modifications were done with 3-aminopropyltrimethoxysilane  (APTMS,
(CH30)3Si(CH,)3NH,, Gelest Inc.), and 3-cyanopropyldimethylchlorosilane (ClI(Me),Si(CH,);CN, Fluka),

Dopamine hydrochloride (DA, Sigma-Aldrich).

Single cell experiments were carried out in an isotonic saline solution consisting of 150 mM NaCl,
5 mM KCI, 1.2 mM MgCl,, 5 mM glucose, 10 mM HEPES, and 2 mM CaCl, with the pH adjusted to 7.4
with 3 M NaOH. High potassium stimulant consisted of the same components with the exception of 100

mM KCI and 50 mM KCI.

For nanopore sensing experiments vesicles were prepared from Il-a-phosphatidylcholine (PC),
and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (Avanti Polar Lipids). Buffer solutions were
prepared with triton X-100 (Sigma-Aldrich), and 10x PBS OmniPur liquid concentrate (EMD Chemicals).
175 nm and 356 nm polystyrene microspheres were purchased from Polysciences Inc. A mini-extruder
apparatus was obtained from Avanti Polar Lipids, Inc. Polycarbonate membranes for the extruder of 100

nm and 200 nm were purchased from Whatman.

2.2. Fabrication Methods
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2.2.1. Fabrication of Pt Nanoelectrodes

Pt nanoelectrodes are fabricated using a laser assisted pulling process previously reported by
Mirkin'* and Schumann®® and further developed by our lab to make nanodisk electrodes as small as 1-3
nm in diameter.*® A schematic outlining the general fabrication process is shown in Figure 2-1. A Pt
microwire (99.95%, hard, Alfa Aesar) preform is sealed inside a quartz glass capillary (o.d. = 1.2 mm, i.d.
= 0.40 mm) and pulled into a sharp tip with a laser puller (Model P-2000, Sutter Instrument Co.). Before
the tip is pulled it is essential that there is a good seal between the Pt wire and the glass such that the
pulling process yields a continuous Pt wire. The diameter of the wire at the end of these tips can be well-
controlled in a range of ~2 to 10 nm. The end of the Pt wire is enclosed in a sheath of glass and exposed

by mechanical polishing.'**®

Because of the conical geometry of the pulled Pt nanowire it is crucial to
only expose the metal directly at the end of the electrode in order to obtain the minimal size possible and
due to the extremely small size of the tip it is very difficult to polish the tip in such a manner so that the
wire remains continuous and does not break. As an alternative to beveling to expose the wire, the entire
sharp tip is sealed in a borosilicate glass capillary with a hydrogen flame before exposing the wire. After
Electrical contact is made with the unsealed portion of the wire inside the capillary by connecting it to a
150 um tungsten wire with conductive silver paste (Dupont), the Pt tip is exposed by polishing with fine
grit sand paper. The polishing process is the crucial step in determining the final size of the electrode and
as such needs is closely monitored using an optical microscope and an ultrasensitive continuity tester to
ensure that polishing stops at the point when the Pt tip is exposed. After the tip is exposed the electrode

is characterized by CV. A TEM image of a 1.5 nm radius Pt nanowire is shown in Figure 2-2a and a 3 nm

radius Pt nanoelectrode in Figure 2-2b.
2.2.2.Fabrication of Pt and Au Microelectrodes

Metal microelectrodes were fabricated by encapsulating wire in a glass capillary. Pt and Au micro
wires with a diameter of 25 ym (99.95%, hard Alfa Aesar) were partially sealed in a borosilicate capillary
(0.d. = 2.0 mm, i.d. = 1.0 mm) using a vacuum and hydrogen flame. Electrical contact was made by

connecting the unsealed portion of the wire to a 150 ym tungsten wire with conductive silver paste. The
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sealed portion of the wire was exposed with regular sandpaper and an alumina suspension on a wet

polishing cloth. An SEM image of a 12.5 ym Pt micro electrode is shown in Figure 2-3.
2.2.3.Fabrication of Carbon Fiber Microelectrodes

Carbon fiber microelectrodes (CFE) were fabricated according to our published methods.”’ A5 pum or
7 um carbon fiber was aspirated into a borosilicate glass capillary (o.d. = 1.2 mm, i.d. = 0.69 mm) and
pulled with a micropipette puller (Model P-97, Sutter Instrument Co.). In order to obtain disk shaped
electrode geometry, the end of the pulled tip was cut with a scalpel at the glass/carbon fiber interface and
then sealed with epoxy (Epoxy Technology) and allowed to cure for 24h at roughly 80° C. After the epoxy
was cured the tip was beveled (Model BV-10, Sutter Instrument Co) to 45°. For cylindrical geometry the
exterior carbon fiber was trimmed with a scalpel to the desired length. Electrical contact was obtained by
either directly connecting a tungsten wire to the interior carbon fiber with conductive silver paste or by
backfilling the electrode was a solution. The contents of the backfill contained either colloidal graphite in
water (Energy Beam Sciences) or an electrolyte solution such as potassium chloride, potassium

ferricyanide, or hexamineruthenium (l11) chloride. An SEM image of a CFE is shown in Figure 2-4.
2.2.4.Fabrication of Silica Nanochannels

The preparation of a quartz nanochannel is a multistep process which includes the fabrication of a
quartz nanochannel preform and a borosilicate glass micropipette holder which has been reported by our
group.58 An ultrasharp quartz tip is drawn by using a laser micropipette puller (P-2000; Sutter Instrument
Company) as a nanochannel preform. In this process a ~2 cm length of silica microcapillary (o.d. = 350
pum, i.d. = 20 ym) tubing is placed inside a 7.5-cm length quartz capillary tube (0.d. =1 mm, i.d. = 0.3 mm)
and sealed in place by heating and cooling cycles with the inner capillary under vacuum. This was
repeated until the size of the microchannel was reduced to 5 ym or less. After that the vacuum was
removed and a pulling program was executed to pull the capillary into two ultrasharp quartz tips.

Glass micropipette holders were made from 7.5 cm lengths of borosilicate tubing (o0.d. = 2.0 mm,
i.d. = 1.16 mm) which were pulled by a P-97 micropipette puller (Sutter Instrument Company) to produce

blunt micropipettes with a wide opening. A quartz nanotip was carefully inserted into the glass holder
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under an optical microscope until length of about 100 to 200 um extended through the end of the channel
holder. The tip was sealed in place by quickly moving it through a natural gas flame fusing only a short
portion of the tip to the borosilicate micropipette. The unsealed portion of the tip is pulled out of the
holder leaving only the sealed portion in place and the tip of the micropipette was cut off on an inverted

microscope. An SEM image of a 640 nm silica nanochannel is shown in Figure 2-5.

2.3. Cyclic Voltammetry

Cyclic Voltammetry (CV) is a common technique which is employed in the experiments throughout
this dissertation to measure the current-voltage response in order to characterize electrodes and
nanochannels. All  current-voltage responses were measured using a Chem-Clamp
voltmeter/amperometer (Dagan) and a PAR 175 (Princeton Applied Research) universal function
generator. The potentiostat was interfaced to a Dell computer through a PCI-6251 data acquisition board
(National Instruments) via a BNC-2090 analog breakout box (National Instruments). The current-voltage
data was recorded and analyzed using an in-house written virtual instrumentation with LabView 8.5
(National Instruments). Two types of electrochemical cells were used, a conventional two-electrode set
up and a bipolar cell configuration. A two-electrode one compartment electrochemical cell consisted of a
one working electrode and a Ag/AgCl reference electrode (Bioanalytical Sciences Inc) with the
preamplifier in a home built Faraday cage. For studies using bipolar electrochemical cells, the cell was
constructed by connecting two cells in series with two working microelectrodes connected and two
Ag/AgCl electrodes used to supply the driving voltage bias across the bipolar cell. This arrangement will

be discussed in more detail in chapter 5.
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2.4. Tables and Figures
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Figure 2-1. Schematic showing the modified laser-assisted pulling process for the preparation of Pt
nanoelectrodes. Reprinted with permission (Anal. Chem. 2009, 81 (13), 5496-5502). Copyright
American Chemical Society 2009.
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Figure 2-2. TEM image of a 1.5 nm radius Pt nanowire (a) and a 3 nm radius Pt nanoelectrode sealed in
glass (b). Reprinted with permission (Anal. Chem. 2009, 81 (13), 5496-5502). Copyright American
Chemical Society 2009.

16



Figure 2-3. SEM image of a 12.5 ym Pt disk electrode sealed in glass.
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Figure 2-4. SEM image of a 5 um carbon fiber microelectrode.
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Figure 2-5. SEM image of a 640 nm Nanochannel.
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CHAPTER 3 ELECTROCHEMICAL RESPONSES AND ELECTROCATALYSIS AT SINGLE Au
NANOPARTICLES’

3.1. Introduction

Nanomaterials have received intensive research interest in recent decades due to their unique

structure-dependent properties and potential applications in numerous fundamental and applied fields.>*®

For example, nanoparticles have been extensively utilized as catalysts in chemical synthesis,61 energy
conversion,®*® and energy storage.®* An important aspect of nanoparticles is their structure-dependent

65,66

catalytic activity. It has been shown that the electrocatalytic activity of metal nanoparticles is extremely

sensitive to their sizes.®”"°

Due to differences in electrochemical activity at different crystal surfaces, the
shape of the nanoparticles also greatly alters their functionality. For example, the catalytic activity of Pt
single crystals toward oxygen-reduction reaction (ORR) in H,SO, at the {110} surface is significantly
greater than the {100} and {111} surfaces.”’ There have been numerous research efforts reported to
control the shape of metal nanoparticles in order to obtain optimized activity in eIectrocataIysis.72'77 The

composition of metal nanoparticles also plays critical roles in their catalytic activity.78'79

Most current studies in electrocatalysis rely on the use of ensembles of nanoparticles to understand

the structure-function reIationship.SO'82

However, only averaged catalytic properties can be obtained from
such experiments. In a typical study, metal nanoparticles are immobilized on a supporting electrode to
form a nanoparticle-array electrode, and then their electrochemical responses are measured as a function

of particle structure.?®%3%°

The properties of metal nanoparticles can be complicated due to a combination
of multiple effects, such as inter-particle spacing,87 quality of the self-assembled monolayers (SAMs), and
the size distribution of particles. There are some excellent examples reported to study the size effects of
metal nanoparticles in electrocatalysis using the array method. For example, the Crooks group has shown

that the catalytic activity of dendrimer-encapsulated Pt nanoclusters increases with increasing size for

ORR.%® The Zou group has measured the electrocatalytic activities at bare Au nanoparticles and found

! Adapted with permission from J. Am. Chem. Soc. 2010, 132,3047-3054. Copyright 2010 American Chemical
Society. This work was done in collaboration with Dr. Yongxin Li.
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that the catalytic activity of Au nanoparticles for the oxidation of CO reaches an optimized value when

they are about 4 nm.?’

Only few attempts have been reported to directly measure the faradaic responses at individual
nanoparticles. Bard et al. recently reported an innovative method to measure the diffusion-limited faradaic

current at single Pt nanoparticles. %'

In their experiments, an inert ultramicroelectrode (carbon or gold)
was held at a potential where there is no apparent electrochemical reaction occurring. However, when a
collision between a Pt nanoparticle and the ultramicroelectrode happens, electrochemical reactions can
be detected at the Pt surfaces. Chen’s group recently reported a method of measuring the electrocatalytic
activity at individual metal nanoparticles and single carbon nanotubes by single-molecule fluorescence.®?
A challenge in utilizing the above methods to correlate the structure-function relationship is the
subsequent structural characterization of the same metal nanoparticles with high-resolution electron

microscopy. Meanwhile, it could also be difficult to obtain an entire current-voltage response at individual

nanoparticles using these methods.

It has become increasing important to understand the relationship between the functionality of
nanoparticles and their structure in order to more fully utilize the unique catalytic properties of
nanoparticles. However, it remains practically difficult to attribute the catalytic activity to the structure of
nanoparticles. In order to precisely correlate the structure and function of nanoparticle catalysts, both
electrochemical responses and high-resolution structural characterizations are needed at a single-
nanoparticle level. Nanoelectrodes could provide a particularly useful avenue for this purpose due to their
extremely small size. Chen and Kucernak have recently reported the study of ORR at single Pt
nanoparticles electrodeposited on carbon nanoelectrodes.” Their results show that using single Pt
nanoparticle in between ~50 nm to 5 ym, the effect of ultrahigh mass-transfer rate on the ORR can be
readily studied. Interestingly, they have shown that the ORR pathway can be alternated from the regular
direct reduction of oxygen (4-electron pathway) toward indirect reduction (2-electron pathway) when
particle size decreases from >5 ym to ~50 nm due to a higher mass transfer rate of H,O, at smaller

particles.
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% we have studied the electrochemical

Using Pt nanoelectrodes as small as 2 nm in radii,
responses and electrocatalytic activity at single Au nanoparticles. A Au SNPE has been developed for
these studies by immobilizing a single Au nanoparticle at the surface of a nanoelectrode. Figure 3-1
shows a schematic diagram of a SNPE, in which a single Au nanoparticle is immobilized on a Pt
nanodisk. In between the Au nanoparticle and the Pt surface are the silane linker molecules. Single Au
nanoparticles in the range of 10 to 30 nm in diameter have been chemically assembled at the end of a Pt
nanoelectrode, using 3-aminopropyltrimethoxysilane (APTMS) as the linker molecule. These
nanoelectrodes have been characterized using TEM, UPD, and steady-state voltammetry. ORR has been
examined at single Au nanoparticles using SNPEs. The steady-state voltammetric responses and the
electrocatalysis results show that the electron-transfer kinetics at Au SNPEs is rapid, and that the Au
SNPEs are excellent nanoprobes for studying electrocatalysis at a single-nanoparticle level. This
research not only provides a new electrochemical platform for investigating electrocatalytic
nanomaterials, it also suggests a new electroanalytical nanoprobe for many other research areas. For
example, SNPEs could be particularly useful in studying electron-transfer kinetics between the

nanoelectrode and the metal nanoparticles, therefore providing valuable information for molecular

electronics and single-nanoparticle electrochemical sensor.

3.2. Experimental Section

3.2.1.Preparation and Characterization of Gold Nanoparticles

Au nanoparticles in the range of 10 to 30 nm in diameter were prepared by the reduction of

HAUCI, with sodium citrate.**

All glassware was thoroughly cleaned with a fresh piranha solution and
rinsed thoroughly with water before use. In a typical synthesis of ~14 nm Au nanoparticles, 50 ml of
HAuCl, solution (0.01%, m/v) was brought to a vigorous boil with stirring in a round-bottom flask fitted with
a reflux condenser, and 1.8 ml of (1%, m/v) sodium citrate solution was then rapidly added to the flask.
The heating and stirring were continued for 15 min and then the solution was allowed to cool to room
temperature with continuous stirring, and stored at 4 °C until use. Larger nanoparticles were prepared by

reducing the molar ratio of sodium citrate to HAuCl; in the synthesis. The average sizes of the

nanoparticles were determined from TEM characterizations as shown in Figure 3-2.
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3.2.2.Fabrication of Au Single Nanoparticle Electrodes

The general strategy for the fabrication of Au SNPEs is depicted in Figure 3-3. Starting from a Pt disk
nanoelectrode, the silanization of the silica surfaces with Cl(Me),Si(CH,);CN was described by Wang et
al.”’ Following the exposure of the Pt nanodisk, the electrode was rinsed completely in H,O, EtOH,
CH3CN, and H,0, and then soaked in a 1.0 M HNO; for 10 min. The electrode was rinsed with H,O and
CH3CN and then immersed overnight in an CH3;CN solution containing ~2% v/v ClI(Me),Si(CH;);CN. After

that, the electrode was rinsed with CH3;CN and H,O again.

The modification of the Pt nanodisk with silane was carried out according to previously methods

%8190 \with slight modifications. The Pt nanoelectrode from the previous step was

provided by Murray et al.
cleaned by rinsing with ethanol and water. A layer of Pt oxide was generated by applying a potential of
1.20 V vs. Ag/AgCl in a 0.5 M H,SO, until the oxidation current decayed to zero, whereupon the electrode
was removed from the H,SO, solution while still under potential control (1.20 V), rinsed thoroughly with
water, and dried at ca. 50 °C for 30-60 min. The oxidized Pt (PtO) nanoelectrode was placed in an

anhydrous toluene solution containing ca. 5% (CH30)3Si(CH;)3sNH, for ~30 min under N, protection. The

silanized PtO surface was then rinsed thoroughly with toluene, CH;CN, and water.

In the last step, the silane modified Pt nanoelectrode was immersed into a solution of Au
nanoparticles (as-prepared from previous synthesis) overnight at room temperature, and then was rinsed

well with water and subjected to electrochemical measurements.
3.2.3.Transmission Electron Microscopy

TEM images of Au nanoparticles, SiO,-coated Pt nanoelectrodes and Au SNPEs were acquired
on a Tecnai G2 F20 (FEI) microscope. The imaging of the Au nanoparticles was carried out on a carbon
film (Ted-Pella). Pt nanoelectrodes and Au SNPEs were mounted on a Cu grid (SPI) using Ag paint (SPI)
before TEM imaging. No additional coatings were performed prior to imaging of the nanoelectrodes or

SNPEs.

3.3. Results and Discussion
3.3.1.TEM Characterization of Au Single Nanoparticle Electrodes
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One of the challenges in correlating the catalytic function to the structural characteristics of
nanoparticles is the direct high-resolution imaging of single nanoparticles. TEM is one of most popular

" The application of

methods to provide atomic resolution structural information of nanopar’[ic:les.1
ultrasmall Pt nanoelectrodes has made it possible to directly characterize single Au nanoparticles with
TEM. Figure 3-4 shows an example of a TEM image of a single Au nanoparticle immobilized on a Pt
nanoelectrode. It can be seen from the TEM image that a single Au nanoparticle is attached on the Pt
disk. The immobilization is mainly due to the electrostatic interaction between the Au nanoparticle and the

102193 The Pt nanodisk has been measured to be ~10 nm, while the Au

amino-terminated surface.
nanoparticle is ~15 nm in diameter. Some other Au nanoparticles can also be found on the SiO, surfaces
far away from the Pt disk possibly due to physical adsorption. The ability of directly imaging single

nanoparticles chemically attached at a nanoelectrode is important for the correlation of the structure of

the nanoparticle with its functionality.

The Pt nanoelectrode used in Figure 3-4 was prepared by polishing the Pt nanotip directly on a

polishing surface.”™

Due to bending of the Pt tip upon contacting the polishing surface and/or mechanical
vibration, most of the Pt nanoelectrodes show discontinuity in the Pt nanowires. Therefore, we should
point out that we had a low success rate (< 5%) in preparing useful ultrasharp Pt nanoelectrodes for TEM
imaging. To obtain TEM images at even higher resolutions, a smaller tip dimension is preferred. We

believe that these smaller ultrasharp Pt nanoelectrodes can be prepared by an alternative method such

as focused ion-beam (FIB) miIIing.105
3.3.2.Underpotential Deposition of Cu at Au SNPEs

UPD of Cu has been carried out at Au SNPEs to estimate the size of the nanoparticle electrodes.
UPD has been widely applied to measure the areas of various electrodes.'® A monolayer of adatoms is
formed in the UPD process, which allows for an easy calculation of the electrode area based on the
charge needed to strip the adatoms. Ag,'” Pb'® and Cu'®"" are often utilized in UPD at various

electrode surfaces. Recently, Zhan and Mirkin reported the characterization of nanometer-sized Pt

electrodes using Cu UPD.™
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To estimate the geometric area of a single Au nanoparticle immobilized at the Pt nanoelectrode, a
monolayer of Cu adatoms has been first deposited at the Au SNPE."""""?  Before stripping, the Au SNPE
was held in a 10 mM CuSO, solution at 0 V (vs. Ag/AgClI) for a time period between 10 s to 5 min. Then
the electrode was scanned at 100 mV/s from 0 to 0.6 V (vs. Ag/AgCl) to oxidize the Cu adatoms. Figure
3-5a shows a series of voltammetric responses of a Au SNPE after UPD of Cu for different time durations.
The amount of charge for the oxidation of Cu has been integrated for each case in Figure 3-5a. Figure 3-
5b shows the amount of charge plotted as a function of the holding time. One can see that the Cu
deposition at the Au SNPE takes about ~120 s to saturate the Au surfaces. The surface area of the Au
nanoparticle was estimated based on the number of Cu adatoms needed to saturate the Au surface. A
410 uC/cm? conversion factor was used to calculate the surface area of the SNPE." From Figure 3-5,
the radius of the Au nanoparticle has been determined to be ~84 nm, which is ~7 times larger than the
average radii of the Au colloids (12 nm). The corresponding roughness factor (~50) suggests that Cu
UPD, most likely, took place on the lateral surface of Pt wire." A very long saturation time (~2 min)

required for Cu UPD indeed supports this conclusion.
3.3.3.Voltammetric Responses of Au SNPEs in H,SO,

The presence of a single Au nanoparticle at the Pt nanodisk electrode can be indicated by
continuous sweeping in a 0.5 M H,SO, solution. Figure 3-6 displays the voltammetric responses of a 24-
nm Au SNPE in a 0.5 M H,SO, solution. One can notice the major differences between the initial scans
and the subsequent scans in Figure 3-6. Initially, the voltammetric response shows a cathodic peak
around +0.67 V and an anodic peak around +1.12 V, which we believe correspond to the reduction of Au
oxide to Au and the subsequent oxidation of Au,"? respectively, indicating the presence of Au at the
nanoelectrode. In the following cycles, the above anodic and cathodic peaks were observed to decrease
gradually and eventually disappear after ~200 cycles of scanning (the blue curve), which could be due to
the dissolution of Au after continuous sweeping.""® However, one should also notice the appearance of a
new cathodic peak (the green curve) at 0.28 V vs. Ag/AgCI, which gradually increased with increasing
sweep numbers (purple curve). We believe this new cathodic peak is originated from the reduction of Pt

114-116

oxide at the Pt surface, indicating the possible reappearance of Pt after removing the Au and the
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silane layer by sweeping. The size of the Au nanoparticle at the SNPE has been estimated to be ~38 nm
in diameter, calculated from the number of Au atoms from the cathodic peak at 0.67 V in Figure 3-6,
which is larger than the average diameter (24 nm) of the Au nanoparticles used in preparing the

electrode. However, this result does indicate the presence of both Au and Pt at the Au SNPEs.
3.3.4.Steady-State Voltammetric Response at Au Nanoparticle Arrays on a Pt UME

Figure 3-7 displays the voltammetric responses at 10 mV/s of a 25-uym Pt microelectrode before
(black), after modification with APTMS (blue), and after modification with 14-nm Au nanoparticles (red).
The diffusion-limited steady-state current at the Pt microelectrode has been reduced significantly after
modifying with APTMS due to the blocking of the electron transfer by the silane layer. However, when the
Au nanoparticles are assembled at the modified Pt electrode, the steady-state limiting current is greatly
increased. One should notice that the steady-state current at the Au-nanoparticle array is only 30% of the
total current observed at the bare Pt electrode possibly due to a relatively low density of coverage. It has
been reported that increasing particle density can increase the peak current at an array of Au

nanoparticles assembled on a macroscopic electrode.’"”

However, the peak current obtained at the bare
electrode should represent the maximum possible current on nanoparticle arrays on the same electrode.
In the case of a single Au nanoelectrode, however, the diffusion-limited steady-state current can actually

exceed that obtained at the bare nanoelectrode, as shown in the following experiments.
3.3.5.Steady-State Voltammetric Response at Au SNPEs

The Au SNPEs have been examined using steady-state cyclic voltammetry. Figure 3-8 and Figure 3-
9 show a comparison of the steady-state voltammetric responses of Au SNPEs, APTMS modified Pt
nanoelectrodes, and bare Pt nanodisks in aqueous solutions containing 5 mM Fe(CN)Gs' (Figure 3-8) and
5 mM RU(NH3)63+ (Figure 3-9), respectively. From Figure 3-8a, it can be seen that a typical sigmoidal-
shaped voltammetric response was observed using an 8-nm bare Pt nanoelectrode (black). After
modification with APTMS at the Pt, the steady-state limiting current was greatly reduced (red), indicating
the blockage of electron transfer due to the silane modification. However, when a 14-nm Au nanoparticle

was immobilized at the surface of the Pt, the limiting current was greatly enhanced (green). Similar

26



enhancements have been previously reported using an array of Au nanoparticles at macroscopic

electrodes.'®"?°

It is interesting to note that the inhibition of voltammetric current for nanoelectrode is
different than for 25-um electrodes. For 25-um electrode, the silane-modification results in around 80%
inhibition of the limiting current from Figure 3-7. However, the inhibition is around 30-70% at
nanoelectrodes shown in Figure 3-8 and Figure 3-9. We believe that the inhibition of voltammetric current
at the silane modified electrodes is mainly due to an increase in the electron-transfer resistance caused
by the increase in the electron-transfer distance, which is due to the presence of the silane self-
assembled monolayer (SAM). The formation of high quality silane SAMs is possibly easier at a
microelectrode than at a nanoelectrode less than 5 nm due to more edge areas at the nanoelectrode.

Therefore, we believe the difference in the current inhibition at the microelectrode and the nanoelectrode

is mainly due to more defects in the SAMs at the Pt nanoelectrodes.

The steady-state current shown in Figure 3-8a has been significantly enhanced than that collected
from the bare Pt nanoelectrode, which might be due to the larger size of the 14-nm Au nanoparticle
relative to the disk Pt nanoelectrode (diameter = 8 nm). Figure 3-8b and 3-8c show similar responses at
Au SNPEs prepared using 18, and 24 nm Au colloids, respectively. Similar steady-state voltammetric

* as redox species, as shown in Figure 3-9. The

responses have also been observed using Ru(NH3)s
diffusion limited steady-state current at the Au nanoparticle electrode is significantly greater than that at

the Pt nanodisk electrode due to a larger size of the Au compared to the Pt.

The magnitude of steady-state limiting current has been found to be determined by the size of Au
nanoparticle, and less dependent on the size of the Pt nanoelectrode. The steady-state limiting current,
iss, at the Au nanoparticle electrode can be estimated using the following equation, assuming a spherical

geometry at an infinitely large surface,”
iss = 4n(In2)nFDC*a (3-1)

where D and C are the diffusion coefficient and bulk concentration of the redox molecule, n is the number
of electrons transferred per redox molecule, and a is the radius of the Au nanoparticle, respectively. The

steady-state limiting currents at Au SNPEs have been obtained from the voltammetric responses in a 5
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mM Fe(CN)63' solution, as listed in Table 3-1. Also listed in Table 3-1 are the values calculated using
equation 3-1 based on the average size of the Au nanoparticle observed from TEM characterizations, as
shown in Figure 3-2. At least five Au SNPEs have been utilized to obtain each voltammetric data shown
in Table 1. From Table 3-1, it can be seen that the steady-state limiting current at Au SNPE measured
from CVs (i.,) is in fairly good agreement to that estimated from TEM characterizations using equation 1
(icar) for the 14, 18, and 24 nm Au nanoparticles. The measured limiting currents are 13.4%, 5.9%, and
15.4% greater than those calculated from the 14-nm, 18-nm, and 24-nm nanoparticles, respectively. We
are not entirely sure why the measured limiting current is greater than estimated from size of the
nanoparticles. We speculate that the Pt electrode could possibly contribute to the measured faradaic
response. There are several possible methods to prevent the supporting nanoelectrode from contributing
to the faradaic responses. The first method will be to decrease the size of the Pt nanoelectrode so that
redox molecules will not be able to reach the supporting electrode due to hindering from the nanoparticle.
Second, longer silane linker molecules could be used to further decrease electron-transfer between the Pt
and the redox molecules. Alternatively, an inert electrode material could be used as the supporting

electrode so that faradaic processes can only happen at the nanoparticles. 31-33

3.3.6.0xygen Reduction at Single Au Nanoparticles

One of our goals in developing SNPEs is to study the structure-function relationship in nanoparticle-
based electrocatalysis. To demonstrate that electrocatalytic responses can be obtained at a single-
nanoparticle level, we have measured the voltammetric responses of the Au SNPEs in ORR. Figure 3-
10a displays a comparison of the steady-state voltammetric responses in an oxygen-saturated aqueous
solution containing 0.10 M KOH, of a same Pt nanoelectrode before (red) and after modification with
APTMS (green), and the corresponding 18-nm Au SNPE (black). The cyan curve in Figure 3-10a shows
the voltammetric response of the Au SNPE in the same solution after degassing with a flow of N,. In a
0.10 M Oj-saturated KOH solution, the bare Pt nanoelectrode exhibits a two-step process for oxygen
reduction with the onset potentials of ca. -0.35 V and -1.0 V (not shown), respectively, indicating a two-

121,122

step four-electron reduction pathway of O, to OH (through HO, as an intermediate). When silane

monolayer is attached at the Pt electrode, the half-wave potential for oxygen reduction is shifted to about
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-0.60 V and the limiting current decreased significantly, which indicates that the ORR is significantly
hindered by the silane monolayer. However, the Au SNPE exhibits a one-step process for the ORR with
an increased limiting current than that obtained at the bare Pt nanoelectrode, and the process has a four-
electron pathway.122 Moreover, it can be seen that the half-wave potential for the ORR at the Au SNPE is
shifted to -0.07 V compared to the bare Pt nanoelectrode. From above results, it can be concluded that

the Au SNPE has good electrocatalytic activity for the ORR.

The electrocatalytic activity for the ORR has been compared at Au nanoparticles of different sizes.
Figure 3-10b shows a comparison of the voltammetric responses in an oxygen-saturated aqueous
solution containing 0.10 M KOH of a bare Pt nanoelectrode (black) and three Au SNPEs of different sizes
(14-nm Au SNPE (red), 18-nm Au SNPE (green), and 24-nm SNPE (blue)). It can be seen that the
steady-state limiting current increases with increasing size of the Au nanoparticle. The half-wave
potentials at larger Au nanoparticles are also shifted to higher potentials, indicating higher catalytic
activity at larger Au nanoparticles. A summary of the steady-state limiting current and the half-wave
potential at three different Au SNPEs has been given in Table 3-2. The average limiting currents have
been found to be 1.0, 1.7, and 2.0 pA, for the 14, 18, and 24-nm Au SNPEs, respectively. The half-wave
potentials have been shifted from ~-365 mV at bare Pt nanoelectrode to -130 mV at the 14-nm SNPEs, -

75 mV at the 18-nm SNPEs, and -35 mV at the 24-nm SNPEs.

The peak current has been utilized to compare the electrocatalytic activity of nanoparticle arrays at
macroscopic electrodes. However, unlike macroelectrodes that the peak current is proportional to the
surface area,’ the limiting current is proportional to the radius of the electrode for a spherical
nanoelectrode. Therefore, the steady-state limiting current should be normalized to the radius of the Au
nanoparticle to estimate the electrocatalytic activity for ORR, and the results are also listed in Table 2. It
can be seen that the normalized steady-state limiting currents are 0.14, 0.19, and 0.17 pA/nm, for the 14,
18, and 24-nm Au nanoparticles, respectively. The 18-nm Au nanoparticles show slightly better
electrocatalytic activity for ORR than the 14 and 24 nm particles. The half-wave potentials for ORR at the
Au nanoparticles are significantly higher than that at the bare Pt nanodisks, indicating higher

electrocatalytic activity at the Au nanoparticles than at the Pt disks. Further investigation of the half-wave
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potentials from Table 3-2 indicates that the 24-nm Au nanoparticles possibly have higher catalytic activity
than the smaller nanoparticles due to a slightly higher half-wave potential toward ORR. Further
experiments are needed to quantitatively understand how the voltammetric responses of the Au
nanoparticles could depend on the size and the material of the nanodisk, and the properties of the linker

molecules. These experiments are ongoing in our laboratory.

3.4. Conclusions

In this chapter we have demonstrated the construction and characterization of the Au SNPE. The Au
SNPE has been characterized by means of TEM, steady-state voltammetry, and UPD. It has been shown
that the presence of a single Au nanoparticle can greatly enhance the electron-transfer from the Pt to the
redox molecules. The voltammetric response at Au SNPE depends more on the size of the Au
nanoparticle than the size of the Pt nanoelectrode. The Au SNPE has been utilized to examine the ORR
in a KOH solution to explore the feasibility of comparing electrocatalytic activity at a single-nanoparticle
level. It has been found that Au SNPEs exhibit good size-dependent electrocatalytic activity towards

ORR, which could also be affected by the Pt nanoelectrodes.
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3.5. Tables and Figures

Table 3-1. The steady-state limiting currents of 5 mM Fe(CN)63' using Au SNPEs measured from
voltammetric response and TEM characterization.

Au diameter 14 nm 18 nm 24 nm

Iov (PA) 13.5+£11 16.2+28 224+24

icar (PA) 119+27 1563+33 194+28

Difference% 13.4% 5.9% 15.4%
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Table 3-2 The electrocatalytic activity for ORR using bare Pt nanoelectrodes and Au SNPEs. Pt electrode
size: ~7.0 nm in diameter, CV scan rate: 10 mV/s.

Electrode type Bare Pt 14nmAu 18 nmAu 24 nm Au

fim (PAY) - 1.0£02 1.7+04 20:03
Eq (MV) -365+25 -130+17 -75+10 -35+7
iim/a (pA/nm) - 0.14 0.19 0.17
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Figure 3-1. A schematic drawing of a Au SNPE.
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Figure 3-2. TEM Images of Au nanoparticles of three different sizes: 14, 18, and 24 nm

20, 20 and 10 nm for (a), (b), and (c) respectively.
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Figure 3-3. Fabrication scheme of the Au SNPE.
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Figure 3-4. A TEM image of a single Au nanoparticle immobilized on a Pt nanoelectrode.
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Figure 3-5. (a) Voltammetric responses of underpotential deposited copper from a 24-nm Au SNPE.
Before stripping, the electrode was held at 0 V vs. Ag/AgCl for 10 s, 20 s, 30 s, 1 min, 2 min, 3 min, 4 min
and 5 min. Pt electrode diameter: ~10 nm, Scan rate: 100 mV/s. (b) The relationship between the charge
obtained from each stripping peak and the UPD holding time. The scale bars in (a) are 3 pA.
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Figure 3-6. The voltammetric responses of a 24-nm Au SNPE in a 0.5 M H,SO, solution after 1st time
scanning (black), 10th time scanning (red), 50th time scanning (green), 200th time scanning (blue), and
500th time scanning (purple). Scan rate: 100 mV/s.
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Figure 3-7. Voltammetric responses of a 25-um Pt microelectrode in a 5.0 mM K3;Fe(CN)g solution
containing 0.2 M KCI before (black), after modification with APTMS (blue), and after modification with 12-
nm Au nanoparticles (red). Scan rate: 10 mV/s.
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Figure 3-8. Voltammetric responses of 5.0 mM K3Fe(CN)s in a 0.2 M KCI solution using bare Pt
electrodes (black), APTMS-modified Pt electrodes (red), and Au SNPEs (green). Scan rate: 10 mV/s. The
diameters of the Pt electrodes and the Au SNPEs are about 8.0 nm and 14 nm (a), 9.0 nm and 18 nm (b),
and 9.0 nm and 24 nm (c), respectively.
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Figure 3-9. Voltammetric responses of 5.0 mM Ru(NH3)¢Cl; in a 0.2 M KCI solution using bare Pt
electrodes (black), APTMS-modified Pt electrodes (red), and Au SNPEs (green). Scan rate: 10 mV/s. The

diameters of the Pt electrodes and the Au SNPEs are about 7.5 nm and 14 nm (a), 6.8 nm and 18 nm (b),
and 6.2 nm and 24 nm (c), respectively.
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Figure 3-10. (a) Voltammetric responses of a 0.10 M KOH solution using a 18-nm Au SNPE (black),
APTMS-modified Pt nanoelectrode (green), and the bare Pt nanoelectrode (red) after oxygen bubbled,
and a 18-nm Au SNPE after nitrogen bubbled (cyan). (b) Voltammetric responses of an oxygen-saturated
0.10 M KOH solution using a bare 7-nm-diameter Pt nanoelectrode (black), a 14-nm Au SNPE (red), a
18-nm Au SNPE (green), and a 24-nm Au SNPE (blue). Scan rate: 10 mV/s.
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CHAPTER 4 STABILITY OF Pt NANOELECTRDOES IN A SULFURIC ACID SOLUTION UNDER
POTENTIAL CYCLING

4.1. Introduction

The practice of potential cycling is used to activate and clean electrodes prior to
experimentation.*  In this method electrodes are placed in solutions of sulfuric acid and the potential is
swept between potential regions where hydrogen and oxygen evolution occurs. In this manner surface
impurities desorb by repeatedly oxidizing and reducing the electrode surface returning the electrode to a

reproducible state.'?

However in our studies with Pt nanoelectrodes we observed that after cycling the
potential at the electrode surface to clean the electrode there was an appreciable decrease in the
magnitude of the diffusion-limited steady-state current observed. This decrease in current is indicative of
a hindrance on the mass transfer of the redox molecule to the electrode surface which could arise due to
a decrease in electroactive surface area or a change in electrode geometry.

Potential cycling has also been used extensively to study the stability of Pt based catalytic

materials.'?*1%

The nature of catalytic experiments require materials to be repeatedly cycled which can
potentially be problematic as oxide formation and surface roughening can adversely affect the catalytic
properties of a metal substrate. Pt based electrodes used in polymer electrolyte fuel cells are limited by
long term stability issues especially under potential cycling conditions. Over time, the Pt surface can
deteriorate due to a loss of electrochemical surface resulting in a decrease in catalytic performance.’?"'?®
The loss of electrochemically active surface area can partially be attributed to Pt dissolution and as such
the mechanism of Pt dissolution has garnered much research interest.'**'3

In this work we present evidence that by potential cycling in an acidic solution, Pt nanoelectrodes
are effectively etched resulting in the formation of a recessed electrode. We believe that Pt dissolution is
the primary cause of this phenomenon. Pt dissolution is known to occur with larger electrodes but
because the electrochemical surface area is sufficiently large small losses in electrochemical surface area
are not distinguishable by steady-state voltammetry. However when the critical dimensions of an
electrode approach the nanometer scale the presence of a small cavity can greatly affect the mass

13,33,56,134

transfer rate and diffusion of species to the electrode surface. In this work we characterize the
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formation of a nanopore by cyclic voltammetry, scanning electron microscopy (SEM), and finite element
simulations.

The information herein also provides interesting insights into the stability of Pt-based
electrocatalysts because we are able to observe the dissolution rate on Pt nanosurfaces comparable in
size to the Pt nanoparticles currently utilized in many fuel-cell applications. Typical electrodes employed
in previous experiments probing Pt catalytic stability have a much larger surface area and utilize either

bulk Pt'?*"*® or Pt deposited on a substrate'**'*®

however in this study we are able to study the stability of
Pt electrodes with an electrochemically active surface area as small as ~8 nm?. By evaluating the etching
rate of the nanoelectrodes, we are able study the dissolution and degradation of single layers of Pt from
the electrode surface. By comparing the different etching rate of different-size Pt nanosurfaces, we can
evaluate the stability of these Pt nanosurfaces. Therefore, this type of analysis can possibly shed light on

the stability of Pt-based nanocatalysts in acid environments and examine the role of adsorption of surface

impurities and Pt dissolution play in the fouling of Pt-based catalysts.

4.2. Experimental Section

4.2.1.Finite-Element Simulations

Steady-State and transient responses for a disk nanoelectrode, and nanopore electrode were
assessed using Comsol Multiphysics software (Comsol, Inc.) operated on a Dell Precisions workstation
(Xeon CPU, 2.66 GHz, 8 GB RAM). Details of the model are outlined in the results and discussion

section.

4.3. Results and Discussion

4.3.1.Electrode Characterization

It is essential the nanoelectrodes are characterized prior to experimentation because their
electrochemical responses are sensitive to small geometric variations. As nanoelectrodes are exposed
by polishing it is important to ensure that the final electrode does indeed have disk geometry and is not
recessed. This is accomplished by closely monitoring the polishing process and continually checking the

i-V response until a consistent value for the steady-state current in solution is obtained. Because the Pt
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wire at the end of the sharp tip has quasi-cylindrical geometry the change in geometric area caused by
polishing will only slightly offset the limiting current and a disk nanoelectrode can be readily obtained. In
this experiment the steady-state behavior of nanoelectrodes were tested in a 5 mM Fc and 0.1 M TBAPF4
in MeCN solution. After a consistent sigmoidal signal was observed the radius of the electrode was
determined by cyclic voltammetry. The diffusion-limited steady-state current at an inlaid disk electrode is

given by’

isc =4nFDC*a (4-1)

where n is the number of electrons transferred, F is the Faraday constant, D the diffusion coefficient and
C* the bulk concentration of the redox species in solution, and a is the radius of the electrode.

Electrodes were also characterized in a sulfuric acid solution. Figure 4-1 shows a representative
voltammogram of a 40 nm Pt nanoelectrode in a solution of 0.5 M H,SO, before and after potential
cycling. The potential at the electrode was cycled from -0.2 V to +1.4 V vs. Ag/AgCl at a scan rate of 100
mV/s. The red curve illustrates the initial scan that was obtained after the polishing procedure and the
black curve is the response obtained after the potential at the electrode surface has been cycled 20
times. After 20 cycles the features characteristic for hydrogen and oxygen absorption/desorption features
which are consistent for Pt in H,SO, and similar to what would be obtained on a millimeter-sized

electrode become more pronounced indicating a clean Pt surface."’
4.3.2.Finite-Element Simulations of the Steady-State Response

In order to test the hypothesis that the decrease in current observed resulted from the formation
of a nanopore electrode, we conducted finite-element to simulate and quantitatively characterize the
voltammetric response of a disk nanoelectrode and a corresponding nanopore electrode. Figure 4-2
shows the two dimensional geometry of the model used for the numerical simulation. The model utilized
a cylindrical coordinate system with the origin (z = 0, r = 0) corresponding to the center of the disk

33,138

electrode and pore orifice. We followed a previously described method with minor modifications

applying the model for cylindrical geometry. We modeled a reversible 1-electron oxidation reaction,
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R — 0 + e, assuming that the diffusitives of the reduced and oxidized species are equal. In this model
we assume that the mass transport is due solely to diffusion and that the reaction is reversible. The
boundaries of the bulk solution were fixed at C' = 5 mM and the flux at the glass surfaces were set to
zero. To model Fc the diffusion coefficient, D, was set to 2.47 x 10° cm®s. One can derive the surface

concentration of species O and R designated C,;, and Crs respectively, from the Nernst equation,

E=E° +%ln (EO,S)’ and mass balance C, + Crs = C*. To simulate the i-V curves of a nanodisk and
R,s

cylindrical nanopore electrodes the surface concentration of the reaction species R is given by
— nE o
Crs = C*/ (1 +exp [ (E° - E))|) (4-3)

where E° is the formal potential, and E is the electrode potential. For simplicity in our
experiments the formal potential was set to zero. An infinite-Fourier series was used to model the

triangular-shaped waveform is given by the following equation

(Crk+1)wt)

8 Eran e o0 [
peo - Ll s

where E..n is the range of the voltage scan, w is the angular frequency of the wave which is

. v
given by (ZE—

o)’ An accurate waveform was obtained by using values of k from 0 to 7. Equation 4-3
was set as the boundary condition at the electrode surface in our model.

Figure 4-3a shows the simulated i-V response of a 5 nm disk electrode, and the corresponding
nanopore electrode with a 5 nm pore orifice. It is observed that as the depth of the pore increases the
value for the steady-state current decreases. The steady-state response of various sized disk
nanoelectrodes and their corresponding nanopore electrodes were also simulated using Comsol. This
decrease in current is attributed to an increase in the mass transfer resistance. As a pore is formed, the

additional solution mass transfer resistance for the solution within the pore must be accounted for. The

total mass transfer resistance will be a summation of the external mass transfer resistance and the mass
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transfer resistance inside the pore. Accounting for this additional resistance Bond et. al. derived an

analytical expression for the steady-state current at a recessed disk microelectrode, *°

__ 4mnFDC*a?

4d+ma (4-5)

lSS

where d represents the depth of the nanopore and a the pore orifice. Further work was conducted by Sun
to apply that theory to recessed nanoelectrodes, in which the conclusion is made that in a nanometer
sized cavity the diffusivity of a redox species due to a “random walk” process could differ from bulk
behavior.*

Figure 4-3b shows a plot of the current obtained at a nanopore electrode normalized to a disk
electrode with the same pore orifice (i, /i%°) plotted against ratio d/a. It is observed that as the depth of
the pore increases the magnitude of the current will proportionately decrease. This plot is used to
calculate the pore depth in our experiments by comparing the ratio of the steady-state current measured
before and after potential cycling to the ratio of d/a. We compared the values for pore depth obtained
from our simulations and calculated from equation 4-5 and found that they were mostly in agreement. For
electrodes less than 10 nm our simulated results agreed within 5% of equation 4-5 and for larger

electrodes the percent difference was slightly higher at around 10%.
4.3.3.Pt Dissolution Under Potential Cycling

We have observed that as an undesired result of potential cycling, especially in the case of Pt
nanoelectrodes, the magnitude of the steady-state current decreases. Figure 4-4a shows the steady-state
voltammetric response of a Pt disk nanoelectrode of Fc oxidation before and after potential cycling in
H,SO,4 from -0.2 V to +1.2 V at 100 mV/s. The radius of the nanodisk as obtained from the magnitude of
the steady-state current (black curve) and equation 4-1 is 2.7 nm. After cycling the electrode for 20
cycles in H,SO,4 the electrode was thoroughly rinsed with water and allowed to dry. Afterwards the
electrode was placed again the Fc solution and a CV was recorded. We observed a 33% decrease in the
magnitude (is;/i%° = 0.66) of the steady-state current (red curve). This corresponds to a pore depth of

1.0 and 1.1 nm as determined from our simulation and equation 4-5 respectively. After an additional 20
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cycles the pore was further etched to a depth of 3.9 nm. Similar results were observed at slightly larger
electrodes such as the example shown in figure 4-4a. The radius of the electrode as obtained from the
initial steady-state response is 160 nm. After 20 cycles the current had decreased by 6% (i, /i%° = 0.94)
corresponding to a pore depth of 7.8 nm. The observed decrease in current is much smaller when
compared to the decrease observed in the electrode utilized in figure 4-4a after a similar number of
potential cycles. As the electrode was continually scanned in sulfuric acid, we observed that the
magnitude of the steady-state current continually decreased. However the rate of decrease in current
was significantly slower than observed at the smaller electrode.

Figure 4-5 shows the i-V response of a 1.2 um electrode before and after potential cycling. The
black curve is the initial CV and the red curve is the response after the electrode has been cycled for 220
cycles. The current has only decreased to 97% of the original value corresponding to a 26 nm pore
depth. Because d/a is so large, a pore of that magnitude has little effect on the steady-state response.
In the case of larger electrodes (a > 500 nm) repeated cycling in sulfuric acid doesn’t cause a significant
decrease in the magnitude of the steady-state current. As illustrated in our simulations in figure 4-3b, a
disk electrode exhibits a 50% decrease in current when the d/a ratio is roughly 1. This implies that in
order for an inlaid disk electrode with a radius of 500 nm to have a 50% decrease in current the pore
depth would need to reach 500 nm. We also tested 12.5 ym Pt disk electrodes and observed no

significant decrease in the magnitude of current observed after 200 cycles.

4.3.4.SEM Characterization of a Recessed Disk Nanoelectrode

One of the inherent difficulties which arise in working with nanoelectrodes is the inability to
visualize the electrode surface via conventional microscopic techniques. Cyclic voltammetry alone is
unable to conclusively support our hypothesis, however combined with an advanced imaging technique
such as SEM; we can correlate the observed effects of potential cycling from cyclic voltammetry to a
geometrical change. Figure 4-6a shows an SEM image of a Pt disk nhanoelectrode after potential cycling
in H,SO, and figure 4-6b shows the i-V behavior before and after cycling. From the initial voltammogram
the radius is calculated to be 230 nm and by analysis of the current ration before and after cycling the

calculated pore depth was 280 nm. Both of these values are in agreement with the SEM data and the
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SEM image clearly reveals a nanopore electrode confirming our initial hypothesis. The electrodes
prepared for SEM imaging followed the same fabrication method with the exception of the sealing of the
pulled tip in the borosilicate glass. The omission was necessary to remove the thick insulating glass

which interfered with imaging.
4.3.5.Mechanism of Pt Dissolution

Both steady-state and SEM confirm our hypothesis that potential cycling causes the etching of
the nanodisk surface. We believe this etching phenomenon occurs because of Pt dissolution. The two
main pathways for Pt dissolution occur either through a direct dissolution of the metal or the production of
an oxide film and a subsequent reduction. Studies on the stability of Pt in acidic media have shown that
under potential cycling conditions Pt dissolution occurs via the second mechanism, the formation of metal

125140 The formation of Pt

oxides on the electrode surface and their reductions through potential cycling.
oxides occurs through the oxidation of Pt:
Pt + H,0 - PtO + 2H* + 2e™ (6)
Pt + 2H,0 — Pt0O, + 4H* + 4e" 7)
One proposed mechanism of Pt ion formation from dissolution involves two steps, as the oxide is
first reduced from Pt (IV) — Pt(II) or Pt(II) — Pt(I) with the second step being an ionization reaction

124135 This reaction is shown for

that ionizes the reduced Pt hydroxide compound to its respective Pt ion.
the Pt (IV)
Reduction: PtO, + 4H* + 4e~ — Pt(OH), (8)
lonization: Pt(OH), + 2H* — Pt** + 2H,0 9)
The above reactions are still under consideration but it is believed that Pt dissolution occurs not

132141 A recent

due to a direct dissolution of the metal but via an intermediate surface oxygen species.
report by Sugawara et. al., outlined a proposed mechanism demonstrating the formation of Pt oxides
occurs from 0.8 to 1.1 V vs. SHE and that surface coverage increases with increasing potential.132 Pt
dissolution is significantly enhanced when the upper potential limit is above 1.2 V vs. SHE and only

occurs when the lower limit of the cycling potential is less than 0.6 V vs. SHE where Pt oxides are

reduced completely back to Pt.
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To test the applicability of Pt dissolution being the primary mechanism for the observed decrease
in the magnitude of steady-state current, we cycled electrodes of different sizes in 0.5 M H,SO, at with
varying potential ranges. Figure 4-7 shows the effect that changing the upper potential limit during
cycling has on the magnitude of steady-state current on a 50 nm and 130 nm Pt disk nanoelectrode.
Electrodes were cycled for 20 cycles at a given range, e. g., -0.2 V to +0.4 V and the steady-state
response was obtained in 5 mM Fc before and after potential cycling. It was observed that the decrease
in limiting current was not statistically significant until the positive potential reached +1.2V and that the
observed decrease in current magnitude became much larger as the potential was increased above that
limit. As supported by the proposed Pt dissolution mechanism the positive potential limit must reach a
high enough potential such that Pt oxidation occurs. These observations are in agreement with results
presented by Yadav et. al. that significant Pt dissolution occurs upon potential cycling when the potential

E.™ From these results we conclude that the observed decrease in

reaches higher than 1.4 V vs. SH
steady-state current arises as a result of Pt dissolution and a subsequent increase in the mass transfer

resistance due to the formation of a nanopore.
4.3.6.Determination of Pt Dissolution Rate

The dissolution rate was obtained by cycling electrodes of sizes in 0.5 M H,SO, at a voltage
range between -0.2 V to +1.2 V for a total of 200 cycles. Electrodes were cycled in 20 cycle increments
and after every 20 cycles the steady-state behavior in Fc was obtained. From the decrease in the steady-
state current the pore depth was calculated by figure 4-3b and the volume of Pt displaced was calculated.
In this calculation we assume that the etching effect is isotropic and that the volume displaced has
cylindrical geometry. Assuming an atomic volume of 9.10 cm®/mol for Pt we were able to calculate the
amount of Pt dissolved in a single cycle. Table 1 shows the calculated Pt dissolution rate as determined
from steady-state voltammetry for various sized nanoelectrodes. The calculated dissolution rate ranged
from 33.0 £ 7.4 ng cm? per cycle for a 2.7 nm disk nanoelectrode to 711.7 + 79.1 ng cm? per cycle for a
240 nm disk nanoelectrode. Previously observed Pt dissolution rates under conditions of potential cycling
with the upper limit between 1.2 and 1.5 V vs. SHE have typically ranged between 2 — 5 ng cm? per

cycle."®'?6%%¢  Our results are significantly larger than those previously observed. We believe that the
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significant difference arises because of the increased mass transfer rate of nanoelectrodes compared to
macroscopic electrodes. In the previous studies the dissolution rate was calculated at electrodes with a
much larger electrochemically active surface area, typically in the range of 1.5 cm®. In contrast, a 240 nm
disk electrode has a surface area of roughly 1.8 x 10° cm? which is multiple orders of magnitude smaller.
Because of this such small electrode size radial diffusion will dominate as opposed to a linear diffuse
profile at macroscopic electrodes.* Because of the radial diffusion profile, when a Pt atom is dissolved
from the substrate it will diffuse away quickly and be unable to redeposit to the electrode surface. This is
unlike electrodes with larger surface areas where Oswald ripening can occur and the dissolved Pt species

143,144

can redeposit on larger particles. In previous studies dissolved Pt from potential cycling has been

detected using inductively coupled plasma mass spectrometry (ICP-MS),"* colorimetry,”® or atomic

absorption spectroscopy.'?®

However we are unable to confirm our results with any of these methods
because the amount of Pt dissolved from a nanoelectrode is well under their detection limits.

Another metric that has been used to study Pt dissolution is the charge difference between the
anodic and cathodic charges from in the oxygen adsorption and desorption regions in the i-V curve in
H,SO,. Figure 4-8 contains a plot of the charge difference normalized to the electrode area for electrodes
of different sizes. We observed that as the electrode size decreased, the charge difference increased.
This difference in charge implies that not all of the Pt oxide compounds are reduced back to Pt and that a
sufficient amount of Pt dissolution could occur during anodic scans. The magnitude of charge difference
was also significantly higher than that observed at macroscopic electrodes by Rand et. al. They observed
a positive charge difference which was consistent with the amount of solvated Pt ions the detected by
atomic absorption spectroscopy.125 We believe that at nanoelectrodes the large accumulation of anodic

charge will cause an increase in the Pt dissolution rate. This effect could work in synergy with the

increased mass transfer inherent to nanoelectrodes to cause a larger dissolution rate.
4.4. Conclusions

In this work we have demonstrated that under potential cycling conditions Pt dissolution will occur at
inlaid Pt disk nanoelectrodes effectively etching the surface forming a nanopore electrode. Although

potential cycling is frequently used to clean larger electrodes, one must be careful when using potential
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cycling to clean nanoelectrodes because they are unstable under these conditions and the magnitude of
current can be substantially decreased depending on the cycling conditions. By observing the decrease
in the diffusion-limited steady-state current before and after potential cycling and we are able to
quantitatively characterize pore formation and we were able to confirm these results by SEM. We have
shown that in order for a substantial decrease in the steady-state current to be observed, the upper limit
of the potential cycle needs to exceed 1.0 V vs. Ag/AgCI. The Pt dissolution rate was observed to be
larger than that previously reported at macroscopic electrodes. We believe that the enhancement in
dissolution rate arises twofold: first from the increase in mass transport by radial diffusion to

nanoelectrodes and secondly from the larger charge density observed.
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4.5. Tables and Figures

Table 4-1. Pt dissolution rate as calculated from steady-state voltammetry

Dissolution Rate

Disk Radius, nm 2
ng cm”/ cycle

2.7 33.0x7.4
4.5 49.8 £ 6.1
21.0 443 +£12.5
53.7 464.5 +60.4
143.7 789.5 £ 54.1
236.0 711.7£79.1
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Figure 4-1. i-V response of a 40 nm Pt disk nanoelectrode in a solution of 0.5 M H,SO,. The red curve
is the initial CV and the black curve was obtained after potential cycling for 20 cycles at 100 mV/s.
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Figure 4-2. Simulation domain in Comsol for the nanopore electrode, where a is the radius of the
electrode and d is the depth of the pore. Red indicates the outer solution boundary; black is the insulating
glass and green is the electrode surface.
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Figure 4-3. (a) Simulated steady-state i-V response of a 5 nm disk electrode before and after formation
of a cylindrical nanopore of increasing depth. (b) Plot of the steady-state current normalized with respect
to an inlaid disk electrode vs. the ratio of pore depth, d, to pore orifice, a.
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Figure 4-4. -V responses of two Pt disk nanoelectrodes in a MeCN solution containing 5 mM Fc and 0.1
M TBAPFg before and after potential cycling in 0.5 M H2SO4 for a different number of cycles. The pore
orifices are (a) 2.7 nm and (b) 150 nm. Only the forward scans are shown for clarity. The scan right is
20 mV/s.
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Figure 4-5. i-V response of a 1.2 ym Pt disk electrode in a MeCN solution containing 5 mM Fc and 0.1
M TBAPF¢ before (black) and after (red) potential cycling in 0.5 M H2SO4 for 220 cycles at a scan rate of
100 mV/s.
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Figure 4-6. SEM image (a) and i-V response in a MeCN solution containing 5 mM Fc and 0.1 M TBAPFg
before and after potential cycling for 100 cycles in 0.5 M H,SO,4 from -0.2 V to +1.2 V at 100 mV/s. The
approximate radius of the electrode as determined by equation 4-1 is 230 nm, and the depth of the pore
is 280 nm as determined from our simulations. The inset is a zoomed in image of the surface of the
recessed Pt nanoelectrode.
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Figure 4-7. The effect of the changing the positive potential limit on steady-state voltammetry. A 50 nm
(blue) and a 130 nm (red) disk nanoelectrode were cycled in a 0.5 M H,SO, solution by applying a wave
form between -0.2 V to a variable upper limit for 20 cycles at a scan rate of 100 mV/s. The steady-state
current was obtained before and after potential cycling in a MeCN solution containing 5 mM Fc and 0.1 M
TBAPFs. The current magnitude was normalized with respect to the initial current and plotted against the
value for the upper potential limit.
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Figure 4-8. Dependence of the charge difference (Q,-Q;) on the electrode radius for Pt nanoelectrodes
in a 0.5 M H2S0O4 solution. The potential was swept from -0.2 to +1.2 V at a scan rate of 100 mV/s.
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CHAPTER 5 STEADY-STATE VOLTAMMETRY OF A MICROELECTRODE IN A CLOSED BIPOLAR
CELL'

5.1. Introduction

Bipolar electrochemistry has emerged as a useful tool for a number of important analytical

146-151 153-155

applications,’* such as electroanalysis, separation,’®® preconcentration, and neurochemical

sensing using carbon-fiber microelectrodes.*’ In addition, bipolar electrochemistry mechanisms have

156 157

been utilized in industrial processes for many decades. Other recent applications of bipolar

158-161

electrochemistry include synthesis and manipulation of nanomaterials, and fast screening of

electrocatalysts. '®?

A unique aspect of bipolar electrochemistry is that it uses an electrode with opposite
polarity on two ends to allow for direct coupling of two different redox reactions. In a conventional two or
three-electrode electrochemical cell, one focuses primarily on electrochemical reactions at the working
electrode. The reference and counter electrodes function only to provide a reference potential and
balance the current on the working electrode. The counter electrode is usually sufficiently large so that it
does not limit the faradaic process on the working electrode. A bipolar electrochemical cell, on the other
hand, involves two separate electrochemical interfaces coupled directly on a bipolar electrode (BPE). A
pair of driving electrodes (usually much greater than the bipolar electrodes) supplies the voltage needed
to drive the electrochemical reactions on the BPE. The overall electrochemical response of the BPE could
thus be affected by both poles.

Electroanalytical studies involving BPEs have mainly been carried out using open BPEs. An
open BPE cell uses a microfluidic channel to host a conductive microelectrode. A voltage bias is applied
along the length of the microchannel from a pair of driving electrodes allowing two coupled
electrochemical reactions to occur at each of the poles of the BPE. Open BPEs have been especially
useful for performing wireless electrochemistry in a microfluidic environment.'®® We'® and others'®*'®
have recently discussed series-coupled electrochemical reactions on closed BPEs. As shown in figure 5-

1a, a closed BPE cell contains two separate compartments connected via a metallic wire electrode. The

electrochemical current on the closed BPE can be directly measured due to the lack of the microchannel

' Adapted with permission from Anal. Chem. 2012, 84, 8797-8804. Copyright 2012. American Chemical Society.
This work was done in collaboration in Joshua P. Guerrette
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and ionic current path. A closed BPE is analogous to two electrochemical cells connected in series as
shown in figure 5-1b. In this configuration, the faradaic reaction occurring on the disk electrode is
electrochemically coupled to the reaction on the large cylinder electrode. By our convention we refer to
the pole where the limiting process occurs as the limiting pole and the other as the excess or coupling
pole.

As an important application of closed bipolar setup, one can make direct electrochemical
recordings on a microelectrode without the need to make direct electrical wire contact to the electrode.
This is, in many cases, preferable to significantly simplify experimental procedures. For example, one
can use a bipolar setup to measure electrochemical response of single nanowires and their arrays

43,55,166 when a

prepared in an insulating membrane. Additionally, carbon-fiber microelectrodes (CFEs),
salt solution is used to establish electrical continuity, use a closed bipolar mechanism to detect fast
changes in catecholamine concentration.

Although a microelectrode can be used in a closed bipolar setup to make direct electrode
recordings, its electrochemical behavior can be quite different from its “normal” behavior in a two or three-
electrode setup. For example, in a previous study we have shown that the voltammetric response of a
microelectrode in a closed bipolar cell is related to the properties of the excess pole with a shift in the
response as a function of the difference in formal potentials of both poles. Additionally, there is a clear
dependence of the half-wave potential on the redox concentration at, and relative size of the excess
pole.163 However, in this previous report we did not reach a quantitative understanding of this
relationship. In order to fully extend the potential use of BPEs for fundamental electrochemical studies as
well as key bioanalytical applications it became critical to develop a more comprehensive understanding
of the steady-state voltammetric response of a microelectrode in a closed bipolar setup.

In this chapter, we discuss work in our lab to elucidate the theory to quantitatively describe the
steady-state voltammetry of closed bipolar microelectrodes. We focus our attention on the steady-state
voltammetry of a microelectrode used as a limiting pole of a BPE and how it is affected by the processes
occurring at the excess pole. We show that the voltammetric response can be readily expressed by
considering the individual responses of both poles separately in conventional two or three-electrode

configurations and that the wave shape depends strongly on the ratio of the limiting currents of both
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individual poles. We have also provided experimental results to support our theoretical prediction.
Additionally, we discuss methods to obtain a fast and nearly reversible voltammetric response from a
microelectrode when used in a closed bipolar electrochemical configuration. These methods could be
useful for improving performance of microscale BPEs such as CFEs routinely used for quantitative
analysis in biological systems.

5.2. Theory

In order to understand the voltammetric response of a microelectrode in a closed bipolar cell, it is
beneficial to first consider the steady-state response of individual poles. Under simple mass-transport
control, the reversible voltammetric response of a microelectrode in a conventional two-electrode cell can

be readily expressed by the following equation,4

E=E"+ RTI D———l( ’j (5-1)
nF' D, nF i

where E and E° are the applied electrode potential and the formal potential for a simple n-electron redox
reaction, R.,g —> Oy + ne, R is the gas constant, T is the absolute temperature, n is the number of
electrons transferred per redox molecule, Dr and Dy are the diffusion coefficients for the redox species
Reqs and O,, respectively, i is the faradaic oxidation current at voltage E, and i is the steady-state limiting
current. As previously shown in chapter 1, our experiments the microelectrodes have inlaid disk

geometry, and the limiting current is given by,'®’

i, =4nFDC a (5-2)

where C is the concentration of redox species in the bulk and a is the radius of the microelectrode.
Assuming the diffusion coefficients of the R,y and O, are approximately the same, equation (5-1) is further

simplified as,
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E=E° —Eln[’“ _’j (5-3)
nkF

A closed bipolar electrode allows one to couple two electrochemical reactions such that the
faradaic currents on the anodic pole and the cathodic pole have the same magnitude and opposite sign
due to electroneutrality. Additionally, the overall bias voltage across the BPE is equal to the difference in
the applied potentials on both poles. This voltage can thus be expressed by combining the equations (5-

3) for both cathodic pole and the anodic pole,

E=E,—E =(E-E)+ E{im( Z J—iln[’“ L j} (5-4)
F |n it —i n [

where i’ and i, are the limiting currents on the anodic pole and the cathodic pole, and E° and E’ are

the formal potentials for the reactions on the anodic and cathodic poles, respectively. Here, we define the
anodic current as positive and cathodic current as negative current. Because of electroneutrality in a
closed bipolar cell, the magnitude of the oxidation current on the anodic pole should be equal to that of
the reduction current on the cathodic pole, or, i = i, = -i;. By further assuming both reactions are 1-

electron processes, equation (5-4) becomes,

E=(E"-E)+ RT {m( : j+ln[ . j} (5-5)
F| lit—i i +i

Equation (3-5) now shows a more complicated relationship between the total current j and the voltage

across the bipolar electrode, which is closely dependent on the limiting currents of both poles. Several

important conclusions can be drawn from equation (5-5). First, the limiting current of the bipolar electrode

will be limited by the pole with smaller limiting current. If i is smaller than —i,

ss?

the anodic pole will be
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the limiting pole and the limiting current of the BPE will be i? . Furthermore, the E;/;, can be derived from

equation (5-5),
\ N\ RT »
E,=(E-E° )_Fm(_ 2(l—j - 1} (5-6)

Equation (5-6) indicates that the E,, is not only a function of the difference of the formal potentials but
also related to the ratio of the limiting currents. The greater the (—i, /i), the more the i-V response would

shift negatively.

Additionally, the steady-state i-V response of a microelectrode in a closed bipolar setup can be
predicted from equations (5-4) and (5-5). Let us first consider a case where we have a simple 1e
oxidation process, R,y — O, + 1e’, coupled to its corresponding reduction process. Since they are

complimentary reactions, their formal potentials are the same. As such, equation (5-5) becomes

E :Ebn[‘ i ']+ln[_ - jj (5-7)
F it —i i +i

Figure 5-2a shows three predicted i-V responses assuming the limiting current on the cathodic pole is 1,

10, and 100 times of that on the anodic pole. Also shown in figure 5-2a is the i-V response of the anodic
pole in a conventional two-electrode setup. This i-V response has been generated assuming a 0-V formal
potential for simplicity and easy comparison of the -V responses. All the current in figure 5-2 has been
normalized to the limiting current on the anodic pole for easy comparison.

One can immediately see that when compared to the i-V response in a conventional two-
electrode setup, all bipolar i-V responses have similar sigmoidal shape. However, the bipolar responses
clearly show a slower current increase with voltage. The 1:1 current ratio gives the slowest current
increase and requires a higher applied voltage to reach steady-state. We believe that this apparent wave

broadening or slower i-V response is solely due to additional energy (or voltage) requirement to drive the
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second faradaic reaction on the excess pole. The higher the cathodic limiting current, the faster the
current increases with voltage. We can anticipate that when the cathodic steady-state limiting current is
much higher than that on the anodic pole, the overall i-V response would resume the reversible shape of
the CV in the conventional two-electrode setup. Figure 5-2a also shows a clear negative shift of the E;,,
of the bipolar response as the ratio of the limiting currents increases, which is in agreement with our
previous observation.'®?

In order to more quantitatively understand the change in the shape of the bipolar i-V response,
we have generated the E vs. log[i/(iss-i)] plots of the bipolar electrode and that of the conventional setup.
Often times a plot of E vs. log[il(iss-/)] is prepared to show whether a process is reversible or not on a
microelectrode.* If this plot is linear with a slope equal to 59.2/n mV the process is said to be reversible.
For a non-linear plot with a slope greater than this the system is typically considered quasireversible or
irreversible. The conventional direct connect configuration in figure 5-2b shows a linear relationship with
a slope of 59.2 mV as expected. On the other hand, for the bipolar setup, a linear relationship is obtained
only when both poles have the same limiting current, in which case, the slope of the curve is 118 mV.
When the cathodic pole has a greater limiting current than the anodic pole, a nonlinear relationship is

obtained between E and the log[i/(iss-/)] as predicted from equations (5-4) and (5-5). The slope of the line
at E,;, is a function of the ratio, —is"s/ifs, and is between 59 mV and 118 mV. We can anticipate that when
this ratio goes to infinity, the slope of the line would approach 59 mV at half-wave potential.

This increased slope may be mistakenly understood to be an indication of irreversibility. Instead it
is the result of directly coupling two reversible processes and is not itself indicative of any kinetic
limitations. An alternative approach to determine the reversibility of an electrochemical process is to apply
the Tome$ criterion of reversibility which states that for a reversible charge transfer the difference in

quartile potentials, |E,,, —E, ,|=56.4/n mV, where Es; and E,, refer to the three-quarter and one-

quarter wave potentials respectively.4 From Equation 5-5 we can derive the modified Tomes criterion of

reversibility for two coupled electrochemical reactions at a BPE to be:

RT i +0.25i
BBl 71“[27(TD oY
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This will allow for a more complete description of processes occurring at a microelectrode when used in a
closed bipolar cell configuration as a tool for electrochemical analysis. By applying this criterion to the
simulated results, values of 113 mV, 86 mV and 85 mV for 1:1, 10:1 and 100:1 are calculated

respectively.

5.3. Results and Discussion

5.3.1.Steady-State Voltammetry of a Microelectrode in a Closed Bipolar Cell

Our theory has shown that when a microelectrode is used as the limiting pole in a closed bipolar
setup, it would show a sigmoidal shape current-voltage response. Compared to its voltammetric
response in a conventional two-electrode setup, the bipolar response has the same limiting current.
However, the E;,, and the shape of the voltammetric response are strongly dependent on the property of
the excess pole. In general, the bipolar response is slower than the response in a conventional two-
electrode cell as evident by the broadening of the wave. The distortion is however unrelated to electron-
transfer kinetics and is simply due to electrochemical coupling in a bipolar electrode cell.

Figure 5-3 displays the voltammetric responses of a 25-uym-diameter Au disk electrode in an
aqueous solution of 1 mM ferrocyanide and 3 M KCI in three different setups. The black curve is the i-V
response of the electrode in a two-electrode cell. A nice sigmoidal shape response is obtained for the
oxidation of Fe(CN)s". The limiting current is 3.69 nA in good agreement with the prediction of 3.66 nA
from equation 5-2. The blue, red, and green curves are i-V responses recorded from the same electrode
in a closed bipolar cell. A second Au disk electrode of the same size is used as a cathodic pole. In this
case, the cathodic pole is placed in an aqueous solution containing 1 mM ferricyanide and 3 M KCI (blue
curve). Since Fe(CN)Ge" has the same concentration and roughly the same diffusion coefficient as

Fe(CN)64', the cathodic pole would yield a reduction limiting current equal to the oxidation limiting current
on the anodic Au electrode (i.e., the electrode of interest), or, —i{, /i’ = 1. One can clearly see that the i-V

response (blue) has roughly the same limiting current as that recorded in the two-electrode setup (black).
However, the bipolar response is clearly slower than that of the two-electrode setup. This result is in

good agreement with prediction from figure 5-2a. The slower i-V response in the bipolar setup can be
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qualitatively understood by the additional energy requirement to drive the electrochemical process on the
cathodic pole. The higher the redox concentration in the cathodic pole, the less voltage needed to drive
the same amount of current on the cathodic pole. In a second experiment, the cathodic pole is placed in
a 10 mM Fe(CN)GS' solution (red curve). This would correspond to a situation in which the cathodic
limiting current is roughly 10 times greater than the anodic pole, or —if,;/ij; 10. Compared to the blue
curve, the red i-V response indeed becomes much faster due to the increase in the cathodic limiting
current. An even stronger effect is observed when the cathodic Au electrode is placed in a 100 mM
Fe(CN)Gs' solution (green curve). Additionally, there is a clear negative shift in the E;, as the
concentration of Fe(CN)63' is increased, which is in good agreement with equation 5-6 and results in
figure 5-2.

We have plotted the voltage across the bipolar electrode with respect to the logarithm of the
limiting current (log[i/(iss-)]), @s shown in figure 5-3b. Also shown is the same plot for the electrode in the
two-electrode setup (the black curve). The two-electrode setup yields a linear curve with a slope of 59.3

mV as expected indicating reversible response. Conversely, the blue curve is the plot for the same
electrode in the bipolar setup with —i;/iff 1. The blue curve is also found to be linear with a slope of
113.5 mV in agreement with prediction in figure 5-2b. The red and green curves are the plots of the same

electrode in the bipolar setup corresponding to when —i;/i; is ~ 10 and ~100, respectively. These are
nonlinear plots and the slopes at E;, are 93.9 mV and 83.3 mV. The values obtained for |E, , — E,,,

are shown in table 1 and are in agreement with the derived modified Tome$ criterion of reversibility. In
summary, our experimental results have confirmed the theoretical prediction.

Both theory and experimental results have revealed that when a microelectrode is used in a
bipolar setup, its voltammetric response may change significantly depending on the properties of two
coupling poles. Most significantly, a microelectrode shows a slower i-V response in a bipolar setup than
its corresponding response in a conventional two or three-electrode cell. This sluggish voltammetric
behavior is a result of electrochemical coupling and extra energy requirement to drive complimentary
current at the other pole. A greater limiting current on the coupling pole could lower this energy

requirement. Therefore, it could likely facilitate the observation of a faster voltammetric response.
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5.3.2.1s “Reversible” Voltammetric Behavior Obtainable in a Bipolar Cell?

A bipolar mechanism can greatly simplify experimental setup in certain experiments involving
ultramicroelectrodes and nanoelectrodes by eliminating direct wire contacts to the electrodes. For
example, carbon-fiber microelectrodes use a salt solution to establish electrical contact which makes it
convenient to quickly change electrodes during single-cell measurements. However, the electrochemical
coupling between the two poles could complicate the analysis of the voltammetric behavior of a micro- or
nanoelectrode by slowing down its i-V response. Although the limiting current is unlikely affected, the
shape of the voltammetric response could depend strongly on the condition of the coupling pole. This
could have significant impacts for electroanalytical applications where the shape of the voltammetric
response is important. For example, the shape of the steady-state voltammogram of very small
nanoelectrodes can be used to analyze heterogeneous electron-transfer kinetics.'®*’ Additionally, the
sluggish voltammetric response of microelectrodes in a bipolar setup may cause increased uncertainty in
certain electroanalytical sensing experiments, such as detection of electroactive neurotransmitters in
single-cell measurements. It is reasonable to believe that a faster voltammetric response would be
preferable in almost all electroanalytical experiments involving the use of microelectrodes and
nanoelectrodes and a bipolar mechanism to establish electrical contact.

It is thus important to explore possible methods to obtain a nearly “reversible” voltammetric
response in a closed bipolar setup. Because the slow voltammetric response is a result of additional
energy requirement from the coupling pole, we believe that a greater limiting current at the coupling pole
could facilitate the observation of a nearly “reversible” voltammetric response. Since the limiting current
on the coupling pole depends on the concentration of the redox species and electrode size and both
factors are relatively easy to adjust, we set out experiments to obtain fast voltammetric responses by
changing redox concentrations and greatly increasing the size of the excess pole.

Figure 5-4 shows a series of i-V responses of a 25-uym-diameter Pt disk microelectrode in a
closed bipolar setup in acetonitrile containing 50 yM Fc and 0.1 M TBAPF¢. A second 25-pm-diameter Pt
disk electrode is used as the excess cathodic pole and is placed in an aqueous solution containing 3 M
KCl and Fe(CN)Gs' of various concentrations. This electrochemical cell configuration is shown in figure 5-

1b. Here, the oxidation of Fc on the first Pt microelectrode is coupled to the Fe(CN)63' reduction on the
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cathodic pole, which also limits the overall i-V response of the BPE. All the i-V responses shown in figure
5-4 have nearly the same limiting current due to Fc oxidation. The measured limiting current agrees well
with prediction according to equation 5-2.

A general trend is observed in figure 5-4: the Fc oxidation current increases much more quickly
with voltage as the concentration of Fe(CN)s” increases. In the absence of Fe(CN)s>, the oxidation of Fc
is likely coupled to the reduction of soluble oxygen on the cathodic pole. A much slower i-V response is
observed due to a smaller reduction current of oxygen. The oxidation of Fc becomes much faster in the
presence of Fe(CN)Gs'. The higher the Fe(CN)63' concentration, the faster the current increases with
voltage. Because the reduction current of Fe(CN)GS' is roughly proportional to its concentration, the
observed concentration effect on the i-V response is analogous to the effect of current ratio of two poles.

It is advantageous in a closed bipolar setup to use a high redox concentration on the coupling
pole. However, the redox concentration is often limited in many conditions. For example, the
concentration of saturated Fe(CN)e> is ~1.4 M at room temperature.'®® Since the limiting current on the
coupling pole is also directly related to its size, it is in many conditions convenient to use a large coupling
pole to obtain a fast voltammetric response on the limiting pole.

Figure 5-5 shows a series of i-V responses of a 25-um-diameter Pt disk microelectrode in
acetonitrile containing 0.5 mM Fc and 0.1 M TBAPF¢. The Pt disk electrode has been coupled to a 25-
pm-diameter 2-mm-length Pt wire electrode used as an excess pole. The Pt microwire was placed in
three different aqueous solutions of 5 mM Fe(CN)63', 5 mM Ru(NH3)63+, and oxygen saturated 0.1 M
NaOH. The blue curve is the i-V response of the same 25-um-diameter Pt disk electrode in 0.5 mM Fc in
a two-electrode setup for comparison. One can see that all i-V responses in figure 5-5 show very similar
sigmoidal shape except for a noticeable shift in their E;,. The i-V response shows the minimum shift in
position when the disk electrode is coupled to the reduction of oxygen on the Pt wire. The greatest E;,»
shift is observed when the disk electrode is coupled to the reduction of Fe(CN)63'. The shift in E;;, can be
qualitatively explained by considering the formal potentials of the redox species on both poles and the
effect of the limiting current ratio. The formal potential of Fc oxidation is ~0.55 vs. NHE.* When the disk
electrode is coupled to oxygen reduction with a formal potential of ~-0.065 V vs. NHE,'®® an E;, around

+0.61 V is anticipated. The purple i-V response shows an E;, around 0.4 V, a negative shift of 0.21 V,
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which is caused by the large limiting current of oxygen reduction. Similar potential shifts have been
observed in figures 5-2 and 5-3. Similarly, the reduction of Fe(CN)Gs' has a formal potential of 0.36 V vs.
NHE,4 which would result in an Ej;,, of the bipolar response around 0.2 V. It is observed in figure 5-5a
that the E,,, is around 0 V, a negative shift of ~0.2 V again caused by the large ratio of the limiting current.
The reduction of RU(NH3)63+ has a formal potential of ~0.1 V vs. NHE,* which gives a predicted E;.
around 0.45 V. However, the observed E; is around 0.2 V due to a negative shift of ~0.25 V.

Importantly, a quick examination of figure 5-5a reveals that all -V responses are very similar in
overall shape. Figure 5-5b shows all four curves superimposed on each other. There is hardly any
differences observable between the two-electrode response and those of the bipolar setups in Fe(CN)63'

and Ru(NH3)63+. To quantitatively describe potential differences in wave shapes, the wave slope and

|E3/4 —E1/4| are shown in table 2. The calculated values show a slight increase in wave slope and

|E3/4 —E1/4|for the bipolar configurations, as expected. The fact that all i-V responses have similar

shapes and no maijor distortion is observed in the bipolar setups could be due to the significantly larger
faradic current on the Pt wire electrode. A CV response of the Pt wire electrode in 5 mM Fe(CN)GB' (not
shown) shows a reduction current of ~2500 nA, which is roughly 275 times greater than the limiting
current on the Pt disk. The results shown in figure 5-5 are encouraging because it indicates that one can
obtain nearly reversible i-V response even in a bipolar setup when a microelectrode is coupled to a large
excess pole. This is an important result because it implies that when a bipolar setup is used in
electroanalytical applications, one should use a large coupler electrode in order to more accurately
examine the voltammetric properties of a microelectrode or to detect quick changes in analyte
concentrations.

Due to the wide usage of carbon-based microelectrodes in bioanalytical sensing, it is important to
verify the above conclusions with CFEs. As shown in the figure 5-6, similar observations have been
obtained with carbon-fiber microelectrodes. Figure 5-6a is a series of i-V responses collected from a
closed bipolar cell consisting of a 5-um-diameter disk CFE in a 50 uM Fc solution containing 0.1 M
TBAPFs; and a CFE with an exposed 5-pum-diameter, 2-mm-length carbon fiber in varying reduction

reactions. The i-V response of the same disk CFE in a two-electrode cell is given as the blue curve, in
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which a direct electrical contact was made to the fiber from inside the glass capillary using silver epoxy.
Figure 5-6b is the overlaid i-V responses after correcting their E;,, shifts. One can see that all the i-V
responses in the bipolar setup have similar shapes and limiting currents, which are nearly
indistinguishable from the response in the two-electrode setup.

In addition to using Fc oxidation as a model reaction, we have studied the oxidation of dopamine
on a 5-pym-diameter CFE. Figure 5-6¢ shows a series of i-V responses collected on a 5-uym-diameter
CFE in 100 yM dopamine when coupled to the reduction of several different redox species including
Fe(CN)63', Ru(NH3)63+, saturated oxygen in 0.1 M NaOH, and soluble oxygen in 3 M KCI. The resulting /-
V responses all show very similar shapes and are almost indistinguishable from the one collected in a

two-electrode setup on the same electrode, as shown in figures 5-6¢ and 5-6d. The wave slope and
E,,, — E,,,|for the curves in figures 5-6a and 5-6¢ are shown in table 3 and demonstrate little variance

between bipolar configurations. The results shown in figure 5-6 have further confirmed that when a
microelectrode is used in a bipolar setup, a large coupler electrode is needed to obtain nearly reversible

voltammetric responses.
5.4. Conclusion

In this chapter we have discussed the theory and corresponding experiments to more fully
understand the steady-state voltammetric response of a microelectrode used in a closed bipolar setup.
Our theory shows the voltammetric response is likely distorted when a microelectrode is used in a bipolar
setup and is often slower than that in a conventional two-electrode setup. The slower response in the
bipolar setup is likely due to additional energy requirement to drive the faradaic reaction at the coupling
pole. The shape of the bipolar voltammetric response depends on the ratio of limiting currents on both
poles. A large faradic current on the excess coupling pole facilitates the observation of a fast
voltammetric response. This can be realized by increasing the redox concentration and the electrode

size on the excess coupling pole.
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5.5. Tables and Figures

Table 5-1. A comparison of the wave parameters obtained from the predicted i-V curves in Fig. 1 and that
measured from experimental /i-V curves in Fig. 2 for different—; /i¢ ratios. The corresponding wave

parameters for the two-electrode cell are also listed for comparison.

—i¢ /it Wave Slope Wave Slopecac [Es/a-Eqal |E3/4-E1/4lcalc
$50 S (mV) (mV) (mV) (mV)
Two-electrode 59.3 59.2 56 56.4
1:1 113.5 118 111 113
10:1 93.9 86 87 86
100:1 83.3 85 79 85
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Table 5-2. The wave parameters obtained from the i-V curves in Fig. 4 for Fc oxidation at a Pt BPE. The
corresponding wave parameters for the two-electrode cell are also listed for comparison.

Coupling redox Wave Slope |Es/4-E 14
(mV) (mV)
Two-electrode 68.1 65
KsFe(CN)g 89.1 85
Ru(NH3)6Cl3 84.9 81
Oxygen 75.5 72
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Table 5-3. The wave parameters obtained from the -V curves in Fig. 5 for Fc oxidation and dopamine
oxidation at a carbon fiber microelectrode filled with different redox species. The corresponding wave
parameters for the two-electrode cells are also listed for comparison.

Redox species Redox species Wave Slope |Es/4-E 14
(limiting pole) (coupling pole) (mV) (mV)
Ferrocene Two-electrode 60.8 59

KsFe(CN)e 69.2 66

Ru(NH3)eCl3 68.1 65

Oxygen 70.8 67

KCI 68.1 65

Dopamine Two-electrode 78.6 74
KsFe(CN)s 83.8 80

Ru(NH;)eCl; 78.6 75

Oxygen 89.1 85

KCI 83.8 80

76



(a) I

(b) Potentiostat

e—>

RE 1
RE 2

ALY
\ *)  \Ox Reg ),

Limiting Pole Excess Pole

Figure 5-1. (a) A schematic of a closed bipolar electrode cell. (b) A schematic of a serious-coupled
bipolar cell containing a disk microelectrode in one compartment and a cylindrical microelectrode in the
other compartment. The working electrode lead from the potentiostat is connected to reference electrode
2 (RE2) and the reference lead to reference electrode 1 (RE1). The anodic pole is limiting and the
cathodic pole is in excess.
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Figure 5-2. (a) Theoretical i-V responses of a microelectrode in a two-electrode cell (black) and in a
closed bipolar electrode setup when coupled to a cathodic pole. The blue, red, and green curves

correspond to when the ratio of limiting currents, — i, /i‘; ,are 1, 10, and 100, respectively. The formal

potentials of the oxidation reaction on the microelectrode and the cathodic reaction on the coupling
electrode have been assumed to be 0 V. The voltage for the bipolar setup is the voltage applied across
the bipolar electrode and the voltage for the two-electrode setup is the voltage applied on the
microelectrode with respect to the reference electrode. (b) A plot of the voltage applied across the bipolar
electrode (for the blue, red, and green curves) as a function of the log[i/(iss-i)] for the i-E curves given in
(a). Only voltages between E;, and Es, are plotted in (b).

78



(a) 35 f=— Two-electrode cell
3 p—iy/iy =1
25 p—i/i® =10
< 2 r—ifii=100
= 1.5
1
0.5
0
_0‘5 Il L L L L
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
F/V
(b) 0.4 .
0.3
0.2

E/V
\

log[ili-1)]

Figure 5-3. a) The i-V responses of a 25-um-diameter Au disk microelectrode in a solution of 1 mM
Fe(CN)64' and 3 M KClI in a two-electrode set-up (black curve) and closed bipolar cell when coupled to a
second 25-um-diameter Au disk electrode as a cathodic pole. The cathodic pole was placed in a 3 M KCI
solution containing Fe(CN)Gg' of various concentrations: 1 mM (blue curve), 10 mM (red curve), and 100
mM (green curve). The scan rate was 20 mV/s for all scans. The voltage for the bipolar setup is the
voltage applied across the bipolar electrode as illustrated in figure 5-1b and the voltage for the two-
electrode setup is the voltage applied on the microelectrode with respect to a Ag/AgCl reference
electrode. (b) A plot of the voltage applied across the bipolar electrode (for the blue, red, and green
curves) as a function of the log[i/(iss-i)] for the i-E curves given in (a). Only voltages between E;, and Es,
are plotted in (b).
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Figure 5-4. The i-V responses of a 25-um-diameter Pt disk electrode in acetonitrile containing 50 uM Fc
and 0.1 M TBAPFs. The oxidation of Fc was coupled to the reduction of ferricyanide of varying
concentrations in a 3 M KCI solution on another 25-um-diameter Pt microelectrode.
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Figure 5-5. (a) The i-V responses of a 25-uym-diameter Pt disk electrode in acetonitrile containing 0.5 mM
Fc and 0.1 M TBAPF¢. The oxidation of Fc was coupled to the reduction of three different redox species,
5 mM Fe(CN)Gg', 5 mM Ru(NH3)63+, and saturated oxygen in 0.1M NaOH on a 25-uym-diameter, 2-mm-
length Pt wire. The -V response of the same electrode in a two-electrode cell is given as the blue curve
for comparison. (b) An overlay plot of the normalized CVs in (a) highlighting the change in wave shape.
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Figure 5-6. The i-V responses of a 5-uym-diameter carbon-fiber disk electrode in a solution of (a) 50 uM
Fc 0.1M TBAPFg and (c) 100 uM dopamine coupled to a 5-um-diameter, 2-mm-length carbon fiber in a
solution containing different redox molecules including 5 mM Fe(CN)Gg', 5 mM Ru(NH3)63+, saturated
oxygen in 0.1M NaOH, and 3 M KCI. The CV response of the same disk electrode in a two-electrode cell
is given for comparison. An overlay plot of the normalized CVs is given in (b) for Fc and (d) for dopamine
to highlight the change in wave shape.
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CHAPTER 6 USING BIPOLAR ELECTROCHEMISTRY TO ENHANCE DETECTION OF EXOCYTOSIS
FROM PC 12 CELLS WITH CARBON FIBER MICROELECTRODES?

6.1. Introduction

Carbon fiber microelectrodes (CFE) have emerged as the premier tool for electrochemical analysis to

40,41,170

study exocytosis and the electrochemistry of biological systems Their millisecond temporal

resolution, high spatial resolution from their small size, biocompatibility, and low capacitance current

171 to

make them ideal probes to study the dynamics of neurotransmission. First employed by Wightman
study catecholamine release from chromaffin cells, CFEs are widely used in constant potential
amperometry to gain further insight into the neurotransmission process and quantitatively describe
exocytosis in a variety of cells types such as intact neurons*®*°, primary cell cultures®', immortalized cell

*48 and brain slices*’. This is achieved by measuring current transients at single cells from

lines
individual exocytotic events by way of fusion of intracellular vesicles with the cell membrane and
subsequent release of vesicular contents upon stimulation'".

Although CFEs have many inherent advantages for neurochemical studies, they are not without fault.
As sensing occurs, biomolecules and oxidative products can adsorb to the surface of the CFE, fouling the
electrode surface and significantly decreasing the electrode’s selectivity and sensitivity. To overcome
this, much research has been conducted to modify the surface of the carbon fiber. For instance, Adams
et. al has shown there is a significant increase in sensing activity when the surface of a CFE is modified
with a network of gold nanoparticles®’. A variety of other materials have been used in surface

173 174-176

modifications, including photoresist'’®, Nafion , single-walled carbon nanotubes'”'"®,  4-

sulfobenzenediazonium tetrafluoroborate’”®, and hydrolyzed cellulose acetate®.  With every

modification, there are disadvantages and one must make sure the improved sensitivity does not sacrifice
key attributes like temporal resolution or response time?®. Additionally, it has been shown that the effects
of surface absorption can be offset by oxidative etching to renew the CFE surface''. Alterations to the

size'® and shape of the electrode are another common approach to improve detection and methods

* Portions of this chapter are adapted from a manuscript in preparation to be submitted to Analytical Chemistry.
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183 184

using nanoscale CFEs ™ and microelectrode arrays = have all been employed. Although these methods
do demonstrate technological advancement, a literature search yields little results on studies that
investigate the role of the interior carbon fiber in analysis, specifically how the electrochemistry on the
interior carbon fiber can affect the observations being made with the electrochemical sensors.

A typical CFE consists of an individual carbon fiber that has been sealed inside a glass capillary and
pulled into a micropipette“. In early work with CFEs, electrical contact was made by back-filing the
capillary with mercury1. Because of concerns regarding the toxicity of mercury and its practicality, other
methods have been developed to establish electrical contract with the interior carbon fiber. These

42,182

methods include back-filling the capillary with colloidal graphite or an aqueous solution containing an

43,46 55,185

electrolyte such as potassium chloride or potassium acetate Back-filling the electrode with an
electrolyte solution has emerged as the popular choice because it allows for simple and rapid exchange
of CFEs during experimentation. In this method, electrical contact is made indirectly with the carbon fiber
and it is assumed that the electron transfer on the interior carbon fiber is sufficiently high enough that any
observed electrochemical process is limited solely by the kinetics and mass transfer occurring at the
exterior CFE disk surface. We show in this report that this assumption is not entirely valid and that
distortions in amperometric data can arise when the electrochemistry on the interior carbon is ignored.
By indirectly establishing electrical contact via an electrolyte solution, a CFE will behave as a closed
bipolar electrode (BPE)163 and the electron transfer is facilitated by electrochemically coupling reactions
on the both ends of the carbon fiber'®.

A closed BPE is analogous to two electrical cells connected in series and consists of two separate
compartments connected via a metallic wire'®*. The voltage bias is applied by two driving electrodes in
the external solution of each compartment and current is restricted to only flow directly through the
metallic wire connecting the two cells. The applied potential polarizes the metallic wire and faradaic
processes occur and are observed on both poles. The schematic shown in Figure 1a illustrates the
bipolar nature of a CFE back-filled with an electrolyte solution. As the driving voltage is applied between

two Ag/AgCl reference electrodes a molecule of interest — in this case dopamine — will be oxidized at the

disk surface. This oxidization is electrochemically coupled to a reduction reaction which occurs at the
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interior carbon fiber. By convention, we refer to the outer disk as the anodic pole or sensing electrode
and the interior carbon fiber as the cathodic pole.

In this work, we investigate the effect that a bipolar system has on the amperometric detection of
dopamine from PC12 cells via constant potential amperometry. We compare how different methods to
establish electrical continuity in a traditional CFE affect peak characteristics observed from current
transients. From this analysis we can observe the limitations imposed by electrochemical coupling and
how the size and shape of amperometric peaks are affected. We show that although the distribution of
vesicular content observed and calculated from peak parameters are similar for different bipolar
configurations, their kinetic peak parameters differ significantly. The differences in kinetic parameters
demonstrate that the method for establishing electrical contact in a CFE matters and cannot be ignored.
By applying an understanding of bipolar electrochemistry, kinetic limitations from the cathodic reaction on
the interior carbon fiber can be overcome. We will show that by simply changing the electrochemistry at
the cathodic pole, the electrochemical behavior can be improved and brought to a level near that of
directly connecting to the carbon fiber. Furthermore, we also demonstrate that bipolar electrochemistry

allows for meaningful detection at lower overpotentials.

6.2. Experimental Section

6.2.1.Cell Culture

PC12 cells were purchased from the American Type Culture Collection (Manassas, VA) and

maintained as previously described'®"'¢®

. In short, cells were grown in cell growth media consisting of
phenol red-free RPMI 1640 (Mediatech) with 10% equine serum (HyClone), 5% fetal bovine serum
(HyClone), and 100 units/ mL penicillin/streptomycin (HyClone) on mouse collagen IV-coated culture
dishes (BD Biosciences). Cells were maintained at 7% CO, atmosphere at 37° C and subcultured when
confluencey was reached, approximately every 7-9 days. Cell culture media was exchanged every 2-3

days throughout the lifetime of all cultures. Amperometric measurements were conducted on cells

between days 4 and 5 after subculturing to minimize biological variances within the cell population.

6.2.2.Single Cell Measurements
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Amperometric recordings at single cells were made using an inverted microscope (IX71,
Olympus) positioned on top of a vibration isolation table (Model 63-563, Technical Manufacturing
Corporation) inside a home-built Faraday cage. During experimentation, culture dishes were kept at 37
1 °C using an automatic temperature controller (Model TC-344B, Warner Instrument Corp.). A carbon
fiber electrode was positioned onto a cell by a micromanipulator (Model MHW-3, Narshige Inc) . The
electrode was lowered until a slight deformation in the outline of the cell was observed. Using a second
micromanipulator, a glass micropipette was positioned roughly 10-20 ym away from the cell and used to
inject a high K" solution (isotonic saline solution with 100 mM KCI) directly onto the cell surface. A 5-
second, 25 psi pulse (Femto Jet, Eppendorf/Brinkman Instruments) stimulated release of dopamine via
exocytose. For a given cell, high K* pulses were applied every 45 seconds for 3 intervals. A constant
potential was applied across the bipolar CFE to two Ag/AgClI reference electrodes, with the one inside the
carbon fiber electrode as the working terminal and the other in the external solution as the reference
terminal.

Amperometric data from single PC12 cells was recorded using an Axopatch 200B amplifier
(Molecular Devices) and observed in real-time with the Axoscope software package (Molecular Devices).
Data was acquired using a Digidata 1440a (Molecular Devices) interfaced with a Dell personal computer.
During data acquisition, a 1.0 kHz low-pass filter was used and no further filtering was applied.
Amperometric peaks were analyzed using the MiniAnalysis software detection algorithm (Synaptosoft). A
detection event was recognized when a signal with a local maxima and area under the curve exceeded a
detection threshold of 5 times the root-mean-squared noise (RMS) acquired from a 2-second recording at
the beginning of each individual amperometric trace. Post algorithm, the peaks were manually inspected
to reject any electrical noise and to include peaks that were excluded due to their proximity to other
amperometric events. Peaks which possessed a non-uniform top, double peaks, or overlapping peaks
without a clear baseline were manually excluded in the analysissz. All statistical values are reported +

standard error of the mean.

6.3. Results and Discussion

6.3.1.Characterization of a Bipolar Carbon Fiber Electrode
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CFEs behave as closed bipolar electrodes and prior to single cell measurements, electrodes
were characterized by cyclic voltammetry. This is an essential step in the experimental process so that
the observed differences in amperometric experiments can be accurately attributed to the given bipolar
configuration and not to any variance in electrode geometry. The voltammetric behavior of a
microelectrode in a closed bipolar cell has been described previously186. The magnitude of the diffusion-
limited steady-state current is limited by the mass transfer at the anodic pole163 which, in this case, is

approximated to be disk-shaped geometry and is given by4
i, =4nFDC’r (6-1)

where n is the number of electrons transferred, F is the Faraday constant, D is the diffusion coefficient for
a given species, C’is the bulk concentration of a redox species, and a is radius of the disk. Because of
electroneutrality in a closed BPE the magnitude of current generated at the anode is equal to the current
magnitude at the cathode. The overall shape and position of the i-E curve is dependent on the electron
transfer reactions occurring at both poles and the half wave potential, E;, , is given by the following

equation'®
, N\ RT N
E1/2 =( Z _E: )_7111 _2(%J_1J (6-2)
i

a

where R is the gas constant, T is the absolute temperature, i and i are the limiting currents on the

anodic pole and the cathodic pole, respectively, and Ej' and Ef' are the formal potentials for the

reactions on the anodic and cathodic poles, respectively. As the ratio of the mass transfer between the
cathodic and anodic poles approaches unity, the E;, is equal to the difference in formal potentials.

The effect of changing the back-fill solution is illustrated in Figure 1b. Here the normalized
steady-state voltammetric response of two 5-uym carbon fiber electrodes is shown for a solution of 100 yM

DA using different configurations to establish electrical contact. Only forward scans are shown for clarity.
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When the CFE is back-filled with colloidal graphite (black), the colloidal graphite comes into direct contact
with both the interior carbon fiber sensor electrode and the Ag/AgCl reference electrode creating a
pseudo-direct electron transfer similar to that of a continuous wire. Conversely, when a CFE is back-filled
with 3 M KCI (blue), 5 mM K;3Fe(CN)g in 3 M KCI (red), and 5 mM Ru(NH;3)sCl; in 3 M KCI (green) results
in an indirect electron transfer via a bipolar mechanism. Here electron transfer is facilitated by the
electrochemical coupling of the reactions occurring at the opposing poles of the carbon fiber. A
noticeable shift in the position of the voltammogram can be attributed to this electrochemical coupling is
quantitatively explained by Equation 2. For example, E4,, shown for the colloidal graphite electrode is
~0.4 V vs. Ag/AgCI and the Ej, for the Fe(CN)s* molecule is ~0.3 V vs. Ag/AgCl, yielding a difference of
~0.1 V. Additionally the electrochemical surface area of the interior carbon fiber is significantly larger than
the exterior sensing disk at the anode, hence the mass transfer ratio will favor the inner reaction and is
manifested by an additional shift in the half wave potential towards negative potentials. For an electrode
back-filled with 5 mM Fe(CN)G"', the observed E,,was approximately 0.0 V. Similar logic can be applied
to the formal and half-wave potentials for other back-filling solutions. The observed potential shifts are in
good agreement with previous results obtained using a carbon fiber electrode electrochemically coupled
to a carbon fiber in a closed bipolar cell"®.

It is difficult to control the length of the interior carbon fiber during electrode fabrication, which is
important because as the interior carbon fiber length increases, the mass transfer rate at the cathodic
pole increases, shifting the position of E4,. Electrodes were initially characterized using 3 M KCI as the
back-fill solution. Only electrodes with an E,, between + 0.15 and + 0.25 mV and iss between 0.12 and
0.20 nA were used for single cell experiments. This criterion was established based the expected E,, of
dopamine oxidation at a CFE and the expected current from a 2-electron transfer from DA oxidation at a 5
pum disk as calculated per Equation 1. Because of this specific criterion, any changes observed in the cell
amperometry data can be attributed to the change in the back-filling solution and not to slight differences

in electrode geometry.

6.3.2.Comparison of Different backfill solutions
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PC12 cells were selected for analysis because it is a well-characterized cell line for the study of

the dynamics of DA release via exocytosis'>®

. Because electrochemical sensing experiments require high
temporal resolution to measure fast concentration changes at the electrode surface, the aim of these
experiments is to examine the role that the electron transfer at the cathodic pole plays in the
amperometric response of current transients observed. To investigate this effect, we chose to introduce
redox molecules with different electron transfer kinetics at carbon fiber interfaces into the interior of the
carbon fiber electrode and compare their amperometric responses. In the traditional back-fill solution,
KCI, oxygen reduction is the primary Faradaic process occurring at the cathodic pole163 which is known to
have slow and sluggish kinetics'®. Fe(CN)s" and Ru(NH3)s>* were chosen as redox mediators because
of their fast electron transfer kinetics'®. As a base for comparison, electrodes were also back-filled with
colloidal graphite.

Here we compare current transients observed from stimulated exocytosis of PC12 cells using
these 4 different CFE configurations. Examples of amperometric traces obtained from a single
stimulation event at each CFE are shown in Figure 2. A CFE back-filled with colloidal graphite (Figure 2a)
was used to act as a pseudo-direct connect response while 3 M KCI (Figure 2b), 5 mM Fe(CN)64' in3M
KCI (Figure 2c), and 5 mM Ru(NH3)63+ in 3 M KCI (Figure 2d) were used as electrolyte solutions to
examine indirect electron transfer via a bipolar mechanism. In conventional constant potential
amperometry the voltage at the electrode surface is held at a high overpotential such that the
electrochemical process at the sensing electrode is diffusion limited. For this reason a constant voltage
of +750 mV was chosen and applied across the BPE for all configurations. Cell data was pooled from
multiple amperometric traces of each electrode configuration: colloidal graphite (n = 13 cells using 6
different electrodes), Ru(NH3)s>" (n = 13 cells using 4 different electrodes), Fe(CN)s* (n = 7 cells using 3
different electrodes), and KCI (n = 13 cells using 3 different electrodes). By qualitatively comparing the
sample traces, slightly larger peaks are observed from the electrodes back-filled with colloidal graphite
and Ru(NH3)63+. The relative frequency of detection is unaffected by the differences in electrode
configurations. To confirm this qualitative observation, a Student’s t-test was performed on the pooled
data to compare the frequency of events detected after a single stimulation. At the 95% confidence level,

the apparent difference in detection frequency is not statistically different between configurations. This
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suggests that changes of the electrode back-filling solution does not significantly impact the mean
number of detection events per stimulation.

Common metrics that are used to quantitatively describe amperometric data and qualitatively
characterize vesicular release include the peak rise time, peak decay time, and peak half-width. Other
characteristics include the peak amplitude and charge passed at the electrode surface. Applying
Faraday’s law to the peak area, the number of dopamine molecules detected can be determined from the

following equation

Q = nNF (6-3)

where Q is the charge passed, n is the number of electrons transferred per molecule (2 for dopamine),
and N is the amount of substance detected in moles,. The kinetic and charge parameters for each
amperometric peak were resolved and characterized for the pooled cell data. Figures 3a and 3b
summarize the quantified peak characteristics for each CFE configuration and the differences in detection
become more pronounced. The numerical data is summarized in table 1. Electrodes back-filled with
colloidal graphite demonstrated the highest average peak amplitude at 16.2 + 0.5 pA and the peak
amplitudes from 5 mM Ru(NH3)63+, 5 mM Fe(CN)64', and 3 M KCl were 14.8 £ 0.3, 13.8 £ 0.7, and 8.7
0.3 pA respectively. Because the RMS noise does not differ significantly between configurations, larger
peak amplitudes also correlate to an increased signal-to-noise ratio. Figure 3b captures a large variance
in the kinetic parameters observed for the different electrode configurations. The features that most
highlight the difference in observed kinetics are the rise time and decay time. The rise time is directly
related to the time it takes for the fusion pore to open and catecholamines to diffuse to the electrode
surface, and the decay time represents the time duration needed for the fusion pore to close or all the
vesicular contents to be consumed. The average rise time for colloidal graphite was 1.58 + 0.04 ms, 1.59
+ 0.04 ms for 5 mM Ru(NH; 63+, 1.84 £ 0.06 ms for 5 mM Fe(CN)G"', and 2.24 + 0.05 ms for 3 M KCI.
The rise time for colloidal graphite and RU(NH3)63+ are similar to each other while the rise times for

Fe(CN)G‘" and KCl when compared to colloidal graphite have increased by about 17% and 40%,
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respectively. Similar trends were observed for the decay time and half-width suggesting more time is
needed to consume the released dopamine for the electrolyte solutions.

These results suggest the kinetics of electron transfer at the cathodic pole cannot be assumed to
be in sufficient excess to facilitate amperometric detection without contributing to the observed signal.
Because the bipolar mechanism involves the electrochemical coupling of two Faradaic processes, the
electron transfer rate at the cathode will partially limit the response. Colloidal graphite acts a direct
connection for the carbon fiber and represents a standard of comparison. Noting the decreased peak
amplitude and longer time components observed for 3 M KCI, there is a statistically significant decrease
in kinetics when oxygen reduction is coupled to DA oxidation. These results show that the sluggish
kinetics of oxygen reduction significantly distort the data towards lower current magnitudes and slower
kinetics. A significant improvement in the kinetics is observed when an additional redox mediator such as
Fe(CN)G‘" is added to the back-fill solution. Furthermore, when Ru(NH3)63+ is present at the cathode,
release kinetics similar to that observed using colloidal graphite can be obtained. We believe that the
faster response for Ru(NH3)63+ arises because it exhibits faster electron transfer kinetics than Fe(CN)64' at
carbon surfaces'®.

In addition to release kinetics, the normalized frequency histogram depicting the amount of
chemical released was plotted in Figure 3c. The data was plotted as the cube root of the catecholamine
released as calculated from the charge; in this manner the event distribution is Gaussian and would serve
better for comparison between different electrode configurations. Additionally, the assumption that the
catecholamine concentration within each vesicle remains constant and the radius of the vesicle is
proportional to vesicle content lends credence to plotting the data in this manner*'"?. The distributions
from each electrode configuration were fit to Gaussian curves as shown by the dashed lines in Figure 3c.
The Gaussian distributions for colloidal graphite, Ru(NH; e, and Fe(CN)64' are in close agreement with
each other while the distribution for KCI is shifted slightly towards a smaller vesicle content and is
statistically different from colloidal graphite. It is important to note that this result arises not because there
is an actual change in the distribution of relative vesicle content within the cells, but because of the slower
kinetics of oxygen reduction in the case of KCI effectively distorting the data. This distortion could be

quite significant in quantal studies. To frame this distortion differently, the average peak area for the
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colloidal graphite configuration is 24.7 £ 0.6 fC and 21.2 + 0.6 fC for 3 M KCI. The smaller peak area from
the 3 M KCI data leads to a 14% decrease in total number of molecules detected compared data obtained
when colloidal graphite was used. Conversely when Ru(NH3)63+ is present in the back-fill solution the
average peak area is 24.0 £ 0.5 fC showing a less than 3% decrease in the number of molecules
detected than colloidal graphite. The only variable that has been changed in this study is the content of
the back-fill solution and our results indicate that the electrochemistry at the does affect amperometric
measurements.

Our previous studies have shown that a limitation imposed on observed response can be
minimized by increasing the mass transfer rate at the excess pole'®. This is accomplished by either
increasing the electroactive surface area or the concentration of redox molecule at the cathodic pole. As
previously mentioned, it can be difficult to control the length of the interior carbon fiber. Increasing the
concentration of redox molecule present in the back-fill solution may be an easier parameter to control.
We conducted additional cell experiments where the concentration of redox molecule was increased to
100 mM for both Fe(CN)s* and Ru(NHs)s’". The results from Fe(CN)s* demonstrated a slight kinetic
increase from the lower concentration with an overall 3% increase in peak amplitude. The rise time
increased while both the decay time and peak half-width decreased to similar values obtained from

3 concentration also caused a minimal increase in kinetics, but

colloidal graphite. Increasing the Ru(NH3)g
it was not determined to be statistically different than the results observed from the lower concentration.
The frequency histograms did not suggest a significant shift in relative vesicle content.

Additional experiments were conducted to test detection efficiency to fast concentration changes
at a bipolar CFE surface by a controlled injection of analyte. A micropipette filled with 100 uM DA and a 5
pm CFE were placed in a solution of isotonic saline and positioned adjacent to one another using two
micromanipulators with the tip of the electrode positioned directly next to the opening of the micropipette.
Dopamine was injected directly on to the electrode surface by applying a 40 psi pulse for 0.1 s from the
femtojet and the applied voltage bias was +750 mV. Figure 4 shows representative peaks obtained from
the amperometric detection of injected DA at different bipolar configurations. Data was pooled from a

minimum of 75 injections collected from 3 different electrodes at each configuration. Data from

quantitatively peak analysis is shown in table 2. The representative peaks display samples whose current
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magnitude is near the average from the pooled data. It was observed when colloidal graphite was used

as the back-fill solution, the peaks were of significantly larger peak area than when electrolyte solution
3- 3+
was used. The peak areas decreased to 96% for Fe(CN)6 , 84% for Ru(NH3)6 , and most notably when

3 M KCI was used the peak area was only 56% of the average value obtained with colloidal graphite. The
injection parameters were kept constant and we believe this contrast arrives from the slower kinetics of
oxygen reduction inefficiently coupling the dopamine oxidation at the sensing electrode surface.

These results are similar to those obtained from our single cell experiments in that the observed
amperometric peaks vary with the mechanism of electron transport in the interior carbon fiber. In contrast
to the cell experiments the released chemicals are spatially confined by the cell and electrode positions,
the dopamine molecules in the injected stream move freely around the electrode and can cause
significant variance in the detected peak. We believe that this also accounts for potential decreases in
the amount of DA detected. In summation, we believe these results in combination with our cell data
confirm that the distribution of current transients and observed kinetic parameters are dependent on
bipolar electrochemistry and significant distortions occur if the electrochemical process at the cathodic
pole is not fast enough. This distortion can be minimized by the addition of a redox mediator with fast

electron transfer kinetics at the cathodic pole.
6.3.3.Voltage Effects on Detection

Figure 5 clearly illustrates one of the principle advantages to a bipolar approach to single cell
analysis, namely the ability to observe exocytotic release with a lower applied electrode potential. Figure
5a is a current versus time amperometric trace collected with a CFE back-filled with 3 M KCI held at +100
mV near a cell and upon stimulation no amperometric peaks were detected. However, when the back-fill
solution was exchanged to 3 M KCI containing 5 mM Fe(CN)64' at +100 mV, secretory events were
detected upon cell stimulation (Figure 5b). It's worth noting that the amperometric trace shown in Figure
5b was collected from the same cell using the same electrode and at the same voltage as Figure 5a. The
only difference is the presence of Fe(CN)G‘" in the back-fill solution of the CFE.

This phenomenon is explained by considering the steady-state voltammogram obtained from a

CFE in a 100 uM DA solution. Figure 6a shows two voltammograms obtained from a single CFE back-
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filled initially with 3M KCI and then with 3 M KCI containing 5 mM Fe(CN)64'. As observed in Figure 6a, in
the voltammogram collected with 3M KCI as the back-fill solution (black trace) the DA oxidation is not
diffusion limited at +0.1 V and zero current was measured. Conversely, in the presence of Fe(CN)64'
(Figure 6a, red trace), the voltage region where DA oxidation is under mass transfer control shifts
towards more negative potentials as a result of electrochemical coupling. This allows current transients
from DA oxidation from cells to occur at lower applied potentials.

To test the utility of amperometric detection at lower voltages, we conducted single cell
experiments with electrodes back-filled with 3M KCI and 100 mM Fe(CN)64' at +200 mV applied potential.
The lower overpotential of +200 mV was selected based upon the i-E curves shown in figure 6a. At +200
mV the oxidative current is observable for both configurations; however in the case of KCl it is not mass
transfer limited and there is an additional kinetic limitation. The vertical lines in Figure 6a indicate the
relative position of this selected potential on the i-E curve. Current transients were measured and kinetic
parameters were quantitated for both 3 M KCI (n = 12 cells, 4 electrodes) and 100 mM Fe(CN)G‘" (n=15,
6 electrodes) and are shown in table 3. The mean peak amplitude observed for 100 mM Fe(CN)64' and
3M KCl was 10.4 £ 0.4 and 8.4 £ 0.2 pA, respectively. The kinetic parameters are slower for both cases
as compared to the values obtained with the similar bipolar configurations at +750 mV. Although the

4

characteristics observed at +200 mV for Fe(CN)g~ are slightly slower than at +750 mV, overall the results

still indicate faster kinetics than that of 3 M KCI observed at both voltages. This data suggests that

improved detection can be observed with an electrode back-filled with Fe(CN)e,4

" at a lower potential than
that of an electrode filled only with KCI at a higher overpotential. This could have important implications
for biological systems sensitive to high voltage application at the sensing electrode surface. Furthermore,
the potential window of detection could be catered and tuned for different electroanalytical applications by
choosing redox mediators with different formal potentials.

The distribution of vesicle content is also affected by lowering the applied voltage. Frequency
histograms comparing the relative vesicle content detected at +200 mV and +750 mV for KCI and
Fe(CN)64'are shown in Figure 6b and 6¢, respectively. From the distribution, it is observed that there is a

significant shift towards greater vesicular content observed at the lower voltage for KCI, whereas the

distribution for 100 mM Fe(CN)64' is not statistically different between +200 mV and +750 mV. The
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distortion which occurs in the KCI data arises not because of a sudden change in vesicular content within
the cell population, but rather because there is a lower amount of smaller peaks detected. By decreasing
the voltage applied the amount of current obtained from a release event decreases. Because peaks are
only observed and quantitated when they exhibit a peak amplitude and area greater than the 5 times
RMS noise threshold, the decrease in peak amplitude occurring at the lower voltage will cause peaks
from small vesicles to be even smaller in magnitude and precluded in the analysis effectively distorting
the data towards larger events. As evident from the kinetic parameters, the peaks which are observed
have a shorter magnitude and a longer time duration, leading to slightly larger peak areas thus skewing
the distribution. This doesn’t occur in the case of ferricyanide because the decrease in average current
magnitude and increase in kinetic parameters occurs proportionately such that the observed peak area

doesn’t shift the distribution of vesicle content.
6.3.4.Electrode Stability

To assess electrode stability, electrodes were exposed to repeated potential cycling of DA.
Electrodes were placed in a solution of 100 yM DA and the potential was cycled at 100 mV/s to
repeatedly oxidize DA at the electrode surface. The potential range for each bipolar configuration was
adjusted based on the observed E;,, such that the total voltage range spanned 1.2 V for each. In this
manner, the relative scan range would be similar for each bipolar configuration. Figure 7a contains a plot
of the normalized steady-state current versus the number of cycles. The steady-state current is
normalized with respect to the steady-state current obtained during the initial scan, iss*. It is observed
that the steady-state current for the colloidal graphite configuration remains relatively constant after 300
cycles with an observed decrease of less than 3%. Conversely, the magnitude of the steady-state current
decreased to 90%, 84%, and 81% of the initial value for Fe(CN)64' and Ru(NH3)63+ and KClI respectively.
We believe this results from a combination of electrode fouling and consumption of redox molecule inside
the capillary. As the potential is cycled and DA is repeatedly oxidized, the electrochemically-coupled
redox mediator inside the capillary will be depleted.

From the voltammograms obtained during the potential cycling, we can gain insight into the role

redox molecule depletion has on electrode response. Figure 7b shows the voltammetric response of a
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CFE back-filled with 3 M KCI at different stages during the potential cycling. The solid line represents the
initial voltammogram and the dashed line represents the voltammogram obtained after 300 cycles. After
300 cycles, the E4;, has shifted to a more positive potential and the current has decreased and does not
reach a clear steady-state response. A similar positive shift in E;» was also observed from the other
bipolar configurations after potential cycling, and no matter how great the decrease in current magnitude
was after continuous potential cycling, the potential needed to drive the reaction to steady-state
increased. After initial cycling, a fresh injection of 3 M KCI was back-filled into the capillary to replenish
any consumed oxygen from the previous cycling to see if the original response could be recovered. The
voltammetric response was generated in the same DA solution and is represented by the dotted curve in
Figure 7b. The magnitude of the steady-state was recovered to 96% of its original value. This suggests
that the loss in current magnitude results directly the depletion of redox mediator and can be recovered.
The E,; is slightly shifted in the negative direction and there is an increase in the charging current. We
believe that these are consequences of the irreversible adsorption of byproducts of DA oxidation to the

% configurations. In the

electrode surface. Similar results were obtained from the Fe(CN)64' and Ru(NHj3)s
case of Fe(CN)64' after 300 cycles the current had decreased to 90% of its initial value and after
replenishing the electrolyte in the capillary 96% of the current was recovered. For Ru(NH3)63+ after 300
cycles the current had decreased to 84% of the initial value and after addition of additional RU(NH3)63+
90% of the current was recovered. In summation, the results of our stability experiments show that

electrode fouling still occurs when a redox molecule is present in the back-fill solution but losses in

current magnitude can be recovered by replenishing the electrolyte.
6.4. Conclusion

We have demonstrated the effect that bipolar electrochemistry has on the detection of exocytosis
from PC12 cells. When an electrolyte solution is used to indirectly establish electrical conductivity in a
CFE, a bipolar mechanism facilitates electron transfer. The observed response is dependent on the
kinetics of the reaction on the interior carbon fiber and when the coupled reaction is oxygen reduction
(such as for a KCI solution), the cathodic reaction cannot keep up with oxidation on the exterior sensing

electrode. This, ultimately, is observed as a distortion in the recorded data. In order to overcome these
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kinetic limitations, a redox mediator such as hexamineruthenium (lll) chloride can be added to the back-fill
solution. By applying bipolar electrochemical principles, the voltage at which current transients occur can
be altered and meaningful detection can be obtained at lower voltages with Fe(CN)64' present in the back-
fill solution. We have also demonstrated that although electrode fouling occurs independently of the
back-fill solution, the loss of current magnitude can be offset by simply supplying more redox molecules to

the back-fill solution.
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6.5. Tables and Figures

Table 6-1. Average kinetic parameters obtained from pooled amperometric data for the electrochemical

detection of dopamine released from PC12 cells at +750 mV applied potential.

Back-fill Solution Amplitude (pA) Rise Time (ms) Decay Time (ms) Half Width (ms) Area (fC)
Colloidal Graphite  16.2+ 0.5 1.58 £ 0.04 1.64 £ 0.04 1.67 £ 0.03 247+0.6
5 mM Fe(CN):- 13.8+0.7 1.84 £ 0.06 1.85+0.08 1.84 £ 0.07 229+1.1
5mM Ru(NH3)63+ 14.8+0.4 1.59 £ 0.04 1.71+£0.03 1.76 £ 0.03 240+0.5
3 M KCI 8.70+0.3 2.24 +0.05 2.26 + 0.06 2.16 £ 0.05 21.2+0.6
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Table 6-2. Average peak area obtained from peaks obtained in figure 6-4. Data is averaged from a
minimum of 75 peaks obtained from 3 different electrodes at each configuration.

Back-fill Solution Amplitude (pA) Half Width (ms) Area (pC) % of total
Colloidal Graphite ~ 341 +7 112+2 341 £ 1 100.
5mM Fe(CN):- 351+8 982 £1.4 327 + 1 96.0
5mMRu(NH)~~ 309%8 97.9+ 1.7 287 + 1 84.1
3 M KCl 195+ 9 88.8 + 3.3 190 + 1 55.6
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Table 6-3. Average kinetic parameters obtained from pooled amperometric data for the electrochemical
detection of dopamine released from PC12 cells at +200 mV applied potential.

Back-fill Solution ~ Amplitude (pA) Rise Time (ms) Decay Time (ms) Half Width (ms) Area (fC)

5mM Fe(CN)63_ 104+ 0.4 1.89 + 0.04 2.2240.04 2.16 + 0.04 225+0.7
3 M KCl 8.4+0.2 2.3440.05 3.25 + 0.06 2.80 + 0.05 28.4+0.9
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Figure 6-1. a) Schematic of a carbon fiber electrode depicting its bipolar nature. b) Normalized steady-
state response observed from the oxidation of 100 uM DA at 2 different 5 um carbon fiber electrodes. The
first electrode was back-filled with colloidal graphite (black) for a pseudo-direct connection to the fiber, the
second was back-filled with various electrolyte solutions: 3 M KCI (blue), 5 mM Fe(CN)64' in 3 M KCI (red),
and 5 mM Ru(NH;)s>" in 3 M KCI (green). Scan rate 100 mV/s.
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20 pA

Figure 6-2. Representative amperometric traces showing the exocytotic response of PC12 cells at
carbon fiber electrodes back-filled with different solutions. Electrodes were back-filled with a) colloidal
graphite, b) 3 M KClI, ¢) 5 mM Fe(CN)64' in 3 M KCl, and d) 5 mM Ru(NH3)63+ in 3 M KCI. The red arrow
indicates the time point at which a high K* stimulant was applied to the cell.
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Figure 6-3. a) Mean peak amplitude and b) kinetic parameters observed for detection at different bipolar
configurations. Cell data was pooled from detection at multiple cells with multiple electrodes; black —
colloidal graphite (n = 13), green — 5 mM Ru(NH3)63+ in 3 M KCI (n=13), red —= 5 mM Fe(CN)64' in 3 M KCI
(n=7), and blue — 3 M KCI (n=12). c) Distribution of vesicle content detected from PC12 plotted as the
cube root of the catecholamine released as calculated from the charge on the electrode surface. Data is
fit to Gaussian distributions shown in dashed lines.
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Figure 6-4. Representative amperometric peaks obtained from the detection of dopamine at a 5 um CFE
via micropipette injection. A micropipette filled with 100 yM dopamine was positioned directly next to a
CFE and a 0.1 s 40 psi pulse injected sample directly to the electrode surface (n = 3 electrodes). Each
spike represents an individual injection. The applied potential was +750 mV. Electrodes were back-filled
with different solutions as indicated.
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Figure 6-5. Voltage-dependence on amperometric detection. a) Current versus time amperometric trace
of a single stimulation event with a CFE back-filled with 3 M KCI held at +100 mV. b) Current versus time
amperometric trace at the same cell with the same electrode back-filled with 100 mM Fe(CN)64' in 3 M KCI
with the electrode potential held at +100 mV.
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Figure 6-6. a) Voltammetric response from the oxidation of 100 uM DA at a 5 um CFE back-filled with 3
M KCI (black) and 100 mM Fe(CN)64' in 3 M KCI (red). The gray dashed lines in the figure represent the
relative location in the voltammogram at which potential was held during amperometric detection.
Distribution of vesicle content detected from PC12 cells at different voltages with different electrolyte
solutions, b) 3 M KCI, and c¢) 100 mM Fe(CN)64' in 3 M KClI, plotted as the cube root of the catecholamine
released. Cell data was pooled from detection at multiple cells; 3 M KCI at +750 mV (n=12), 3 M KCI at
+200 mV (n=10), 100 mM Fe(CN)G‘" at +750 mV (n=12), and 100 mM Fe(CN)G‘" at +200 mV (n=15).
Dashed lines indicate Gaussian distributions that were fit to the data.
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Figure 6-7. The effect of potential cycling on cyclic voltammetry. a) Plot of the normalized limiting
current obtained from the oxidation of 100 uM DA at a carbon fiber disk electrode with various back-filled
solutions versus the sequential scan number. Current is normalized with respect to the initial limiting
current obtained from the first scan. b) Voltammetric response of a 5 um CFE back-filled with 3 M KCl in a
solution of 100 uM DA at different stages of potential cycling, the initial cycle (solid line), after 300 cycles
(dashed line), and after cycling and replacing the back-fill solution with fresh 3 M KCI (dotted line).
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CHAPTER 7 RESISTIVE-PULSE ANALYSIS OF SINGLE PHOSPHOLIPID VESICLES USING QUARTZ
NANOCHANNELS?®

7.1. Introduction

Vesicles are key cellular components and play essential roles in numerous basic biological
f . . . 191 . 192 193
unctions, such as intra- and intercellular transport,”” immune response, *° hormone release ™ and
neurotransmission.'** In addition, artificial large unilamellar vesicles (LUVs) have been extensively utilized
as a model system for biologic membranes.'® It is often important to characterize the size of phospholipid
vesicles in order to more fully understand their biophysical and biochemical functionalities. Such
characterizations have been traditionally carried out using several analytical techniques, including
cryogenic transmission electron microscopy (TEM),'® freeze-fracture electron microscopy,'® and

dynamic light scattering (DLS).'%

Electron microscopy-based techniques provide direct observation of the
size and shape of individual vesicles. However, such characterizations normally involve time-consuming
sample preparation and complicated instruments and the vesicle samples are destroyed in the imaging
process. Light scattering techniques on the other hand, offer fast and noninvasive characterization of
vesicles suspended in solution. It is important to note that such measurements often require relatively
large amount of samples and can only yield statistical results based on analyzing many vesicles.'®®

In many cases, it is advantageous to characterize individual vesicles in solution noninvasively so
that other analytical techniques can be combined on the same vesicles to analyze their other
properties,200 e.g., their neurotransmitter concentration or vesicular protein content. The aforementioned
analytical methods have failed to provide such opportunities. Harris and co-workers recently reported a
method quantify the molecular occupancy of vesicles using quantitative fluorescence microscopy by
encapsulating dye molecules inside the vesicle.”®! Chiu and co-workers also reported a powerful method
of measuring the hydrodynamic size of single fluorescently-labeled vesicles by measuring their diffusion

coefficient.?*

While these methods both deliver further insight into vesicle characterization, both require
vesicle labeling. We have been interested in developing nanopore-based analytical methods to analyze

individual vesicles directly isolated from single neurons or model neuronal cells without. Such vesicles

5 Portions of this section are excerpted from a manuscript in preparation. Research was done in collaboration with
Ernest Tomlinson, and Marissa Wood.
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can range from below 50-nm for presynaptic neurons“" to as large as several hundred nm in diameter for

certain model cells.?®

Here, we wish to present our results in using resistive-pulse methods to
quantitatively analyze the size of individual phospholipid vesicles ranging between 100 to 300 nm.
The since the advent of the Coulter counter®® the resistive-pulse methods have been extensively

208 addition, commercial

studied to analyze micro- and nanoparticles and single small molecules.
instruments based on resistive-pulse sensing are available to analyze biomedical samples and
micrometer-scale particles. Resistive-pulse methods measure a transient change of an ionic current
flowing through a nanopore or nanochannel, which occurs when an analyte particle translocates through
the nanopore.””” The change of the ionic current is generally closely related to the volume of the analyte
particle, which provides the basis for measuring the size of the analyte particle. Figure 7-1 shows a
cartoon of a vesicle entering the sensing zone of a cylindrical nanochannel (not drawn to scale) and the
corresponding current-time pulse response for a single detection event. As a vesicle passes through the
nanochannel, a resistive current pulse is observed with amplitude that is directly related to the size of the

particle,zm'208

d3
led?

Aig
5= S(ds, de) (7-1)

where i. is the baseline current, Aj; is the amplitude of the current pulse, d; is the diameter of the particle,
d; is the diameter of the nanochannel, and /.’ is the “end effect” corrected length given by: I; =1, +

0.785d.. The correction factor S(ds, d.) is dependent on the ratio of d; to d;,

== (7-2)

The Crooks’ group has pioneered the use of novel carbon nanotubes to quantitatively analyze single

209

polymer nanoparticles as small as ~55 nm in diameter.”™ Further research has integrated resistive pulse

sensors in microfluidic devices for the analysis of other nanoscale objects.210

In addition to analyzing the
size of single nanoparticles, resistive-pulse methods have been utilized to study molecular interactions
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211215 Here, we demonstrate that resistive-pulse methods are effective to

and molecule-pore interactions.
analyze single phospholipid vesicles prepared by lipid extrusion. Single vesicles and polystyrene
nanoparticles in the range of 100-400 nm in diameter have been analyzed using cylindrical quartz
nanochannels prepared on glass micropipettes. In this work, nanoparticles and vesicles are driven
through quartz nanochannels via an applied pressure. Polystyrene nanoparticles were used as a size
standard for comparison with vesicle samples. Our results show that the nanochannel methods can be
used to accurately detect and analyze single vesicles of different sizes. This method has a couple clear
advantages. Nanochannels fabricated in this manner are robust and low-cost and lead to quick sample
analysis. Furthermore this method may have important implications for vesicle analysis because there is
no need for fluorescent labeling. This will allow direct analyst of vesicles isolated from cellular samples.
Additionally because vesicle populations are not altered by the detection mechanism this method has

potential to be coupled to other analytical methods to yield comprehensive information about the size and

content of individual vesicles.

7.2. Experimental Section

7.2.1.Preparation of Phospholipid Vesicles

Vesicles were prepared by extruding a hydrated lipid solution through a polycarbonate
membrane.?’® In this process a lipid film was prepared by taking 200 uL of chloroform solution containing
5 pg/mL lipids and evaporating the chloroform under a stream of nitrogen gas. The film was placed under
vacuum in a desiccator for 2 hours to remove residual solvent. The lipid films were stored in a -15 °C
freezer until further use. To hydrate the lipid films, 1 mL of 1x PBS buffer solution (pH = 7.3) was added
and the resulting lipid solution was heated to 40 °C and allowed to hydrate for a minimum of 30 minutes.
The hydrated lipid solution was diluted by a factor of 50 and extruded 15 times through a polycarbonate
membrane. In order to obtain vesicles of different sizes, 100 nm and 200 nm pore size diameter
polycarbonate membranes were used. Size distributions from the prepared vesicle population the size of
the vesicles were determined by DLS using a Malvern Zetasizer Nano ZS. The results reported were the

average of 3 DLS runs.

7.2.2.Resistive-Pulse Sensing of Single Nanoparticles and Vesicles
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Particle detection was carried out in a custom built Lucite pressure cell with a 1 mL sample capacity.
A schematic of the pressure cell is shown in Figure 7-1c. A constant pressure was supplied by a
Femtojet microinjector (Eppendorf) in continuous flow mode. Unless otherwise noted, all the pressures
are applied from the outside of the nanochannel vs. the inside. The nanochannel is fixed inside the Lucite
cell and suspended in a buffer solution. The voltages reported in this work refer to voltages that were
applied on the inner reference electrode versus the reference electrode on the outside of the channel in
the bulk solution. Current-time traces for vesicles and polystyrene nanoparticles were recorded with an
Axopatch 200B amplifier (Molecular Devices) and observed in real time with the Axoscope software
package (Molecular Devices). The current-time traces were acquired using a Digidata 1440a (Molecular
Devices) interfaced with a Dell computer. A 1.0 kHz low-pass filter on the 200B amplifier was used during
the data acquisition. No further filtering was applied. Resistive pulses from the amperometric data were
analyzed using Mini Analysis (Synaptosoft Inc.). Pulses were counted as a detection event if the
amplitude of the current and the area under the curve exceeded a threshold of five times the root-mean-
squared noise for a flat 5-s recording at the beginning of each experiment. The data from Mini Analysis
was manually evaluated to exclude double peaks and peaks that arose from electrical noise as well as

manually include peaks that were not detected due to their proximity in the current trace.

7.3. Results and Discussion

7.3.1.Characterization of Cylindrical Quartz Nanochannels

Resistive-pulse sensing uses a transient current pulse to analyze individual nanoparticles. In
order to analyze the size of single nanoparticles and vesicles, it is necessary to fully characterize the
geometry of the nanochannels. For a cylindrical quartz nanochannel, the critical geometric factors are the
diameter and length. In this work, the channel length is readily determined with ~10% uncertainty by
optical microscopy for ones that are longer than 5 ym. This method is limited by the resolution of the
microscope and it is difficult to measure shorter nanochannels. Once the length is measured, the
diameter can be determined from its ionic resistance in a salt solution of known resistivity. The ionic
resistance of a cylindrical-shaped nanochannel is proportional to its length, /;, and inversely proportional

to the square of its diameter, d,’,
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2 (7-3)

where R is the resistance and p is the resistivity of the solution. As an example, figure 7-2a shows the
current-voltage response of a nanochannel in a 0.1 M KCI solution. The i-V response displays a linear
behavior characteristic for a cylindrical nanochannel. The ionic resistance as determined from the slope of
the plot is 82.5 MQ, which corresponds to a diameter of 640 nm. Figure 7-2b shows an SEM image of the
same nanochannel. The diameter of the orifice in this SEM image is ~670 nm in good agreement with that

measured from resistance measurement.
7.3.2.Resistive-Pulse Sensing of Polystyrene Nanoparticles

The goal of our current work is to use cylindrical quartz nanochannels in the range of 400-600 nm
in diameter to characterize the size of individual phospholipid vesicles. To test the applicability of using
quartz nanochannels in this manner we used polystyrene nanoparticles between 170 and 400 nm in
diameter as size standards to validate our methods. We have previously reported detection of
nanoparticles as small as ~40 nm in diameter using quartz nanochannels below 150 nm in diameter.*®
The purpose of the previous work was to demonstrate the detection of nanoparticles. We did not
previously explore the use of such nanochannels for sizing nanoparticles. Both the nanochannels and the
analyte particles were significantly smaller than the ones used in the current study and were driven
through the channel by electroosmotic force. The vesicles used in this study do not contain a significant
surface charge and in order to drive the particles through the channel an external pressure was applied.
By using the constructed Lucite cell a constant pressure is applied outside the nano channel and
controlled so that particles will traverse the channel and their translocation monitored amperometrically
without electroosmotic flow.

Figure 7-3a shows three current-time traces of a 470-nm-diameter quartz nanochannel (/, = 40
pm) in a 0.1 M KCI solution containing 0.1% Triton X-100. The top trace is the result of a control
experiment in which no nanoparticles were present in the solution. A steady baseline was observed at a
voltage bias of -1 V and 1 PSI. The middle trace shows individual detection events for 175 nm

polystyrene nanoparticles. Stochastic current pulses were clearly detected after particles were added to
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the external solution indicating translocation of nanoparticles. The concentration of nanoparticles was 1.8
x 10" particles/ml. Unlike conical nanopores, cylindrical quartz nanochannels give square resistive pulses
due to their uniform diameter. The bottom trace shows an individual detection event with a characteristic
square wave shape, however this is only true for cylindrical nanochannels with length much greater than
their diameter.

For square resistive pulses shown in figure 7-3a, the pulse height can be readily determined. The
average pulse height in this trace is about 5.5 pA corresponding to a nanoparticle size of ~210 nm in
diameter. Figure 7-3b shows the size distribution of polystyrene nanoparticles measured by this
nanochannel. About 700 nanoparticles were analyzed to yield a particle diameter of 213 + 9 nm. We
have repeated such measurements with multiple nanochannels of different sizes and compared our
nanochannel results with particle diameters measured from DLS and SEM. Table 1 shows a comparison
of the particle diameters determined from three different methods, DLS, SEM and the resistive-pulse
method. For the 175-nm particles the particle size measured by DLS was 194 + 31 nm in diameter, which
is slightly larger than the mean particle size of 175 nm given by the manufacturer. From SEM the
observed particle size was 186 = 7 nm. We believe that the particles detected in this experiment are
slightly larger than the value obtained by SEM because of particle swellingError! Bookmark not defined.

and inherent differences in the experimental methods.?*

DLS functions by correlating the diffusion of
particles under Brownian motion to the particle size using the Stokes-Einstein relationship. In this method
the hydrodynamic diameter of the particle is measured which is slightly larger due to the surface
chemistry of the particles. The polystyrene spheres employed in this study are terminated with a sulfate
ester and it has been demonstrated that in the presence of an aqueous or polar solvent, sulfonated

217 \We assume that the diameter obtained

polystyrene spheres will swell and slightly increase in size.
from our nanochannel experiments is similar to the hydrodynamic radius obtained by DLS because the
particles are suspended in the same running buffer. Conversely the particles analyzed via SEM are dry
and hydrodynamic effects caused the particle’s surface chemistry can be ignored yielding slightly smaller

particle sizes.”®

We repeated the detection experiments with 5 quartz nanochannels of different sizes
and we observed the average particle size to be 198 £+ 40 nm for the nominal 175 nm polystyrene

spheres. This value is in good agreement with the DLS data and within 6% of the value obtained from
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SEM. For the larger 356 nm particles similar results are obtained with the particle size closely matching
the DLS data and within 3% of the diameter obtained by SEM imaging. This demonstrates that the size
of nanoparticles can be accurately determined by the resistive pulse method using quartz nanochannels.
In our experiments the translocation of nanoparticles is mainly driven by the applied pressure
rather than electrophoretic forces. There is a slight anionic charge on the particles from a sulfate ester
groups on the surface however the surface charge is negligible. This is manifested in the data by the fact
that particle detection occurred at both positive and negative voltages and there was no obvious
difference in the frequency of particle detection. In addition, there was no dependence of particle size on
pulse width but the scatter of the pulse width is the same for +1 and -1 V bias voltages. Figure 7-3c is a
plot of calculated particle diameter against the pulse width at both positive and negative voltages under
the same applied pressure. One can clearly see that the majority of the nanoparticles are around 200 nm

in diameter with a translocation time 1 of ~9 ms.

7.3.3.Resistive-Pulse Sensing of Vesicles

We have used the same principle to analyze single phospholipid vesicles in the range of 100 to
300 nm in diameter. To the best of our knowledge, this is the first demonstration that
nanopore/nanochannel sensors are used to quantify single phospholipid vesicles. Figure 7-4a displays i-t
traces of a 430-nm-diameter cylindrical quartz nanochannel (I = 21 um) in a 1x PBS buffer solution
containing 20 pug/ml of 200 nm DOPC vesicles. The top panel of figure 7-4a is the result of a control
experiment showing an i-t trace of this nanochannel in the absence of vesicles. A nice and stable
baseline current is obtained. The middle panel shows an /-t trace of the same nanochannel in the buffer
solution in the presence of vesicles. Individual current pulses are clearly seen indicating detection of
single vesicles. One can immediately notice that the pulse magnitudes in this case are not as uniform as
that in the case of the polystyrene nanoparticles. This is likely due to a broader distribution of vesicle
sizes. An individual square-shape resistive pulse is shown in the bottom panel of figure 7-4a. The shape
of this peak is similar to those observed from polystyrene nanoparticles suggesting that the vesicles can

be analyzed in a similar manner.

114



Figure 7-4b shows the size distribution of 100 nm DOPC vesicles as determined from resistive-
pulse sensing using a 570-nm-diameter nanochannel. Roughly 1700 vesicles were analyzed in this plot
and the vesicle size as determined from equation 1 was 144 £ 23 nm in diameter. The mean particle size
is in good agreement with the value obtained from DLS. Figure 7-4c also shows a similar distribution for
a solution of 200 nm DOPC vesicles using a 490-nm-diameter nanochannel. The average vesicle size
was calculated to be 213 + 37 nm in diameter. The red curves in both graphs represent the size
distribution determined from DLS measurements. From DLS the DOPC vesicles extruded through a 200
nm polycarbonate membrane were measured to be 188 + 85 nm in diameter, and vesicles that were
extruded through a 100 nm membrane were 140 + 48 nm in diameter which is within typical range of
vesicles prepared in this manner.?'®

As one can see, in both cases the size distributions we observed via resistive-pulse sensing were
significantly narrower than DLS. The differences in the mean diameters determined from DLS and
resistive-pulse sensing are likely due to the limitation of our current nanochannel-based method. The
analysis of single phospholipid vesicles using nanochannels is based on finite changes in the ionic
current of the nanochannel caused by vesicle translocation. Only vesicles in a certain size range can be
analyzed due to size requirements in this strategy. There are two geometric size thresholds that exist in
this type of detection. First, some vesicles may not be detected if they are too large to pass through the
nanochannel. At times this can be problematic and lead to the channel being blocked by larger particles.
Blockage occurs randomly channels were unblocked by sonication or by rapidly changing the applied
pressure and voltage. In some cases channels were unable to become unblocked. Secondly, some
smaller vesicles are not detected because the change of the ionic current as they traverse the channel is
not large enough to be detected by the nanochannel. For example the observed baseline current from
the quartz nanochannel (d, = 570 nm, |, = 6.8 ym) used for the detection of 100 nm vesicles at 1 V
applied potential was roughly 40 nA with a RMS noise of 2.823 pA. In preliminary studies we observed
that a value of 5 times the RMS noise was optimal threshold to use in the data analysis. When the
threshold was set lower than that value it was observed upon manual inspection of the data that small
fluctuations in the baseline current and random noise would be included as detection events. When

analyzing the peaks from the current trace, a threshold of 5 times the RMS noise or 14.115 pA was used
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thus eliminating any smaller pulses. This current threshold would correspond to a particle diameter of
roughly 79 nm. Hence vesicles below that size would not be detected. In both these cases vesicles with
diameters larger than the diameter of the channel and smaller than the detection limit are precluded in the
analysis and the determined population statistics will differ. In order to offset these effects one can
choose channel dimensions appropriate for the desired analysis. Knowing that vesicle samples can
contain broad distributions of vesicle sizes, we chose to use larger diameter nanochannels so that we
would include the bulk of the sample in our analysis. Because the size threshold exhibited by resistive-
pulse sensing is dependent on both the channel diameter and length as shown in equation 1, with a
larger diameter a shorter channel length is beneficial to lower the size detection threshold. For this

reason we chose shorter channels when analyzing smaller vesicles to lower the size limit of detection.
7.3.4.Simultaneous Analysis of Nanoparticles and Vesicles

In order to explore the detection of mixtures of nanoparticles and vesicles, we sought to analyze
solutions containing polystyrene particles of different sizes. Figure 7-5a is a plot of the particle size
distribution from a current-time trace in a 0.1 M KCI solution containing 0.1% Triton X-100, 195-nm
particles at nominal concentrations of 1.6 x 10" particles/ml, and 375-nm particles at 1.6 x 10"
particles/ml. Two distinct populations of nanoparticles are clearly resolved, the first with a diameter of
210 £ 8 nm and the other of 393 + 4 nm, both of which are in agreement with the DLS results. Although
the concentrations of the particles were the same in solution, there were clearly less detection events for
the larger particles. We observed roughly 600 events for the 195-nm particles and only ~100 for the 375-
nm particles. We believe this is due to size exclusion due to geometric confinement of the

nanochannel.?'

The effective concentration of the 375-nm particles is roughly 15% of that of the 195-nm
particles inside a 470-nm nanochannel. Figure 7-5b contains a plot of the pulse width versus calculated
particle size. The two distinct particle sizes are easily resolved. The size of the particle doesn’t affect
their translocation time, and larger particles translocate the channel at a similar velocity as the smaller
ones. This is evident in the similarities between the pulse widths.

With the ability to discriminate between two different-sized particle populations, we desired to

utilize the quartz nanochannels to analyze solutions containing both vesicles and nanoparticles. Figure 7-
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6a shows current-time traces in a 1x PBS buffer, 0.002% Triton X-100 solution containing 20 mg/mL 100
nm DOPC vesicles with increasing amounts of 375 nm polystyrene nanoparticles. The same sample of
vesicles was used and volumes of a polystyrene nanoparticle suspension were added to the sample
yielding the concentrations shown. It can be qualitatively observed that as the amount of polystyrene
spheres increases so do the counts of larger resistive pulses while the counts of vesicle detection events,
smaller pulses, remains relatively unchanged. The current-time traces exhibit a stark contrast in the
amplitude of the observed pulses and two distinct size ranges are observed. The observed particle size
distributions coincide with the results for vesicle detection. Figure 7-6b contains the quantitative analysis
and population distributions of the data from figure 7-6a. The two particle populations are easily resolved
with the vesicle population centered around 160 nm and the polystyrene nanoparticles centered around
380 nm. The black trace is the solution before any nanoparticles have been added. In this sample the
average vesicle diameter is 157 £ 22 nm and no polystyrene peaks are present. As the concentration of
polystyrene spheres increases, a peak centered on 380 nm appears in the histogram which increases in
size when more particles are added. As more polystyrene spheres are added there is a slight increase in
the size of the smaller vesicle peaks and the population distribution broadens. We believe this result is a
byproduct of adding surfactant to the solution as more polystyrene spheres are added. As shown in
figure 7-6¢, there is a linear dependence on the counts of polystyrene detection and the vesicle frequency
is relatively unchanged. This experiment further demonstrates that we are indeed detecting polymer
spheres and vesicles concurrently and that each particle population can be individually analyzed on the

basis of their size.

7.4. Conclusions

Cylindrical quartz nanochannels have been used to analyze phospholipid vesicles and polystyrene
nanoparticles using the resistive-pulse methods. Using these nanochannels we were able to analyze
individual polystyrene nanoparticles and phospholipid vesicles in the range of 100 to 400 nm in diameter.
Our results show that the particle size distributions obtained using quartz nanochannels are similar to
those obtained from DLS and SEM. This is a powerful method for analyzing individual vesicles with

several advantages compared to previous methods. First, it uses single glass nanochannels which can be
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easily prepared from cheap materials using bench-top equipment. As an electronic-based technique, it
allows for quick analysis of single vesicles within seconds. A limitation of this technique is that only
particle size information can be determined from this method and if multiple particles types exist in a
sample they will only be differentiated on the basis of size. However another distinct advantage of this
method is that it can be combined with other analytical methods, such as amperometry and fluorescence

microscopy, to yield more comprehensive information about biological and artificial vesicle samples.
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7.5. Tables and Figures

Table 7-1. Measurements of polystyrene particle diameters using DLS, SEM, and nanochannel sensing.

Nominal size DLS SEM Nanochannel
175 nm 194 + 31 186 +7 198 + 40
356 nm 375+ 67 369 +6 378+7
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Figure 7-1. (a) A schematic diagram of a vesicle passing through a nanochannel. The length of the
channel is given by /. and the width by d,, the diameter of the particle is ds. (bottom) A current pulse
caused by a vesicle passing through the channel. The pulse height, Aj, relative to the baseline current, i,
, reflects the change in the ionic resistance. T1 is peak width and correlates to the amount of time the
vesicle spends in the channel. (c) A schematic of the Lucite pressure cell constructed for this analysis.
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Figure 7-2. (a) An i-V response of a 640-nm-diameter quartz nanochannel in a 0.1 M KCI solution. (b) An
SEM image of the same nanochannel.
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Figure 7-3. (a) Current—time traces for a quartz nanochannel (/; = 40 ym, d, = 470 nm) in a 0.1 M KCI
solution containing 0.1% Triton X-100 in the absence (top) and presence (middle) of 195 nm polystyrene
spheres (1.8 x 10 0 particles/mL) at a -1 V voltage bias and 1 PSI. (bottom) An individual detection event
from the middle trace. (b) histogram of particle size detected by a nanochannel (/. = 40 uym, d, = 470 nmg
in a 0.1 M KCI and 0.1% Triton X-100 solution containing 195 nm polystyrene spheres (1.6 x 10
particles/mL) at voltage bias of -1 V and a pressure of 1 psi. (c) Plot of the calculated particle size versus
the pulse width at +1 V applied voltage at the inner electrode (red), and -1 V applied voltage. In both
cases a 1 PSI pressure was applied.
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Figure 7-4 . (a) Current-time traces for a 430-nm nanochannel (/. = 21 ym) in a 1x PBS buffer solution in
the absence (top) and presence (middle) of 200 nm DOPC vesicles (20 yg/mL) at a -1 V voltage bias and
1 PSI. (bottom) Zoomed in current-time trace showing an individual detection event. (b) Histogram of
vesicle size detected by a 570 nm nanochannel (/; = 7 um) in a 1x PBS buffer solution containing 100 nm
DOPC Vesicles (20 pg/ mL) at voltage bias of -1 V and 1 PSI. (c) Histogram of vesicle size detected by a
490 nm nanochannel (I, = 45 ym) in a 1x PBS buffer solution containing 200 nm DOPC Vesicles (20 ug/
mL) at voltage bias of -1 V and 1 PSI. Red curve represents the Gaussian distribution of particle size as
determined by DLS, and the green curve represents a particle distribution as obtained from the
nanochannel.
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Figure 7-5. (a) Histogram of particle size detected by a 470-nm-diameter nanochannel (I, = 40 ym) in a
0.1 M KCI and 0.1% Triton X-100 solution containing 195 nm and 375 nm polystyrene spheres (both at
1.6 x 10° particles/mL) at voltage bias of -1 V and a pressure of 1 PSI. (b) Relationship between pulse
width and particle diameter for the mixed solution of 195 nm and 375 nm polystyrene spheres.
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Figure 7-6. (a) Current-time traces for a 570-nm-diameter nanochannel (19.1 um length) in a 1x PBS
solution containing 0.002% Triton X-100 and 100 nm DOPC Vesicles (lipid concentration 20 pg/mL) with
increasing concentrations of 375 nm polystyrene spheres at an applied potential of -1 V and a pressure of
1 PSI. Concentrations indicated reflect the concentration of polystyrene particles in the sample solution.
(b) Histogram of additive particle detection data showing the population distributions of vesicles and
increasing amounts of polystyrene spheres. (c) Particle detection counts plotted as a function of added
polystyrene concentration.
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