©Copyright 2025

Ruixuan Wan



Fundamental Investigations of Single-entity Electrochemistry towards Ultrasensitive Biosensing

Ruixuan Wan

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington

2025

Reading Committee:
Bo Zhang, Chair
Dan Fu

Joshua Charles Vaughan

Program Authorized to Offer Degree:

Chemistry



University of Washington

Abstract

Fundamental Investigations of Single-entity Electrochemistry towards Ultrasensitive Biosensing

Ruixuan Wan

Chair of the Supervisory Committee:
Bo Zhang

Department of Chemistry

This dissertation explores novel advances in single-entity electrochemistry, with a focus on understanding
nanoscale electrochemical processes and developing innovative sensing platforms. Chapter 2 investigates
the electrocatalytic behavior of individual Pt nanoparticles on electrode-solution interface using a single-
nanoparticle collision approach. The study reveals that molecular adsorption and dynamic changes in the
local chemical environment critically influence catalytic responses. Furthermore, the observed steady-
state currents are found to be governed by either chemical kinetics or mass transport limitations,
providing key mechanistic insights into single-nanoparticle electrochemistry. In Chapter 3, a glass
microbulb (GMB) nanopore is employed to study the transient bipolar electrochemical behavior of single
metal nanoparticles. The design of GMB enables high-throughput recording of translocation events with
minimal clogging. The ionic current response exhibits biphasic signals at low voltages and oscillatory
behavior at higher potentials, suggesting the formation of transient nanobubbles on moving nanoparticles.
These findings advance the development of ultrasensitive biosensors based on single-entity bipolar
electrochemistry. Chapters 4 and 5 focus on the development of optical imaging techniques for single-

entity electrochemical detection. Chapter 4 explores the use of electrogenerated chemiluminescence



(ECL) to image gold nanoparticle translocations, identifying key challenges such as nanoparticle
residence time, faradaic efficiency, and optical sensitivity. Chapter 5 introduces a novel dark-field
microscopy (DFM) platform based on closed-bipolar electrochemistry, enabling real-time optical
monitoring of electrochemical reactions. This system demonstrates quantitative detection capabilities,
serving as a promising optical reporter for transient single-entity electrochemistry. Collectively, this work
advances fundamental understanding and practical applications of single-entity electrochemistry, paving
the way for next-generation biosensing, nanoscale electroanalysis, and high-throughput single-particle

studies.
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CHAPTER 1 INTRODUCTION

1.1 Single-Nanoparticle Collision Electrochemistry

Over the past two decades, single-entity electrochemistry (SEE) has emerged as a powerful tool for
resolving individual analyte units within a bulk electrochemical response. Among SEE techniques, single-
nanoparticle collision electrochemistry (also termed nanoimpact electrochemistry) has become a prominent
electroanalytical approach for probing nanoparticle (NP) properties and behaviors at the single-particle
level. This method relies on the stochastic collisions of micro- or nanoscale entities with a voltage-biased
ultramicroelectrode (UME), generating discrete current transients that reflect dynamic interactions between
the NPs and the charged electrode surface. !

The nature of the collision-induced current signals depends on the composition, and catalytic activity
of NPs, as well as the electrode properties. These signals may arise from the blocking of faradaic processes?,

direct NPs oxidation >, or electrocatalytic amplification driven by the NPs®’. Such measurements provide

9,10 11,12

1314 and

critical insights into particle size®, aggregation state®!°, concentration''!?, catalytic activity
interfacial interactions'>. To date, this approach has been applied to diverse nanomaterials, including
metals'®, dielectrics!’, organic NPs!®, and biological species'®. Moreover, single-nanoparticle collision
electrochemistry has enabled the development of sensitive biosensors for detecting microRNAs?’, cancer
cells?!, and viruses?.

In 2007, Bard and co-workers published a key detection scheme of single-nanoparticle collision
electrochemistry that used electrocatalytic amplification.® This method uses an inner sphere redox mediator
whose redox kinetics are material-specific. Examples of redox mediator reactions include hydrazine
oxidation**?*, hydrogen peroxide oxidation?’, and proton reduction’*?’. An electrode material that is
kinetically sluggish toward the redox mediator is biased to a potential where it does not drive a reaction. A

more catalytically active NP collides on an electrode surface, guided by diffusion and migration. Upon the

arrival of NP, when the NP first contacts the electrode surface, it adopts the potential of the electrode and



produces a charging current that is too small to measure.?® Then the redox mediator undergoes a redox
process that generates a transient current signal. This method has been extensively used to study the
electrocatalytic properties of individual NPs, further expanding the structure-function relationship
regarding NP catalytic activity.

In this detection scheme, the electrode material, redox mediator, and NP composition are all critically
important factors. For one, these parameters will contribute toward whether the generated shape of the
current is a step or a spike. A step is produced from an uninterrupted redox reaction with the mediator. In
Bard’s theory, the current is generated due to a diffusion-limited redox reaction.?’ If one assumes that the
faradaic redox process is controlled by diffusion and the surface concentration of the redox mediator at the
NP surface drops to zero at the applied potential, then the magnitude of the diffusion-controlled current step
can be calculated using Equation 1 for spherical particles in contact with a planar electrode.? Here, Lssphere)
is the magnitude of the current step, # is the number of electrons transferred, ' is Faraday’s constant, D and
C" are the diffusion coefficient and bulk concentration of the redox mediator, and  is the radius of the
colliding NP:

I = 4n(In2)nFDC*r (D

S(sphere)

A spike, however, can form under varying conditions. In the simplest case, a spike may be observed
when the NP collides and then quickly leaves the electrode surface, thus only generating current for a short
period of time. It’s also possible for a ‘deactivation’ mechanism to occur, in which the NP loses some of
its catalytic ability due to surface passivation. Deactivation has been proposed to occur due to the formation
of bubbles from the reaction of the redox mediator, either encapsulating the entire particle or simply

covering a portion of the NP surface area. 3* 3!

A freshly nucleated nanobubble of nitrogen, formed in the
oxidation of hydrazine for example, was recently determined to require approximately 8000 molecules and
have a radius of about 8 nm, which would be small enough to generate on the surface of an appropriately
sized NP.>*> A deactivation mechanism specific toward platinum (Pt) NPs colliding on hemispherical

mercury electrodes has also been established **-*°. Upon collision, the Pt NP either sinks into the liquid

mercury or is ‘poisoned’ by the formation of an amalgam, thus deactivating the particle and forming a



spike-shaped current. Recent advances in ultrafast chronoamperometry have revealed previously
unresolved features in collision dynamics.?*3¢3® This technique clearly distinguishes rapid processes (e.g.,
us-scale hydrogen monolayer formation during hydrogen-evolution reaction) from slower catalytic steps
(e.g., ms-scale sustained hydrogen evolution).*® These findings demonstrate that current transients serve as
sensitive reporters of both interfacial processes and reaction mechanisms, providing rich information about
NP dynamics and surface chemistry.

Previous studies have demonstrated that diffusion-limited models fail to fully account for the
behavior of certain electrocatalytic amplification collision systems. For example, in a hydrazine system,
experimentally measured step currents are significantly lower than the predicted value (calculated by E1)
based on particle radius and bulk hydrazine concentration?-**2, Notably, reported ratios between the
expected and observed current vary widely, ranging from 3 to 20. While prior work has attributed these
discrepancies to potential variations in hydrazine’s diffusion coefficient, such an explanation would require
an unrealistic ~10-fold change in diffusion coefficient, suggesting that the diffusion-limited assumption
may not hold under certain conditions.

To explore alternative mechanisms beyond the diffusion-limited model, in Chapter 2, I report a
mechanistic study of the electrocatalytic response of single Pt NPs on a carbon UME in a hydrazine solution.
Through high-temporal single NP collision measurement, my study shows their catalytic response is
characterized by a sharp, <50 us-long current spike followed by a steady step-current signal. My results
suggest that the current spike is due to the quick oxidation of hydrazine molecules pre-adsorbed onto the
NP surface, while the step current reflects the continuous catalytic oxidation of protonated hydrazine, which
goes through a deprotonation and adsorption step on Pt. Since each protonated hydrazine molecule releases
five protons upon complete oxidation, a drastic decrease in local pH can be expected in the vicinity of the
NP. This pH shift in turn limits the rate of adsorption and the steady-state oxidation current one can observe
from each colliding particle. My study reveals the key importance of molecular adsorption and the changing
local chemical environment (e.g., pH) to the observed catalytic response of single NPs and highlights that

steady-state currents in their measurement may be chemically or mass-transport limited.



1.2 Nanopore Sensing

Nanopores represent a powerful class of sensors consisting of nanometer-scale apertures, which can
be either formed by biological ion-channel proteins or engineered in solid-state materials. The fundamental
concept originates from the Coulter counter principle, where particle counting was first achieved by
detecting micrometer-scale pore blockages.*® Since then, nanopore sensing has emerged as a versatile
platform for SEE, enabling the detection and characterization of diverse analytes including DNA*, RNA*,
peptides*, proteins*’, viruses*®, small molecules*’, and nanoparticles*°.

In biological nanopore systems, ion-channel proteins (e.g., a-hemolysin, a-HL) are embedded within
lipid bilayers to form well-defined nanopores.’! These protein pores offer distinct advantages including
precise, reproducible pore dimensions and modifiable inner wall chemistry through protein engineering.
However, their analytical applications face three key limitations: (1) lipid bilayer instability®?, (2)
challenges in controlled channel insertion>’, and (3) time-dependent current decay>*. Solid-state nanopores
address these limitations through scalable fabrication techniques, including glass pipette pulling, controlled
dielectric breakdown, and advanced nanofabrication methods such as focused ion beam milling, electron-
beam lithography, and atomic layer deposition.’>-® These approaches enable precise pore-size engineering
across the 10—100 nm range, combining reproducibility with tailored physicochemical properties for diverse
sensing applications.

The majority of nanopore systems operate via the resistive-pulse mechanism. In a typical
configuration, a pair of driving electrodes (usually Ag/AgCl) are placed on two sides of the pore. Then a
constant potential is applied across the substrate containing the nanopore through the driving electrodes,
while the resulting ionic current is monitored with high temporal resolution. NPs translocation events
generate characteristic resistive current signals due to partial blockage of the pore, which leads to ion

depletion and thus causes resistive peaks.’’8

However, several studies have also reported the occurrence
of conductive or biphasic peaks (conductive peak followed by resistive peak) during the translocation of

conductive NPs. The phenomenon of the current enhancement can be influenced by electrolyte



concentration, NP-to-pore size ratio, and the NP surface charge.” The prevailing explanation in the
literature attributes conductive events to the counterion cloud surrounding NPs, which enhances local ion
accumulation inside the nanopore under low-salt conditions.*** Additionally, in polymer-electrolyte
nanopores, resistive peaks emerge when the NP size closely matches the pore dimensions.®*® The signal
transitions from biphasic (resistive-conductive) to purely conductive as the NP size decreases relative to
the pore (or vice versa). This behavior is attributed to the deformation of the nanopore’s liquid-liquid
interface (between the inner aqueous salt solution and outer polymer electrolyte) by the translocating NP.
The resulting ionic rearrangement enhances current, which shows conductive or biphasic peaks. The rich
information encoded in translocation events, including signal shape, amplitude, and duration, enables
quantitative characterization of analyte size®, dynamic conformation®’, electrophoretic mobility®®, and
surface charge®. Moreover, translocation frequency provides a direct measure of analyte concentration,
facilitating both quantitative analysis and single-molecule detection.”

Beyond traditional translocation-based sensing, which relies solely on non-faradaic ionic current,
recent advancements in nanopore-based wireless sensing have gained significant attention due to their
ability to provide additional faradaic information at the nanoscale. In a nanopore-supported nanoelectrode
system, a nanoscale conductive metal is deposited at the nanopore orifice, enabling it to function as a bipolar
electrode for wireless sensing.”! This configuration allows two half-redox reactions to be wirelessly coupled
as potential is applied across two driving electrodes without direct contact with the deposited metal.
Nanopore-supported nanoelectrodes have been successfully employed to image the dynamic collision
process of single Ag NPs at the electrode/solution interface.”” Additionally, it has facilitated single
fluorescent molecule detection, demonstrating its utility in nanoconfined electrochemical sensing with
single-molecule sensitivity.”® As an alternative to deposited nanoelectrodes, our group recently developed
a method to probe the transient electrochemical behavior of single Ag NPs wirelessly using a nanopore.”
In this approach, rather than employing a fixed nanoscale metal deposit, we observed that when Ag NPs
translocate through a glass pipette nanopore under an asymmetric nano-electrochemical environment, they

behave as transient bipolar electrodes. This behavior couples two faradaic reactions (proton reduction and



silver oxidation) resulting in significant current blockages. These findings indicate that transient bipolar
electrochemistry can occur on metal NPs smaller than 50 nm when they translocate nanopores with highly
localized electric fields. The ability to directly observe the electrochemical response of a single NP without
requiring direct electrical connections is both scientifically intriguing and significant. This approach not
only simplifies experimental setups for NP detection but also allows the application of higher driving
voltages to induce redox reactions that might be unattainable under conventional UME conditions. For
instance, chemically or biologically modified Au or Pt NPs may lose their electrocatalytic activity during
UME-based detection with catalytic amplification.*! However, by leveraging nanopore-based bipolar
electrochemistry with an elevated bias voltage, it may be possible to overcome activation barriers and probe
their redox behavior. A key limitation of this method, however, is NP clogging, which may arise due to the
restricted internal volume of glass nanopipettes, and the high acid concentrations used within the pipette.
To overcome the aggregation issues, in Chapter 3, I report the development of a glass microbulb
(GMB) nanopore and its use in studying the detailed bipolar electrochemical behavior of metal NPs. A
GMB nanopore has a short pore length and a large internal volume making it feasible for recording hundreds
or even thousands of particle translocation events without noticeable pore clogging. The bipolar
electrochemistry response of a translocating Ag NP is obtained by holding a constant DC voltage across
the nanopore and recording the nanopore’s ionic current. The amperometric response is characterized by a
simple biphasic current signal at lower applied voltages. At relatively higher voltages, an interesting
oscillating current response can be seen that lasts more than 50 ms. This current fluctuation suggests
nanobubbles can repeatedly form and dissolve on a moving NP as it translocates through a short glass
nanopore. Detailed characterization and mechanistic understanding of the translocation behavior of single
metal NPs and their bipolar electrochemistry response will benefit future research in designing

ultrasensitive biosensors using the principles of single-entity bipolar electrochemistry.



1.3 Electrochemical Imaging

In the previous part, we focused on characterizing the electrochemical properties of single NPs using
a current signal. However, “seeing is the truth,” electrochemical imaging combines high spatial resolution
with real-time electrochemical sensing, enabling the detection, characterization, and visualization of
individual entities at the nanoscale.

Current methodologies primarily employ two approaches: scanning probe techniques and combined
electrochemical and optical (electro-optical) techniques. Scanning probe methods, including scanning
electrochemical microscopy (SECM), scanning ion conductance microscopy (SICM), and scanning
electrochemical cell microscopy (SECCM), utilize nanoscale probes (e.g., ultramicroelectrodes or
nanopipettes) to raster-scan surfaces while monitoring faradaic or non-faradaic currents. These current
measurements are then reconstructed into high-resolution (<100 nm)” maps of both electrochemical
activity and/or surface topography.’® Scanning probe methods have been widely used to image cells”’,
electrocatalysts’®, surface corrosion”, surface defect detection®’, and even single nanoparticles®'. However,
their sequential acquisition nature limits temporal resolution for dynamic processes. In comparison, electro-
optical imaging integrates synchronized optical and current measurements, offering superior spatiotemporal
resolution for real-time monitoring of redox processes.® Typically, in these setups, the optical measurement
replaces the secondary electrical measurement and offers enhanced spatial resolution and sensitivity at a
cost of decreased temporal resolution.

Electro-optical imaging has been adapted for transient signal detection in SEE. Among the light-
generation mechanisms employed in optical-electrochemical imaging, fluorescence®* and
electrochemiluminescence (ECL)* are the most prevalent. Fluorescence imaging has been successfully
applied to single-nanoparticle collision systems. For example, the collision of fluorescent insulating
polymer beads was visualized with simulations and experiments establishing a correlation between the
amperometric step height and the radial landing position of the bead on a UME. 35 Moreover, the dynamic

collision of Ag NPs was imaged within a nano cell, where their oxidation/reduction processes produced



distinct fluorescence profiles. This enabled real-time monitoring of the collision process at a Pt
nanoelectrode.”” Furthermore, nanoparticle translocation has also been imaged using electro-optical
fluorescent imaging. Fluorescence imaging has also been coupled with resistive-pulse sensing to study
nanoparticle translocation, including fluorescently labeled DNA 3637 H, formation on single freely diffusing
40 nm Ag NPs,”* and single-pass translocations of 2 um fluorescent polystyrene (PS) nanoparticles.®
Additionally, the Brownian motion of nanoparticles exiting a nanopipette® and the multi-pass translocation
of fluorescently labeled vesicles through a nanopore® have been optically tracked. While these methods
provide direct transient optical information, their utility is limited by specialized laser illumination and
photobleaching effects, which restrict long-term measurements and broader applicability. Furthermore,
redox-induced fluorescence can lead to unbound mass transfer of the fluorophore post-generation,
potentially contributing to elevated background signals.”’ ECL has also been employed to study the
collision of individual nanoparticles at electrodes. One of the pioneering studies in electrocatalytic
amplification replaced electrical detection with a photomultiplier tube (PMT) where Bard and co-workers
observed that ECL precursor oxidation occurred exclusively at colliding Pt NPs, generating detectable
photons, while the underlying ITO electrode remained inactive.” In a subsequent study, Bard and co-
workers combined ECL detection with PMT-based optical readout in an emulsion droplet system, where
droplet collisions triggered ECL precursor oxidation, followed by droplet reactions that produced
measurable ECL signals.”® This approach provided complementary optical measurements with reduced
background compared to individual droplet collision events. Compared with fluorescence, the ECL process
is triggered by an electrochemical reaction, which involves short-lifetime electro-generated radicals. The
ECL emitting layer is thus confined to the electrode surface, which can effectively enhance the spatial
resolution of the closed BPE array imaging system.” Nevertheless, the analyte must still be labeled or
coupled with ECL luminophores.

To eliminate the need for analyte labeling, closed bipolar electrochemical imaging has emerged as a
powerful analytical platform. In this configuration, a closed bipolar electrode (BPE) spatially couples a

target redox process at one pole with an ECL reporting reaction at the opposite pole, enabling direct



conversion of electrochemical activity into spatially resolved optical signals. ®> The closed BPE
configuration employs a physical insulating barrier to isolate the cathodic and anodic compartments,
allowing independent optimization of electrolyte conditions for both half-reactions. This design enables
generic coupling between non-optical redox processes and light-generating reactions without requiring
fluorescent or ECL labels on the target analyte. Significantly, the applied potential is delivered through
driving electrodes rather than the BPE itself, facilitating the wireless operation of the electrode array. Our
group has pioneered advanced implementations of this concept, including fluorescence-enabled
electrochemical microscopy (FEEM) ***7 and ECL-based closed bipolar electrochemical imaging systems.
9899 These platforms enable real-time monitoring of dynamic redox processes across large-scale BPE arrays.
The versatility of this approach has been demonstrated through diverse applications, including high-
throughput electrocatalyst screening”, detection of biomacromolecules !°° and cancer biomarkers'’!, and

live cell imaging'*

. Notably, the exceptional sensitivity of this platform has enabled single-entity detection,
with demonstrated capability to resolve transient nanoparticle collision events at the single-particle level.!%
Inspired by Chapter 3, where metal nanoparticles translocating through nanopores act as transient
bipolar electrodes, in Chapter 4, I adapt this principle for imaging Au NP translocation. First, the feasibility
of bipolar ECL on gold UMEs is tested, demonstrating coupled water/O; reduction and Ru(bpy);*"/DBAE
oxidation to generate spatially resolved optical signals. Next, I extend this approach to gold nanoclusters
confined within nanopipettes, validating their function as nanoscale bipolar electrodes with localized ECL
emissions. Finally, I attempt real-time ECL imaging of Au NPs translocations, revealing fundamental
limitations imposed by transient residence times, faradaic efficiency, and optical sensitivity. My findings
underscore the need for optimized nanopore geometries, enhanced ECL systems, and improved trapping
strategies to achieve single-entity resolution. This study provides a framework for advancing ECL-based
nanopore sensing, bridging nanoscale electrochemistry, and high-throughput biosensing applications.
Besides ECL, in Chapter 5, I present a label-free electrochemical imaging platform combining off-

axis dark-field microscopy (DFM) with BPE to optically monitor copper deposition in real time. The system

couples H,O, oxidation at a Pt UME with cathodic copper deposition, enabling quantitative H,O, detection.



This system is further applied to glucose sensing, achieving a 100 uM—1 mM linear range and 16.04 uM
LOD via enzymatic H>O, generation. The off-axis DFM configuration minimizes background interference
while resolving nanoscale deposition dynamics. This work establishes a versatile approach for optically

tracking electrochemical processes, with potential applications in biosensing and catalyst screening.
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CHAPTER 2 THE CRITICAL ROLE OF MOLECULAR ADSORPTION ON
ELECTROCATALYSIS AT SINGLE NANOPARTICLE"

2.1 Introduction

Metal nanoparticles (NPs) are attractive nanomaterials that have a wide range of applications in many
research fields including electrocatalysis,! photoelectrochemistry,? and biosensors.?*# The constituent
material, size, shape, ligands, and surface facets/defects of NPs all influence their (electro)catalytic rates
and/or product distributions. To better characterize and control their electrocatalytic properties, it is
essential to develop highly sensitive and highly resolving electroanalytical tools and methods that can reveal
the electrocatalytic properties of single NPs. Toward this goal, numerous physical and analytical methods
have been developed/applied to single particles including surface-plasmon resonance, °
electrochemiluminescence microscopy, ¢ single-molecule fluorescence microscopy, '+ * dark-field
microscopy, ° scanning electrochemical microscopy (SECM),!'%: ! and scanning electrochemical cell
microscopy (SECCM)."* * One common drawback of these methods, however, is the limited throughput
due to the use of surface-immobilized NPs.

The throughput challenge can be partially addressed by studying freely diffusing NPs and probing
their electrochemical response when individual NPs collide on the surface of an ultramicroelectrode
(UME) '® or nanoelectrode. !’ A measurable change in the UME’s electrochemical response is observed due
to the collision and interaction of a NP with the electrode. Depending on the system under study, the
collision signal can be obtained using one of the three major analytical strategies. First, an electrochemically
inactive NP may block a fraction of the electroactive surface area on the UME resulting in a decrease in its

faradaic response. '* Second, an electrocatalytically active NP, such as Pt, may catalyze a redox reaction

* This chapter is adapted with permission from:

Wan, R.; Mahmoudi, M.; Edwards, M. A.; Zhang, B. Critical Role of Molecular Adsorption on
Electrocatalysis at Single Nanoparticles. Anal. Chem. 2025, 97 (7),3955-3963. Copyright (2025) American
Chemical Society.
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when it collides with, and becomes electrically connected to, a more inert UME. '~ 2? Thirdly, the NP may
itself be oxidized/reduced leading to its dissolution/transformation when a proper potential is used along
with the right solution condition. > ?° Both the latter two methods will result in a (temporary) current
increase due to more redox reactions occurring. Besides these three methods, one can also probe single NPs
by allowing them to pass through a glass nanopore while recording their bipolar electrochemistry signal. 2

The second strategy, which is often referred to as electrocatalytic amplification (ECA), can be
particularly powerful when one wants to probe the intrinsic electrocatalytic activity of a certain type of

NPs.?” ECA has been successfully demonstrated using numerous inner-sphere reactions such as hydrogen

22, 28 29,30

evolution, oxygen reduction, water oxidation,*' NaBH. oxidation,** and oxidation of hydrazine
(N2Hy)." 3% 3% Of these reactions, the oxidation of N>H4 has received considerable interest due to its
importance in energy applications, such as fuel cells.* In ECA-based collision experiments using N>Hs, a
catalytic metal NP often generates a step-type current signal followed by a slow current decay due to NP
deactivation with time.3¢ The deactivation process can be accelerated when Hg is present on the UME
surface generating a blip-type signal.?” 3 A step-to-blip transition was also reported on a Ni UME when
higher anodic potentials are used.*’ More complex current time traces have been attributed to multiple
collision-detachment events in quick succession.*

Importantly, the magnitude of current step has been ascribed as the diffusion-limited NP response
and used to analyze particle size distribution, redox concentration, and the diffusion coefficient of the redox

40- 22 according to the following equation,'

species
iss = 4min(2)nFDC*r (D

where n is the number of electrons transferred per redox molecule, F is the Faraday constant, D is

the diffusion coefficient of the redox species (D = 1.39 x 10 cm?s” for hydrazine),* C" is the bulk
concentration of the redox species, and 7 is the NP radius. To use Eqn. 1 with hydrazine as the redox
molecule, one must assume that the faradaic oxidation process is controlled by diffusion and the surface

concentration of N.Hy at the NP surface drops to zero at the applied potential. Y et experimentally measured

step currents are significantly lower than the predicted value based on particle radius and N>H4
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concentration (Table 2.1)!%3% - 4 gyggesting that this assumption may be incorrect under certain
conditions.

The pK, of hydrazine is 8.1 at room temperature,* implying that in a neutral or acidic solution
environment most of the N>.Hs molecules are present as the protonated form (N>Hs"). Thus, their overall
electrochemical oxidation can be described as the following reaction, *°

N2Hs" — Na(g) + SH' + 4e (R1)

which can further be divided into the reversible deprotonation and adsorption of N>Hs" onto Pt

releasing one H' (reaction 2), followed by catalytic electro-oxidation of the adsorbed N>Hs4, releasing N,

four H, and four electrons (reaction 3). Typically the first electron transfer step of reaction 3 is considered
to be the rate determine step (RDS).>!

NoHs" 2 NoHaag) + H (R2)

NoHa@asy — No + 4H + 4e (R3)

As H' appears as the product of reactions 2 and 3, for an insufficiently buffered solution these
reactions could result in an increased concentration of H' in the vicinity of the NP/electrode surface. An
increased H" concentration both decreases the amount of NoHaas) by shifting the equilibrium of reaction 2
to the reactant and shifts the equilibrium potential of reaction 3, making it more difficult to proceed. Both
phenomena predict a lower oxidation rate and thus a lower catalytic current. A similar analysis was used to
explain the pH-dependent voltammetric features on a Pt UME toward hydrazine oxidation;** however, to
our knowledge, it has not been used to interpret the electrocatalytic response of single metal NPs.

Herein, through NP collision experiments and experimentally informed numerical modeling, we
show that the smaller-than-predicted step current for NoHs oxidation on Pt NPs can be quantitatively
understood by considering the hydrazine adsorption as a critical and ultimately rate-determining
intermediate step. The oxidation reaction itself lowers the local pH making it more difficult for hydrazine
to adsorb on the Pt surface. The step current can be enhanced toward the diffusion-limited value predicted

by Eqn. 1 by either 1) increasing buffer capacity, 2) decreasing the N>Hs concentration, or 3) increasing
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solution pH, all of which reduce the shift in local pH upon electrooxidation. Our simulation results show
that a significant amount of N>Hs" is still present at the NP surface even at high applied potentials (e.g., 0.5
V vs Ag/AgCl), that is not reaching the mass transport-limited conditions required for Eqn. 1 to hold.

This work also reports an interesting observation of a sharp current spike associated with each
collision event prior to the current step. With a peak duration less than 50 ps and no return to baseline, these
current spikes are fundamentally different from the blip-type current signals previously reported for NoH4
oxidation for Pt NP collisions on Hg*” or Ni UMEs?® and are believed to be from the oxidation of the N,H,
species pre-adsorbed on the NP surface. An integration of the peak charge allows estimation of the number

of pre-adsorbed N,H4 molecules.

2.2 Experimental Section
2.2.1 Reagents and Solutions

All chemical reagents were used as received. Methanol, 2-allylphenol (98%), ferrocene methanol
(FcMeOH, 97%), and hydrazine (N,Ha, anhydrous 98%) were purchased from Sigma Aldrich. Citrate-
capped Pt NPs with diameters 32 + 3 and 52 + 7 nm dispersed in 2 mM sodium citrate were purchased from
nanoComposix. Other chemicals were of at least analytical grade. Phosphate buffer solutions with pH below
4.0 were prepared with H;PO4 and KH2POs, whereas solutions with pH between 5.8 and 7.4 were made
using KH>PO4 and K;HPOs,. All solutions were prepared with 18.2 MQ-cm deionized water obtained from

a Nanopure water purification system (Thermo Scientific).
2.2.2  Electrode Preparation

Fabrication of carbon-fiber disk microelectrodes (CFEs) followed a procedure that was previously
described. > Briefly, a piece of 15-cm-long, 5-um-diameter carbon fiber (Besfight G40—800) was aspirated
into a piece of glass capillary (1.2 mm O.D./0.69 mm [.D., Sutter) and subsequently pulled into two separate

tips on a Sutter P-97 glass puller. The thin glass/carbon fiber junction was further sealed by applying a
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small bead of epoxy. A tungsten wire and a bead of Ag-loaded epoxy were used to make an electric contact
with the fiber from inside the glass capillary. The fiber protruding out of the pipette tip was then coated in
a thin film of polyphenol using an electrochemical process and cut by an ultrasharp glass knife to expose a
fresh carbon electrode surface prior to every collision measurement.

The 25-pum-diameter Pt disk UMEs were fabricated as previously reported. > Pt UMEs were freshly
polished with fine 1200-grit sandpaper (Buehler) and rinsed with excess DI water before use. All the
electrodes were characterized and screened by running cyclic voltammetry at 100 mV/s in an aqueous
solution containing 1 mM FcMeOH and 100 mM KCIl. To prepare Ag/AgCl quasi-reference electrodes, a
piece of 0.5-mm-diameter Ag wire (99.99%, Alfa Aesar) was submerged in bleach for at least one hour and

subsequently rinsed with DI water.
2.2.3  Electrochemical Measurements

All cyclic voltammograms (CVs) were recorded using a CHI-605 electrochemical workstation (CH
Instruments). Amperometric current-time traces for NP collision were acquired using an Axopatch 200B
current amplifier (Molecular Devices) with an internal low-pass filter of 10 kHz and digitized with a
Digidata 1322 digitizer (Molecular Devices) at a sampling rate of 100 kHz. Amperometric data were further
analyzed with Clampfit 10.7 (Molecular Devices). The few (<2% of total) collision peaks that were
significantly higher than the rest, are indicative of particle aggregation and were excluded from the analysis
herein. All electrochemical tests were conducted in a grounded, homemade Faraday cage. In all of the
experiments detailed in this article, an Ag/AgCl quasi-reference electrode was utilized. All potentials are

reported versus the quasi-reference electrode.
2.2.4  Finite Element Simulations

Numerical simulations of steady-state hydrazine oxidation on a 32-nm diameter Pt NP at the center
of a 5-um diameter carbon electrode were performed using COMSOL Multiphysics 6.1 with chemical

reaction engineering add-on package. Using the simulations, which are described in detail in Supporting
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Information section S11, the concentrations of N>Hs*, H,POs, HPOs*, N, and H' in solution were
determined through solving the equations for diffusional transport coupled with the buffer equilibrium
reaction. We used the experimentally measured average step currents to set the fluxes of N», NoHs" and H"
on the surface of Pt NP while the fluxes on the surface of carbon-fiber electrode were set to the values
measured from voltammetry of the carbon-fiber electrode. Further details of the implementation, including
the solver conditions, are available in the automatically generated Comsol model report uploaded as a

separate Supporting Information file.

2.3 Results and Discussion

2.3.1 Nanoparticle Collisions on a Carbon UME

The top trace in Figure 2.1A displays a typical 20 s amperometric trace recorded at 0.2 V vs.
Ag/AgCl on a 5-pm-diameter CFE in a 10 mM phosphate buffer (pH = 7.5) solution containing 10 mM
hydrazine and 32-nm-diameter Pt NPs at 4.4 pM (2.65 x 10° particles/ml). Eight discrete events are seen as
well-resolved current increases due to single Pt NPs colliding and adhering on the CFE surface catalyzing
the oxidation of N>Ha4. Such collision responses are only seen when both N>H4 and Pt NPs are present in
the buffer solution along with a proper potential applied on the carbon UME as can be seen in the lower
two traces which show examples where NPs and N,H4 are omitted.

Figure 2.1B shows a zoomed in view of the NP collision event highlighted with a red star in part A.
Two characteristic features, which are visible in all amperometric collision responses, can be readily seen:
an abrupt current increase followed by a fast current decay (i.e., a sharp current spike <50 us in duration)
and a slower (~1 ms) decay to a current step following the spike. Although the step-type current response
has often been seen in the literature (see Table 2.1 for summary of some previous measurements of Pt NP
collisions for NoHy electrooxidation),!® 38 44.46.47. 48 the yltrasharp spike-type current response has not been

explicitly reported.
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For each NP collision, we measure the spike current, step current, spike charge and spike width (full
width half maximum; FWHM) as shown in Figure 2.1B (See Appendix 2.1 for detailed information on data
analysis). The spike currents are measured from the baseline before the collision. The slow (~1 ms) decay
step after the spike is fitted by an exponential decay curve with an offset (C in Eqn. S1) equal to the value
of the step current. The excess charge due to the sharp spike (fC; 10" coulombs) is calculated by integrating

the area above the fitted curve (red shaded area in Figure 2.1B).
2.3.2  Influence of the Applied Potential

Figure 2.2A displays a series of representative amperometric collision peaks of 32-nm-diameter Pt
NPs recorded at 0 to 0.5 V vs Ag/AgCl (see Figure 2.9 for further examples) all recorded with the same
solution conditions (10 mM phosphate buffer (pH 7.5), 10 mM N,H4, and 32-nm-diameter Pt NPs at 4.4
pM). At higher potentials, the sharp current spike becomes taller and faster, as evidenced by the higher
amplitude of the spike current and the shorter duration (FWHM) (Figure 2.2C (blue points) and 2.2D). The
step current also increases with the increasing applied potential as can be seen in the red points in Figure
2.2C. As shown in Figure 2.2B, the spike charge increases with applied potential and reaches a plateau at
~16 fC at 0.2 V. As discussed below in more detail, we propose that the fast spike corresponds to oxidation
of the N,H4 adsorbed prior to the collision. This is a finite resource the oxidation of which can be achieved
more rapidly at higher potentials. A slight increase in the spike charge at 0.5 V may be caused by the
increased noise level and the inadequate resolution in discerning the sharp spikes from the slow decay
process. Notably, for all statistics determined, there is considerable variability from particle-to-particle, as
indicated by the error bars (1 standard deviation) or box and whisker plots (part B). The variability is much
larger than that in the particle size distribution (32 + 3 nm) indicating differences in the electrocatalytic
behavior between particles that can only be assessed at the single-particle level.

The short peak durations of the spikes ( FWHM >40 ps) (Figure 2.2D) when the applied potential

55- 57

exceeds 0.2 V approaches the 33 ps instrument limit with a 10 kHz low-pass filter used in this study,

suggesting sharp spikes could be even faster than our measured value. While we were unable to find
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adequate information on instrument filtering settings used in earlier research on Pt NPs collision, the lower
sampling rates used (e.g., 1 kHz!, and 50 Hz*") would not be sufficient to resolve spike-like responses we
report here. To confirm this we examined the impact of filter frequency and sampling rate on NP collision
response as reported in Figure 2.12. Low-pass filtering frequency at 1 kHz and sampling rate at 1 kHz
completely eliminates fast current spikes, replicating the step response reported in previous works.

To better compare decay kinetics among different potentials, we plotted the average exponential
decay curves to the step value using 50 collision events from each potential (Figure 2.2E). As one can see,
an increase in the applied potential causes a slower current decay except for the 0.5 V case, which shows a
faster decay compared to the 0.3 and 0.4 V cases. Herein, we are interested in developing a deeper
understanding of the collision responses focusing on quantitatively analyzing the shape and magnitude of
the current spikes and the magnitude of the current steps.

Collisions for 52-nm diameter Pt NPs, which are reported in Figure 2.10 also show the sharp current
spikes becoming progressively faster and higher with higher potentials. A limiting value of ~50 fC is
observed in the spike charge limit at around 0.2 V, after which the spike charge continues to increase at 0.5
V. Interestingly, as the voltage is increased to 0.5 V, we also observe transient oscillation on the
amperometric traces (Figure 2.11). The high-frequency current oscillation are consistent with the transient
formation and dissolution of small nanobubbles on the particles/electrode interface, *® but further discussion

will be covered in a forthcoming report.
2.3.3  Dependence on Hydrazine Concentration

Figure 2.3 shows NP collision events recorded in N,Hy solutions ranging from 2.5 to 20 mM (all 0.2
V and 10 mM pH 7.5 phosphate buffer). The use of N2Hs concentrations >20 mM is prohibited due to
excessive aggregation of Pt NPs.>® As one can see from Figure 2.3A, the spike current increases with
hydrazine concentration reaching a limit at around 10 mM. Interestingly, the spike charge remains
somewhat unchanged among different hydrazine concentrations (Figure 2.3B), which is consistent with

the quantity of adsorbed hydrazine not changing over this concentration range. This would be expected of
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a strongly adsorbing species in the saturation limit of an adsorption isotherm (complete surface coverage).
While it is expected that there is a lower threshold concentration below which decreases in the amount of
adsorbed N>H4 would be observed, as detecting particle collisions at concentrations lower than 2.5 mM has
proved to be more challenging than at higher concentrations, we have been unable to observe such a
decrease.

A somewhat slow increasing trend is observed between the step current and hydrazine concentration
(red line, Figure 2.3C, i (pA)= 7.45C*(mM), R? = 0.88) suggesting that the step current is dependent on
hydrazine concentration. Yet, like the results with 10 mM N,Hy in Figure 2.1, the step current measured
under all hydrazine concentrations is significantly smaller than the diffusion-limited current, which is
shown by the green line (i (pA)= 74.8C*(mM), from equation 1). Previous research did not provide a
satisfactory explanation for the smaller step current but sometimes explained it from possible variations in
hydrazine’s diffusion coefficient; however, this would require a change of ~10% in the diffusion coefficient,

which appears highly unlikely.
2.3.4  Effect of the Solution pH

As reported in Figure 2.4, we conducted measurements of Pt NP collisions under three pH
conditions: 3.1, 5.8, and 7.5 (all 10 mM phosphate bufter, 0.2 V vs. Ag/AgCl and 10 mM hydrazine). Both
the spike current and step current increase with increasing solution pH (Figure 2.13 and Figure 2.4A), yet
in all cases the step current is still more than 10x lower than 750 pA predicted by Eqn. 1, indicating that
the reaction is not transport limited. Moreover, the spike charge is increased as the solution changes from
acidic to neutral (Figure 2.4B), which is likely due to an increased surface coverage of the adsorbed N,H4

at higher pH, which is consistent with reaction 2 in which H" is on the right-hand side.
2.3.5  Effect of Buffer Capacity

As the electrocatalytic oxidation of protonated hydrazine yields five equivalents of protons (reaction

1), the interfacial pH at the electrode surface can be heavily decreased during the Pt NPs collision process,
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leading to a lower electrochemical response. Increasing the buffer capacity can help maintain the interfacial
pH during the abovementioned process.>? Figure 2.5 presents statistics for Pt NPs collisions with phosphate
buffer concentration from 10 to 50 mM (all pH 7.5, 0.2 V, 10 mM N,Hy; see Figure 2.14 for representative
events). Note: phosphate buffer concentrations higher than 50 mM were not tested due to concerns of NP
aggregation with high ionic strength. ® We notice that the spike charge remains constant until the phosphate
buffer reaches 40 mM and higher (Figure 2.5A), which is consistent with the amount of adsorbed N,H4
prior to the collision depending only on the solution pH and bulk N>H4 concentration. Larger error bars are
seen at 40 and especially 50 mM phosphate buffer, which may suggest that some of the large peaks are due
to particle aggregation at these conditions. Figure 2.5B shows an increasing trend in the step current
amplitude with higher buffer concentrations, which is consistent with higher buffering capacity leading to

smaller pH swings and reactions 2 and 3 both being more favorable.
2.3.6  Discussion of the Sharp Current Spike and the Small Step Current.

We have considered two possible mechanisms for the appearance of a sharp amperometric spike
preceding the step current as seen in Figure 2.1. First, when a NP collides on a carbon UME poised at a
potential that is different than the particle’s resting potential, the surface of the NP will undergo double-
layer charging. Second, the surface of the Pt NP may be covered by N2H4 molecules prior to their collision
on the carbon UME due to strong Pt-N interaction. ®' These adsorbed molecules can undergo quick
oxidation leading to a sharp amperometric peak. We can easily rule out double-layer charging with a simple
calculation. For a 32-nm-diameter NP, the total number of charges transferred during double-layer charging
can be estimated as 1.2 x 107" C, or 0.12 fC (Q=CXAE). This is only about 1% of the total integrated charge
measured in our experiments. As such, it is unlikely that double-layer charging contributes significantly to
the sharp current spikes.

As briefly mentioned during the discussion of Figure 2.1 to 2.5 the results support our second
hypothesis that the sharp spike is due to the fast oxidation of adsorbed N,H4. The 16 fC integrated charge

corresponds to a total of 4.15 x 10%° mol (25,000 molecules) of N,H4 pre-adsorbed on a 32-nm-diameter

30



particle (Q = nFN), which corresponds to a little over one N>H4 for every 2 of the 42,000 Pt surface atoms
(see Supporting Information, section S9 for details of the calculations).

Note, these calculations make an assumption of no surface roughness, yet our previous research
suggest the NPs have a rough surface with a significant amount of internal voids, which would both increase
the number of available binding sites.?? As such, considering that N,Hj is a small neutral molecule, the idea
of having a layer of adsorbed N>Hs molecules oxidizing when a NP collides on the electrode is quite
reasonable. The spike charge remains the same under various hydrazine concentrations, suggesting that the
particle reaches its maximum hydrazine monolayer coverage at and above 2.5 mM hydrazine concentration.
There is no time-dependent change of spike charge following Pt NPs addition to N2Ha solution (Figure
2.16), suggesting that adsorption is fast relative to the other experimental steps. Note, similar spike-to-step
transitions of pre-adsorbed species have also been suggested for the oxygen reduction®® and hydrogen
oxidation* although in each case with much slower transitions.

The step-type response has been ascribed to the continuous catalytic oxidation of NoHs on the surface
of the Pt NP. In line with most reported values in the literature (Table 2.1), the current step is seen to be
significantly smaller than the diffusion-limited current, which can be estimated by Eqn. 1. For a 32-nm-
diameter NP, the diffusion-limited steady-state current is ~750 pA in 10 mM N>H,4 solution. Our measured
step height is only ~90 pA at 0.2 V, or ~12% of the diffusion-limited current! Increasing the applied
potential only results in a slight increase in the step current (Figure 2.2).

To better understand the oxidation process of hydrazine on Pt, we performed cyclic voltammetry on
a 25 um diameter Pt UME in 10 mM phosphate buffer solutions (pH 7.5) containing 2.5 to 20 mM hydrazine
(Figure 2.6). To further investigate the effect of pH and buffer strength, we also collected CVs of a 25 um
Pt UME in 10 mM hydrazine and 10 mM phosphate buffer at different pH values (Figure 2.13B), and CVs
in 10 mM to 50 mM phosphate buffer (pH 7.5) (Figure 2.15), respectively.

Two oxidation waves separated by a plateau are observed on the CV, a first oxidation wave with a
half-wave potential at about -0.45 V and a second wave at +0.15 V. While both waves increase with NoHa

concentration, only the highest plateau current scales linearly with the hydrazine concentration and is in
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agreement with the diffusion-limited steady-state current (issaisk = 4naFDC*, a: electrode radius).® This
suggests that at sufficiently high driving potentials, the oxidation of N>Hy is transport-limited, meaning
every molecule coming from solution to the Pt surface gets oxidized immediately. Only one oxidation wave
is observed when N>H4 concentration is below ~2 mM in 10 mM buffer. Increasing the solution pH and the
buffer concentration both result in a dramatic increase in the height of the 1% wave (Figure 2.13 and Figure
2.15). It appears the 2™ wave may totally disappear when the buffer concentration is higher than 100 mM
in 10 mM N;Ha.

This finding is consistent with an earlier report on linear sweep voltammograms of electrocatalytic
hydrazine oxidation on a Pt UME.> The authors suggested that electro-oxidation of hydrazine caused a
large drop in interfacial pH in a solution with a low buffer capacity. This change in interfacial pH leads to
a decrease in the local concentration of hydrazine and a lower current on the first steady-state feature. Other
papers have also explored the crucial role of pH in the electrocatalytic oxidation of hydrazine. % ¢ Based
on our CV results, we speculate that the smaller step current is largely caused by an interfacial pH drop
when hydrazine oxidation proceeds on the surface of the Pt NPs.

With a pK, of 8.1 at room temperature, it is important to note that the majority of NoHs molecules
are protonated (N,Hs") at neutral or acidic pH. In a solution with insufficient buffer capacity, the electro-
oxidation of hydrazine decreases the interfacial pH from 7 to ~ 2.5, 3% which then leads to the shifting of the
adsorption equilibrium (reaction 2) and thus diminishes the current on the first steady state. In a solution
with adequate buffer strength, however, the change in interfacial pH is minimal, which promotes the
adsorption of NHy yielding a higher steady-state current.’? Our measured step current increases from <100

pA in 10 mM buffer to >700 pA in 50 mM buffer, which supports our hypothesis (Figure 2.5).
2.3.7  Proposed Mechanism

Figure 2.7 provides a simple illustration of our proposed mechanism for the transient collision and
electrocatalytic behavior of single Pt NPs on a carbon UME. Hydrazine is present mainly as the protonated

form N>Hs" in a neutral or acidic solution environment. Neutral NoH4 adsorbs onto Pt via both nitrogen lone
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pairs, while cationic N2Hs*, with only one lone pair, cannot bind stably. % Thus, protonated hydrazine
would interact with the surface of the Pt NP forming a monolayer of adsorbed N,H4. When a Pt NP collides
with the carbon UME, most of the adsorbed N,H4 undergoes a quick oxidation giving rise to the sharp
current spike. The amplitude and duration of the current spike and total charge transferred would depend
on the initial concentration of hydrazine, the applied potential, the buffer concentration, and the solution
pH, and reflect the amount of the adsorbed N,Ha.

As the adsorbed N>Hj is oxidized the equilibrium of reaction 2 changes and more N>Hs" is adsorbed,
this in turn sets up a concentration gradient driving NoHs" from bulk to the NP continuously replenishing
the N>H4 on the Pt surface. Therefore, the oxidation of N>H4 can be sustained resulting in a continuous
steady-state oxidation current following the collision event as measured by the step current. However, as
the adsorption of each N,Hs" and oxidation of NoH4 releases 1 and 4 protons, respectively, when many N>H,
molecules are oxidized on the NP surface, the released H" may cause a dramatic decrease in the local pH
near the NP. This low pH environment will in turn shift the equilbrium of reaction 2 away from the product
(adsorbed N>H4) thereby decreasing the amount of adsorbed N;Hs, resulting in a smaller steady-state
current. An increase in the buffer capacity can better maintain the interfacial pH, which leads to a higher

surface coverage of NaHyas) and a higher step current.
2.3.8 Numerical Simulation

A key goal of the simulation work is to compute the spatial distribution of some of the key chemical
species near the surface of a Pt NP when it collides and adheres onto the carbon UME. Such information
can be especially helpful for our understanding of the smaller catalytic current observed in the amperometric
recordings. The simulations, which are described in detail in appendix (Figure 2.17-2.20), make no
assumptions on the reaction kinetics or mechanism. Instead the average step current measured during a NP
collision (at a given potential) is used to provide the steady-state fluxes of NoHs*, N, and H" on the NP
surface at that same potential using the stoichiometry from eq. 1. Similarly, the fluxes on the CFE surface

are informed from measurements of voltammetric measurements of its rate (Figure 2.18). Using
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experimental data to enforce the fluxes for the overall reaction allows the model to capture all nuances of
the potential-reaction rate relationship without an explicit description of the steps in the reaction mechanism
or corresponding rates, it also obviates the need for explicit description of surface species that are part of
those intermediate steps.

Figure 2.8 shows the solution and average surface concentrations of H', NoHs", and H.PO4™ at various
applied potentials. In the pH range considered, the buffer is a mixture of H,PO4s~ and HPO4* with a total
concentration of 10 mM, thus the concentration of HPO4>, which is not plotted may be determined as 10
mM-[H,POy]. Herein, we did not consider N>Hy in solution as a major species in our simulation because
we know the majority of NoH4 is present in the protonated form at neutral or acidic pH.

Figure 2.8A & B show the concentration of NoHs" in solution. Even at the highest driving potential
considered (0.5 V vs Ag/AgCl) the carbon electrode has relatively little impact on its concentration only
decreasing the bulk 10 mM N,Hs" concentration to ~9 mM at the carbon surface. In contrast, the Pt NP
which is at the center of the electrode and can be seen most easily in the zoomed in view of Figure 2.8B
influences the concentration of NoHs" more significantly, but only over a short distance less than 10% its
radius, and nowhere is the concentration of N,Hs" depleted to 0.

Figure 2.8C shows average surface concentrations of three key species H, NoHs", and H,PO4 as a
function of applied potential. In general, the surface concentration of NoHs" drops as we increase the applied
potential from 0 to 0.5 V. While the solid lines represent simulated data from measured currents, the dashed
lines are obtained using current values extrapolated from the overall trend. Interestingly, even at 0.5 V. the
concentration of NoHs" at the interfacial region is ~6 mM, which is only 40% lower than that of the bulk.
This suggests the oxidation of NoHs™ on a colliding NP is never limited by diffusion. Instead, it is likely
that the overall oxidation kinetics is limited by the slower adsorption process (NoHs" <> NoHy aas) + H), a
chemical step in the overall reaction.

A second interesting finding is on the surface concentrations of H,PO4™ and H'. As one can see, the
local proton concentration is well maintained until ~0.1 V. After passing 0.1 V, proton concentration starts

to increase more rapidly at higher potentials. Meanwhile, the concentration of H,PO4™ increases close to 10
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mM, indicating that all the buffer is in this form and almost no HPO4* remains. This loss of buffering
capacity is matched by the surface H' concentration increasing, which as described above affects the

adsorption process making it more difficult to adsorb onto the Pt.

2.4 Conclusions

In conclusion, we have demonstrated, through the use of a NP-collision approach and fast
amperometric recording at high bandwidth (10 kHz), that the electrocatalytic response of a single Pt NP
consists of a sharp, ultrafast oxidation spike and a long-lasting current step. The spike response is likely
generated from the quick oxidation of NzHawas) Wwhich was adsorbed on the surface of the NP prior to
collision, whereas the step response comes from the continuous oxidation of NoHs", which must go through
chemical steps of deprotonation and adsorption.

While the step-type catalytic current response has often been reported, the underlying mechanism as
to why it is significantly smaller than the diffusion-limited current has not been fully discussed before. We
used a numerical model with potential dependent rates taken directly from experimentally measured
currents and no assumptions about the steps in the reaction mechanism or their rate to visualize the surface
concentrations. The model allowed us to conclude that the smaller step current originates from a large pH
shift when hydrazine is oxidized on the surface of the NP and the carbon UME. In a poorly buffered
solution, the proton concentration near the NP surface increases causing a shift in hydrazine’s adsorption
equilibrium toward the freely diffusing N>Hs". This shift of a chemical step of the overall reaction leads to
an oxidation signal below the transport-limited value.

Many of the ECA-based studies involve the use of inner-sphere redox molecules, which adsorb on
the surface of the NP. Our study further emphasizes the importance of understanding the molecular
mechanisms toward a better understanding of the electrocatalytic signals in these experiments. Although it
is appealing to assume a step current that does not change with potential is indicative of reaching a diffusion-

limited regime, it is important to acknowledge that other (slower) processes may invalidate this assumption.
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2.5  Figures and Table
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Figure 2.1. Example of current-time traces and zoom-in view of the collision event.

(A) 20-s current-time traces showing 8 individual collision events of single 32-nm-diameter Pt NPs on a 5-
um-diameter CFE biased at 0.2 V vs Ag/AgCl in a 10 mM phosphate buffer (pH=7.5) solution containing
10 mM hydrazine. (B) A zoom-in view of the collision event indicated by * in part A. Characteristic
measurements of the initial sharp current spike and current step are indicated. Red shaded area indicates

the charge attributed to the current spike which is measured vs the slow exponentially decaying baseline
(red dotted line).
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Table 2.1. Summary of Some Previous Work Observing Step-type Current Response Collisions of
Individual Pt NPs in Aqueous Phosphate Buffered Hydrazine Solutions.

Pt NP Phosphate Experimental Predicted
Electrode . N:2H4 conc.

material diameter (mM) buffer conc. step current current (pA) Ref.

(nm) (mM) (pA) (Eqn. 1)
Au 33+£1.0 10 10 20-50 77.1+£234 44
Au 3.6 15 50 40 - 65 126.2 19
Au 55+£2.0 15 50 25-1100 192.8 +70.1 38
Au 22.0+4.0 10 50 51+41 514.0+£93.5 46
C 23.0+54 50 10 100 + 60 2686.8 = 630.8 48
C 24.7+4.0 10 10 130 +50 577.3+93.5 47
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Figure 2.2. Potential dependent NP collision.

(A) Representative amperometric collision events for 32-nm-diameter Pt NPs on a CFE collected in 10 mM
N>H4 and 10 mM phosphate buffer (pH 7.5) at different potentials. Changes in: (B) the integrated spike
charge, (C) the spike and step currents, and (D) the FWHM of the spike, as a function of the applied potential.
(E) Average fitted curves for slow step decay signals. The “n” values for (B) to (E) are all equal to 50.
Datapoints on (B), (C), and (D) are presented as mean £ SD.
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Figure 2.3. Hydrazine concentration-dependent NP collisions.
(A) Representative collision events for 32-nm-diameter Pt NP in various concentrations of hydrazine and
10 mM phosphate buffer (pH 7.5) at 200 mV. (B) Integrated spike charge vs NoH4 concentration (the same
experimental conditions). (C) Comparison of spike current and step currents with the theoretical diffusion-
limited current calculated using Equation 1. The “n” values for (B) and (C) are both equal to 50. Datapoints
on (B) and (C) are presented as mean £ SD.
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Figure 2.4. pH-dependent NP collisions.

(A) Comparison of spike current and step currents for the same conditions. (B) Integrated spike charge for
32-nm-diameter Pt NPs collision in 10 mM hydrazine in phosphate buffer at various pH values; all at 200
mV. The “n” values for (A) and (B) are both 50. Datapoints in (A) are presented as mean + SD.
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Figure 2.5. Buffer concentration-dependent NP collisions.

(A) Integrated spike charge for 32-nm-diameter Pt NPs collision events in various concentrations of
phosphate buffer (all pH 7.5) and 10 mM hydrazine at 200 mV. (B) Comparison of spike and step currents
under varied buffer capacity (conditions as A). “Step/Spike” indicates the ratio of step current to spike
current. The “n” values for 10, 20, 30, 40, and 50 mM phosphate buffer measurements are 49, 21, 32, 22,
and 22, respectively. Datapoints on (B) are presented as mean + SD.
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Figure 2.6. Hydrazine oxidation CVs on a Pt UME.
Hydrazine oxidation CVs in a 10 mM phosphate buffer (pH 7.5) on a 25 pm diameter Pt UME for various
hydrazine concentrations (as labelled). Scan rate: 100 mV/s.
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Figure 2.7. Proposed mechanism.
Proposed mechanism for the amperometric current response of single Pt NPs colliding with a carbon
UME and catalyzing N>H,4 oxidation.
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Figure 2.8. Simulated steady-state concentrations of several key species during the collision of single
Pt NPs on a S-pm-diameter CFE in 10 mM hydrazine.
Simulated steady-state concentrations of several key species during the collision of single 32-nm-diameter
Pt NPs on a 5-um-diameter CFE in a 10 mM phosphate buffer (pH=7.5) solution containing 10 mM
hydrazine. A zoom-out view (A) and a zoom-in view of (B) of the simulated concentration profile of NoHs"
near the NP surface at 0.5 V. (C) A summary plot showing the average surface concentration of three key
species: H', NoHs*, and HoPO4™ as a function of potential.
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Figure 2.9. Examples collision amperometric traces under different applied potentials.

Example traces of Pt NP collision peaks at various potentials (all vs Ag/AgCl). Traces were recorded in
10 mM hydrazine and 10 mM phosphate buffer (pH 7.5) with 32-nm diameter Pt NPs. See Figure 2.2A
for zoomed-in examples of individual collisions.
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Figure 2.10. NP collision statistics as a function of potential for 52-nm diameter Pt NPs.

(A) Integrated spike charge at various applied potentials. (B) Spike current and step current at various
potentials. (C) The FWHM of the sharp current spike at various potentials. The “n” values for (A) to (C)
are all equal to 35. Datapoints in parts B and C are presented by mean + standard deviation.
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Figure 2.11. Transient current oscillation of colliding nanoparticles.

Recorded transient oscillation. Top trace was recorded in 10 mM hydrazine and 10 mM phosphate buffer
(pH 7.5) across 32 nm Pt NP at 400 mV, the bottom trace was recorded at 500 mV. We consider this
response us due to transient N> nanobubble formation on the surface of colliding Pt NP. The rapid on/off

current response is similar to the scatter intensity oscillation observed on the Pd-Ag nanoparticle during
nanobubble formation.®
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Figure 2.12 Effect of low-pass filter frequency and sampling rate.

Representative NP peaks recorded for 32-nm diameter Pt NP collisions in 10 mM hydrazine and 10 mM
phosphate buffer (pH 7.5) acquired with 4-pole lowpass Bessel filter at 10 kHz and 100 kHz sampling
rate (f;). Signals were filtered or down sampled (averaging) using Clampfit software to obtain signals
under various low-pass filter frequencies and sampling rates.
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Figure 2.13. pH-dependent NP collisions.

(A) Example traces of 32-nm diameter Pt NP collision events in various pH of hydrazine and 10 mM
phosphate buffer (pH as labelled) at 200 mV vs Ag/AgCl. (B) Cyclic voltammograms (CVs) of a 25-um
diameter Pt disk UME in 10 mM phosphate buffer at various pH in the absence (dashed line) and
presence (solid line) of 10 mM hydrazine. Scan rate: 100 mV/s. (C) Onset potential for hydrazine
oxidation vs. pH. Onset potential was measured from Figure 2.14B. The fitted line describes how the
potential changed per pH unit. Based on the value of the slope, the pH-dependence of the onset potential
for hydrazine oxidation is -16 mV per pH unit, which is not consistent with the Nernstian pH-effect of -59
mV per pH unit.
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Figure 2.14. Pt NP collisions under different buffer concentrations.
Example collision events recorded at 200 mV vs Ag/AgCl for 32-nm diameter Pt NPs in 10 mM
hydrazine in pH 7.5 phosphate buffer with concentrations as labelled.
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Figure 2.15. Hydrazine oxidation on Pt microelectrodes in phosphate buffer of different
concentrations.

CVs for the electrocatalytic oxidation of 10 mM hydrazine in pH 7.5 phosphate buffer solutions of
various concentrations on a 25-pum diameter Pt disk UME. Scan rate: 100 mV/s.
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Figure 2.16. Time-Dependent change of spike charge following Pt NPs addition to N.H4 solution.
Spike charge over time after the addition of Pt NPs to the N2Ha solution. The experiment was conducted
using 32-nm diameter Pt NP collision events in a solution containing 10 mM hydrazine and 10 mM
phosphate buffer at 200 mV vs. Ag/AgClI (n = 132). The R? value of the fitted line is 0.00136, indicating
no time-dependent spike charge following the addition of Pt NPs to the N>H4 solution.
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Appendix 2.1
Description of Data Analysis and Curve Fitting

The baselines were measured by averaging 200 data points (2 ms) before the sharp current spike
arose. The slow decay step signals were fitted as an exponential decay:

f(t)= Ae t/"4+¢C (S1)

where ¢ is the time (# = 0 set to be the start of the decay region), 4 is current at the beginning of
decaying, 7 is the exponential time constant, and C is a constant. Curves were fitted starting directly after
the sharp current spike for 2 ms. Correlation values were >0.99 for all the fitted signals. The fitted curve
was then extrapolated and overlapped with the rising side of the spike current to obtain information
regarding the spike charge. See red dashed lines in Figure 2.1 of the main text for examples of the
baseline and exponential decay.
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Appendix 2.2
Calculation of Coverage of Adsorbed N,H,4 on Pt NPs Surface

Herein we estimate the fractional coverage of hydrazine on the Pt NP’s surface upon collision. We
calculate the amount of NoHyas) 0xidized, ny, y, (molecules), using Equation S2:
nn,H, = @/qen (S2)
where Q is the spike charge, g. is the elementary charge (1.6x10'° C), and 7 (= 4) is the number of
electrons transferred per NoHags) oxidized.

Knowing the geometric of the Pt NP is (41t 7np?), where rnp is the nanoparticle radius (16 or 26
nm), and Pt atom density (1.3x10'5 atoms/cm?)%” and assuming no roughness, we can calculate the
number of Pt atoms (mol) on the surface as

npe = 4mrép X 1.3 X 10> atoms/cm? (S3)
Thus, the fraction of Pt atoms occupied is
TN, H,

(54)

9N2H4 = Tipe
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Appendix 2.3
Description of Simulations

Description of Simulations

We simulated the oxidation of N>Hs" on a 32-nm diameter Pt nanoparticle on a 5-um diameter
polyphenol coated carbon-fiber disk electrode on which N>Hs" oxidation was also occurring to determine
concentration distributions in solution. We used experimentally measured currents to set the applied flux
on the surface of Pt nanoparticle and carbon-fiber electrode, as described below in more detail. We
simulated the system in the axisymmetric geometry shown in Figure 2.17, assuming the Pt nanoparticle
(green) is at the center of the carbon-fiber electrode (red). All simulations were performed at a steady

state. (a) (b)

—

Z I I
L’r 1 um 20 nm

Figure 2.17. 2D-axisymmetric geometry used in simulations.

(a) Entire simulation domain. (b) zoom-in to center of 5-um diameter carbon-fiber electrode (red)
showing 32-nm diameter Pt nanoparticle (green). The solid black and yellow boundaries represent
insulator and bulk, respectively, while the dashed line is the axis of symmetry. The region bounded by the
purple and yellow lines is the ‘infinite elements’ domain in which a coordinate transform maps the yellow
boundary to infinity.

The concentrations of NoHs*, HoPOs”, HPO4?, N> and H' in solution were determined through
solving the equations for diffusional transport coupled with the buffer equilibrium reaction. Solution of
these equations was performed in COMSOL Multiphysics (version 6.1) with chemical reaction
engineering add-on package.

Below we provide details of the model equations, boundary conditions, and mesh. To aid in
reproduction of the model, our description is supported by an automatically generated COMSOL ‘model
report’, which is included as a separate Supporting Information file, which contains additional details
such as the solver parameters.

Solution transport and reactions

H;POy is a triprotic acid with pK, values of 2.1, 7.2, and 12.0.% The initial pH of the solution is 7.5,
while the lowest pH observed during simulations is ~5 (vide infra), thus species H;PO4 and PO4> will not
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be present in appreciable quantities. As such, we do not simulate these species in our model. Moreover,
under these conditions, hydrazine predominantly exists in its protonated form, N2Hs"aq) (pKa hydrazine =
8.1)* and so the deprotonated form was not considered. Under these conditions, water autoprotolysis
contributes minimally to changes in H" concentration and so is ignored. The transport of the species
present in solution is assumed to be by diffusion only and is described by:

dN,H{ |

T = D,z VAN HS] (S5)
% = Dy,po; V2[H,PO; ] — R (S6)
Eﬂi%giij_: Dypoz-V*[HPOZ™] + R (87)

d[:; I_ Dy+VZ[H*] +R (S8)

de:f] = Dy, V2[N,] (89)

where the diffusion coefficients have values of Dy y+ = 10° cm?/s, Dy, =2 x 107 cm?/s,
Dypoz- = Du,po; = 8.46 x 107 cm?s, and Dy+ = 9.31 x 107 em?/s.”>® R is the net forward rate of the

buffer protonation/deprotonation reaction S10:
H,PO; < HPO;™ + H* (S10)
which is assumed to be at equilibrium throughout the solution as described by

[H*][HPOZ]
Kap [H,P05] (S11)
where K., =7.5 x 10® M%. The equilibrium was implemented using the ‘Equilibrium Reaction’
option in COMSOL Multiphysics. Note: in equation S10, we are implicitly assuming that all activities can
be replaced by concentrations. We solve equations S5 to S8 in steady state. i.e., the left-hand side is set to
zero. To account for the electrode being in a semi-infinite volume of solution, we use the ‘infinite element
domain’ feature, which performs a coordinate transform mapping the bulk boundary and the domain

proximal to it toward infinity.

Boundary Conditions

The simulations were set up with boundary conditions that were selected to align with the
experimental conditions. At the boundary representing bulk solution, we set the proton concentration
from the initial pH, pHipit, as [H ]inie = 107PHinit, The initial concentration of the protonated hydrazine
was set to its initial value, [NoHZ Jipic

The total concentration of the buffer was set to its initial value, Total Buffer;y;; = [HPO3 ™ Jinic +
[H, POy [ini¢ With its speciation determined and from [H™];,;; and the buffer equilibrium (eq S11) as

_ Total Buffer;,i; X K,
[HPOZ Jinit = "

Ky + [H* Jinic

No flux of any species was permitted to pass through the insulator or the axis of symmetry, which
for all species i (= NoHs™, HoPO4, HPO4>, N> and HY), is defined by

(S12)

Jirn=0 (S13)
where J; is the flux of species i as defined by:

Ji = —DiVI[i] (S14)
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and n is the inward pointing unit normal to the interface.

On both electrode surfaces (Pt and C) H,PO4 and HPO4* are neither produced nor consumed and

thus they are also described by a no normal flux boundary condition (eqn. S13).

On the surface of the carbon-fiber electrode and Pt nanoparticle, we used the experimentally

measured currents, ic and ip;, taken at appropriate experimental conditions to inform the fluxes of N,Hs",

N, and H". For the carbon electrode the current comes from the forward scan of microelectrode

voltammetry (Figure 2.17), while for Pt nanoparticles we use the average step current (Figure 2.18).
Specifically, for each experimental condition (pH, [N,HZ Jinit, and Total Buffer;y;;) we take the

current density at a 5-mm diameter carbon electrode and Pt nanoparticle as a function of the applied

potential, j(Eapp), from experimental data taken in identical conditions (taking oxidations to be positive

current).
We used the stoichiometry of the overall Reaction S15:
N,HZ - N, + 5H* + 4e~
to determine the surface normal fluxes on carbon-fiber electrode and Pt NP as:

j(E )
]Nz'ﬂ:%)
J(E.
]NZH; n= ——422:[)
5j(E
Jur n= J( app)

(515)

(S16)
(S17)

(S18)

where the current density j is determined by dividing the current (Figure 2.17 and Figure 2.18) by the
relevant surface area, i.e., j = i./m(2.5 um)? and j = ip,/4m (16 nm)? on the surface of the CFE and

PtNP, respectively.

(a) (b)

12 | Cybuffer 10mM 12 | CoNoHs"10mM
Cp NoH5" C, buffer
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< 15mM =T 40 mM
£ 8 Fiomm T 6 | somm
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E (V vs Ag/AgCl) E (V vs Ag/AgCl)

Figure 2.18. Simulated current as a function of potential on S-pm diameter carbon fiber electrode.
(a) Current as a function of potential on 5-um diameter carbon fiber electrode with 10 mM phosphate
buffer, pH 7.5, rate scan = 100 mV/s and different bulk concentrations (Cy) of hydrazine as labelled. (b)
Current as a function of potential on 5-pum diameter carbon fiber electrode with 10 mM hydrazine, pH 7.5,

rate scan = 100 mV/s and different bulk concentrations of buffer (Cy) as labelled.
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Figure 2.19. Experimentally measured current on the surface of Pt nanoparticles.

10 mM hydrazine, 10 mM phosphate buffer, pH 7.5, rate scan = 100 mV/s. The “n” value for the data is
equal to 50 and the datapoints are presented as mean + SD. The data below 0 V (dashed line) is extrapolated,
and it is not based on experiments. (Note, this figure is from the data for step current from Figure 2.2C in

main manuscript).

Mesh
The equations were subjected to discretization using a mesh that was finest in the vicinity of the NP

and the carbon electrode, as depicted in Figure 2.19.
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Figure 2.20. Example mesh used for solving the transport equations.
(a) is the mesh for the whole geometry and (b) is a zoomed in image of the mesh around the nanoparticle.
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Appendix 2.4
Calculation to rule out the possible contribution from the Cottrell response (diffusion and
consumption of the redox) to the observed sharp current spike

This is the equation that describes how the current changes with time according to the Cottrell
equation. For a 32 nm diameter NP, it would take ~60 ns for the current to decay to the level of the
diffusion limited current.

] 1 1
ig(t) =nFADyCo |— +— (519)
= T‘O
(tDyt)2
Our observed current spikes are more than 500 times longer (>30 ps)!
Therefore, these spikes cannot be from the Cottrell process (diffusional consumption).
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CHAPTER 3 TRANSIENT BIPOLAR AMPEROMETRIC BEHAVIOR OF
SINGLE METAL NANOPARTICLES®

3.1 Introduction

The recent two decades have seen an increasing interest in probing the electrochemical response of
single metal nanoparticles.! This is in part due to the desire to develop ultrasensitive biosensors using
metal nanoparticles as a novel electrochemical label.*® Some studies have been motivated by the possibility
of correlating the electrochemical and electrocatalytic property of nanoparticles with their size and

15-17

structure.”'* We'>'7 and others'®** have been interested in probing the transient electrochemical behavior

of single nanoparticles as a way to better understand the dynamic nature of the electrochemical interface.?!-*>
Some pioneering work in the field of single-entity collision electrochemistry includes the study of
discrete current blockage on an ultramicroelectrode (UME) by particle adsorption,?® current enhancement

* and the direct electrolysis of single nanoparticles.?® Due

due to effect of electrocatalytic amplification, >
to the small size of single nanoparticles and their fast diffusional movement, their electrochemical current
signal is often in the picoampere (pA) range lasting micro- or milliseconds.?® As such, accurately recording
their electrochemical response may represent an analytical challenge and usually requires the use of a UME
(e.g., Pt,”” Au,?® C,° Hg,° or other conductive materials®3?) and highly sensitive electronics with low
noise and sufficient bandwidth.*® While other methods may be considered,***¢ a key recording method has
been chronoamperometry, which gives us time resolution depending on the electrode characteristics and
instrument limitation.

In our previous work,*” we described another method to probe the transient electrochemistry behavior

of single Ag nanoparticles wirelessly with a nanopore. In that paper, we used a glass nanopipette®® to study

single 40 nm Ag nanoparticles passing through the pipette pore under a small DC voltage bias. In addition

* This chapter is adapted with permission from:
Gao, H."; Wan, R.” ("Equal Contribution); Zhang, B. Transient Bipolar Amperometric Behavior of Single
Metal Nanoparticles. (Under review)
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to observing conventional ionic current blockage signals at voltages lower than 1.0 V, we detected very
large current blockages at voltages between 1.0 and 2.5 V (all voltages are applied from inside the pipette
pore to the outside), which suggests the formation of single H»> nanobubbles from the coupled redox
reactions across the two extremities of the same nanoparticle (e.g., oxidation of Ag metal, Ag + Br = AgBr
+ le, coupled to the reduction of protons, H" + le” = 1/2H). Being able to directly observe the
electrochemical response of a single nanoparticle without making a wire connection is both interesting and
significant not only because one can simplify the experimental setup for particle detection, one may also
consider exerting much higher driving voltages on the particle to induce redox reactions that may not be
feasible under normal conditions on an UME. For example, a chemically or biologically modified Au or Pt
nanoparticle may lose its electrocatalytic activity during particle detection on a UME with electrocatalytic
amplification.** We may be able to probe its bipolar electrochemistry response with a nanopore and a higher
voltage bias to overcome its activation barrier.

During our previous study with a glass nanopipette, we encountered a critical challenge for
prolonged recording of particle translocation events: the pipette tends to be clogged fairly quickly after the
first several minutes. The clogging issue is likely due to the restricted internal volume of the glass
nanopipette (Figure 3.1, upper panel) and the 0.1 M HCI used inside the pipette. Once a Ag nanoparticle
enters the pipette, it is likely that the citrate ligands will become protonated*’ or detached from the particle
surface leading to particle aggregation or irreversible adsorption on the inner pore walls.

To address this issue, we have developed a new type of glass nanopore at the end of a glass
micropipette (Figure 3.1, lower panel). A glass microbulb (GMB) nanopore is formed by blowing a small,
micron-sized glass bulb from a closed glass micropipette followed by milling a single nanopore on the
ultrathin glass walls (see details in experimental section). Compared with a nanopipette, a GMB nanopore
has a large internal volume, e.g., between 30 to 60 um in diameter, and a thin glass membrane <500 nm
making it significantly more resistant to pore clogging. With these GMB pores, we have been able to
continuously record thousands of particle translocation events using the same chemical conditions as in our

previous study. Importantly, their high stability and longevity have allowed us to study the bipolar
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electrochemical property of single metal nanoparticles with great details that have been unachievable before
using pipette pores.

With our current experimental setting (i.e., 0.1 M HCl inside the pore and 0.01 M NaBr outside), the
bipolar amperometric response of a Ag nanoparticle passing through a thin glass nanopore is characterized
by a transient biphasic current signal. In general, it starts with a small, yet noticeable upward current peak
followed by a more significant downward current peak before returning to the baseline. With its relatively
small magnitude (between 1% and 3% at voltages between -1.5 and -4.0 V), the upward current peak is
believed to be caused by an increase in the local ionic conductivity due to the surface charges on the
nanoparticle as it approaches the pore orifice. The downward current peak, on the other hand, increases in
current magnitude from ~3.8% at -1.5 V to ~20% at -5.0 V. The separation between the upward peak and
the downward peak is seen to decrease from 324 ms at -1.5 V to 2.5 ms at -5.0 V. This suggests the applied
voltage is effective in pulling particles into the nanopore. Interestingly, while a somewhat smooth current
signal is seen at -1.5 and -2.0 V, an oscillating current signal is seen at higher negative voltages after the
current reaches the minimum value on the downward peak but before it reaches the baseline. The oscillating
current is seen to superimpose on the increasing current and lasts ~50 ms indicating slow particle
translocation. The large amplitude of the current blockage, the oscillating current, and the slow movement
of the particle (once it reaches the maximum current blockage) all suggest that a nanobubble is formed
when the particle reaches a certain location, which likely undergoes repeated formation and dissolution
during its translocation through the glass nanopore.

A more detailed characterization of the translocation process and a better understanding of the bipolar
electrochemistry behavior of single metal nanoparticles will likely benefit our future research in designing
single-entity electrochemical biosensors using metal nanoparticles as a unique biolabeling agent. In addition
to its application in studying bipolar electrochemistry of single nanoparticles, we believe our GMB
nanopore can be a useful analytical tool for more general use in resistive pulse sensing of nanoparticles*!**

and many other studies.*
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3.2 Experimental Section

3.2.1 Chemicals and Materials

All of the following chemicals and materials were used as received from the manufacturers.
Potassium chloride (KCI, Fisher Chemical, 99.1%), hydrochloric acid (HCI, Fisher Scientific, 1N), sodium
bromide (NaBr, Aldrich, >99%), 80 + 4 nm diameter Ag nanoparticles (sodium citrate capped, dispersed
in 2 mM citrate, nanoComposix). All aqueous solutions were prepared using deionized water (>18 MQ cm)

from a Barnstead Nanopure water purification system.
3.2.2  Fabrication of Glass Microbulb

Figure 3.2A depicts the two-step fabrication process of a glass microbulb (GMB). First, a glass
micropipette was prepared by pulling borosilicate capillary (0.69 mm [.D./1.2 mm O.D.) on a P-2000 laser
puller (Sutter) with a two-line pulling program: heat = 350, filament = 4, velocity = 30, delay = 140, pull =
60; heat = 310, filament = 2, velocity = 30, delay = 140, pull = 60. Second, the GMB was fabricated on an
MF-83 patch-pipette microforge (Narishige) that uses a Pt wire as heating filament to melt glass. The pulled
borosilicate pipette was mounted on an electrode holder. The pipette was heated with heat value of 55 on
the microforge for several seconds to form a complete seal at the pipette tip. The back end of the pipette
was then connected to a N, gas tank allowing pressurized N> (~ 20 to 30 psi) to be directed into the pipette
while the sealed pipette was heated with heat value of 60 until the glass wall at the pipette tip fully expanded
to form a spherical GMB (about 40-60 um in diameter), as shown in Figure 3.2B, C, E.

The GMB was later coated with a thin carbon film (~100 nm) using a 0.8 mm diameter (0.4 g/m)
carbon fiber filament (Ted Pella) in a SPI-Module sputter coater (SPI Supplies). A single nanopore was
fabricated by focused-ion beam (FIB) milling** on an XL830 dual-beam FIB/SEM (FEI); a beam current
of 1 pA and a magnification of 150,000x were consistently utilized in order to achieve reproducible pore

diameters and geometries. Subsequent to FIB milling, the carbon layer was removed in a Femto plasma
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cleaning system (Diener Electronic) using a power of 40 W and an oxygen pressure of 150 mtorr with an

etch time of 30 minutes. The nanopore was then characterized by SEM and electrochemical methods.
3.2.3 Cell Configuration and Data Acquisition

All the electrochemical experiments were performed using a Dagan potentiostat (Chem-Clamp,
Dagan) or an Epsco PSR-12-50 DC regulated power supply (Epsco Incorporated) connected with a Keithley
427 current amplifier. Amperometry data were recorded on a Dell PC through a Digidata 1322A digitizer
(Axon Instruments). The rise time was set to 0.3 milliseconds. Amperometric traces were recorded using
Axoscope 10.4 software (Molecular Devices) with a 50 kHz sampling frequency. All experiments were
performed using a two-electrode setup placed in a lab-built Faraday cage. All potentials reported herein are
the potentials applied onto an Ag/AgCl wire quasi-reference electrode (QRE) inside the GMB versus a Pt
QRE placed in the bulk solution. SEM imaging was performed on an XL830 dual-beam FIB/SEM (FEI)
operating at a 5 kV accelerating potential. All samples were sputter-coated with a thin layer of carbon prior

to their SEM examination.

3.3 Results and Discussions

3.3.1 Fabrication and Characterization of GMB

Borosilicate glass is the material of choice for this study due to its lower softening temperature* and
the desire to precisely heat and expand the glass tip with a 100-pm-diameter Pt wire as the heating filament.
By adjusting the glass-filament distance, the heating temperature of the filament, and the heating time, one
can control the amount of heat delivered onto the glass microtip. This, along with a suitable gas pressure
applied from inside the pipette, e.g., 15 psi, allows one to expand the glass pipette tip into a microbulb and
significantly reduce the thickness of the glass wall from ~3-5 pm to <200 nm. A sub-micron glass wall
thickness is preferred for constructing glass nanopores with high sensitivity and mechanical stability for

studying single nanoparticles.*
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Compared with conventional glass micro- or nanopipettes, a nanopore fabricated on a GMB has a
significantly large internal volume (Figure 3.2B, E). When NPs translocate through a GMB nanopore into
the interior, it is expected that they will pass the short sensing zone and quickly enter the large internal
volume. This makes them less likely to collide with and stick onto the glass pore walls (vide infra) compared
with the long neck of a glass nanopipette. This makes GMB nanopores an attractive analytical platform for
continuous nanoparticle sensing applications.

We use FIB milling to prepare a circular nanopore along the equator of a GMB.*” Both the bright
field micrograph (Figure 3.2B) and the SEM image (Figure 3.2C) show a round GMB with an outer
diameter of ~50 um. From the optical image, one can also see the well expanded glass structure and the
ultrathin glass walls compared to un-expanded regions on the same pipette. The geometry of a GMB can
be assumed as a hollow microsphere with an overall diameter D and the thickness of the glass membrane
L. While it is difficult to measure the thickness of the glass membrane with optical microscopy, one can
estimate the GMB diameter from an optical micrograph. Figure 3.2D shows an SEM micrograph of the
elliptical pore with a minor axis of 120 nm. The elliptical pore shape is likely due to sample charging and
slight sample drift during FIB milling.*® To examine the quality and thickness of the glass membrane walls,
we also milled a GMB in half along the equator (Figure 3.2E). The SEM image of cross section of a GNB
was taken at a 52° angle from perpendicular (Figure 3.2F). The thickness of the glass membrane in Figure
3.2F was seen to be around 500 nm.

Similar to how one characterizes other types of nanopores,*’ a current-voltage (i-V) response can be
readily obtained to evaluate the basic performance of a GMB pore in sensing and transport measurements.
Figure 3.2G shows the i-V response of the GMB pore shown in Figure 3.2D measured in 100 mM KCl
between -0.5 and +0.5 V at room temperature. A linear i-} response was obtained suggesting that the ionic
current response is largely ohmic and there is no apparent rectification effect to the ionic current.>® This is
expected due to the short pore length and the more cylindrical pore shape compare to the ultralong, conical
pores found in glass nanopipettes.’’ With GMB pores characterized with microscopy and voltammetry, we

are ready to use them to study single nanoparticle translocation and bipolar electrochemistry.
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3.3.2  Nanoparticle Translocation and Bipolar Electrochemistry

A key goal in developing these GMB nanopores has been the study of tramsient bipolar
electrochemical behavior of single metal nanoparticles, especially Ag particles. Our previous study used
glass and quartz nanopipettes, *” which allowed us to observe unusually large current blockages when single
Ag nanoparticles translocate into a pipette pore containing an acid solution (e.g., 0.1 M HCI). These large
current signals are likely caused by the coupled bipolar electrochemical processes: the oxidation of Ag and
H>O on one end of the Ag nanoparticle and the reduction of H" and H,O on the opposite end, which generate
gaseous molecules (Hz and O») and their nanobubbles blocking the ionic pathway of the pipette pore.

With the harsh chemical environment inside the pore (i.e., pH~1), however, a pipette pore is easily
clogged due to nanoparticles losing their chemical stability and adhering to the inner glass walls once they
enter the pipette. As a result, only a few particle translocation events can be seen in a normal amperometric
recording lasting a few hundred seconds. As an example, Figure 3.3A shows a 380-second current-time
recording of a 150-nm diameter quartz nanopipette detecting 80 nm Ag nanoparticles. Several distinct
nanoparticle translocation events can be seen, each having a large transient current pulse suggesting the
formation of a gas nanobubble from the coupled electrochemical reactions across the nanoparticle.®’
Importantly, one can clearly see a decreasing trend in the nanopore’s baseline current, which is likely caused
by nanoparticles translocating into the pore and adhering onto the pore walls resulting in a continuous
increase in the ionic resistance.

To make a fair comparison between our newly developed GMB pore and the pipette pore, we used
the same chemical condition (i.e., 100 mM HCI inside the pore, and 10 mM NaBr in the bulk) to study the
translocation of 80 nm Ag nanoparticles and their transient bipolar electrochemistry response. With an
inner volume significantly greater than that of a pipette pore, our GMB nanopore can greatly reduce the
issue of pore clogging allowing one to record hundreds or even thousands of nanoparticles in a single run.
As shown in Figure 3.3B, in the absence of Ag nanoparticles, a stable baseline current of -88 nA was

recorded. When 80 nm Ag nanoparticles were present in the bulk solution at 3.8 x 107 particles/ml, hundreds
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of particle translocation events were detected in the amperometry trace at both -1.5 V and -2.0 V applied
potentials (Figure 3.3C). Although the maximum duration of recording used in this study was 30 min
(Figure 3.9), we believe the GMB pores can yield stable NP recordings without significant clogging for at
least two hours.

Interestingly, all of the particle translocation events take place at negative potentials, which is
opposite to our previous work using glass nanopipettes. In the absence of a pressure-driven flow, one can
expect to have two major driving forces for the particles to enter the nanopore (pipette or GMB), the
electroosmotic force and the electrophoretic force.>* In the case of a nanopipette, the primary driving force
for particle translocation is likely the electroosmotic force originated from the positive charges on the inner
glass walls in 0.1 M acid (pH ~1),> as shown in Figure 3.4 (left panel). For a short glass nanopore, the
primary driving force seems to be the electrophoretic force (Figure 3.4, right panel).

Similar to our previous observation, each translocation event is detected as an interesting biphasic
current response with an initial upward current peak followed by a longer “waiting period” and a downward
current peak at the end of the translocation event. Representative current spikes recorded at -1.5 and -2.0 V
are given in Figure 3.3C as the inset. The shape of the biphasic current signal reflects the translocation
dynamics of a Ag NP and the unique bipolar electrochemical coupling response.’” Take the recording at -
1.5 V as an example, the nanopore’s ionic current initially experiences a slight increase (1.8 = 0.9 %), which
then decreases to the baseline. This upward peak is followed by a fairly long period (~300 ms) of somewhat
stable current and an additional current decrease (3.8 + 2.0 %). The ionic current then goes back to the
baseline after the short, <10 ms downward peak. The average peak to peak duration is 324 £ 199 ms.

The shape of the resistive current pulse can be qualitatively understood from an examination of the
possible redox processes. Without considering the possible electrochemical reactions on the particle, a
translocating Ag nanoparticle may cause an observable change to the nanopore’s ionic current, which may
be a decrease in the ionic current due to the nanoparticle blocking the ionic pathway or an enhancement to
the ionic current if the particle surface is charged and can cause an enhancement to the local ionic

conductivity.’* The true observable ionic signal will likely reflect a combination of these two opposite
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effects.” When a greater voltage is applied across the nanopore, the nanoparticle may start behaving like a
bipolar nanoelectrode coupling two separate redox reactions across its two opposite ends. On the anodic
side, the two possible reactions are the oxidation of Ag metal itself (Ag + Br = AgBr + le", E/=0.0711 V
vs NHE; or Ag = Ag® + le, E’=0.799 V vs NHE) or the H,O molecules® (2H,O =4H" + O, + 4e’, E’ =
1.23 V vs NHE). On the cathodic side, there are also two possible reactions, the reduction of protons (2H*
+2e =H,, E” =0V vs NHE) and the reduction of H,O (2H,O + 2¢" = H, + 20H", E” = -0.828 V vs NHE).

Figure 3.5 is a cartoon which depicts our understanding of the translocation signal. The initial
upward peak is likely due to the extra ionic charges the Ag nanoparticle brings to the vicinity of the pore
and the possible coupled redox reactions across the nanoparticle surface releasing ions in the nearby
solution, which enhances the local ionic conductivity of the pore.’” The citrate ligands on the Ag
nanoparticle have pKa values of 3.14, 4.76, 6.40.5 This means that while Ag nanoparticles are initially
negatively charged at neutral pH (e.g., in bulk NaBr solution), they may become neutral or even positively
charged at lower pH (e.g., in 0.1 M HCI). The initial current increase (a-b on Figure 3.5) therefore may
reflect the change in its surface charge from neutral to positive. As the particle enters the pore and continues
to move inwards, the blocking effect becomes more and more significant and eventually outweighs the
enhancement. This corresponds to the downward trend following the upward peak (b-c¢ on Figure 3.5). As
the NP moves further into the pore, it experiences an increasing local electric field, which triggers the
oxidation of the Ag metal and H,O, and the reduction of H" and H,O. Two of these reactions generate
gaseous molecules, which eventually nucleate into small nanobubbles causing a more dramatic decrease in
the ionic current (c-d on Figure 3.5). As the NP moves out of the nanopore, the local electric field decreases
leading to a smaller driving force for the coupled redox reactions. This in turn reduces the rate of formation
for the gas molecules (H, and O,) leading to the disappearance of the bubble. The ionic current increases
back to the baseline when the particle goes completely out of the pore into the inner volume (d-e on Figure
3.5).

The detection frequencies (average number of current spikes detected per second) were 0.27 events/s

and 1.0 events/s at -1.5 V and -2.0 V, respectively, in Figure 3.3C. As shown in Figure 3.6, the detection
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frequency increases linearly with particle concentration (7.6 x 107, 3.8 x 10® and 7.6 x 10® particles/mL),

which further suggests that these current spikes were indeed caused by particle translocation events.
3.3.3 Voltage Dependence

Our further studies show that both the frequency of particle translocation and the shape of the
resistive peak depend strongly on the magnitude of the applied voltage bias across the nanopore. Figure
3.7 shows a series of i-} recordings of 80 nm Ag nanoparticles translocating through a 120-nm-diameter
GMB nanopore at three different voltages, -3.0, -4.0, and -5.0 V. The same solution condition was used:
bulk solution of 10 mM NaBr containing 80 nm Ag nanoparticles at 3.8 x 107 particles/ml and 0.1 M HCI
inside the GMB pore. A clear increasing trend can be seen between the frequency of particle translocation
and the applied voltage bias; The average detection frequency was 2.1 particles/s at -3.0 V, 6.3 particles/s
at -4.0 V, and 8.9 particles/s at -5.0 V (Figure 3.7D).Table 3.2 gives a summary of the characteristics of
the translocation signal collected at five different voltages comparing their current increase, current
blockage, peak-to-peak duration, and the detection frequency.

The fact that particles are driven into the GMB pore faster at more negative voltages further suggests
that electrophoresis is the key driving force for particle translocation. While the biphasic peaks at -2.0 V
are similar in shape to those at -1.5 V, their average peak to peak duration (178 + 104 ms) is 45% shorter
than that at -1.5 V (324 + 199 ms) (shown in Figure 3.1C by the vertical dashed lines). The short event
duration is in agreement with our hypothesis that the particles are driven primarily by the applied voltage
across the nanopore.

By further increasing the negative voltage, we saw some interesting changes to the shape of the
translocation signal. While both the upward and downward peaks are well defined in the translocation
events at lower negative voltages, the upwards peak becomes much smaller and narrower at higher negative
voltages and the translocation signal becomes more dominated by the downward peak (Figure 3.7).

Moreover, the downward peak becomes significantly wider than the upward current spike. The current
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blockage increases from 8.8 £3.9 % at-3 Vto 17.3+3.3 % at -4 V and 20.0 + 2.3 % at -5 V, respectively
(Figure 3.11).

The transition of the upward peak into a short spike suggests the higher potential is more effective in
pulling the particle into the pore mouth reducing the amount of time it spends from a through ¢ (Figure
3.5).°” Meanwhile, the current is seen to decay quickly reaching the lowest point within 1 ms suggesting
the higher potential is also more effective in triggering the bipolar redox reactions leading to a faster
nucleation of the gas nanobubble.®® The increase in the percent blockage from 3.8% at -1.5 V to 20% at -
5.0 V suggests the size of the nanobubble grows with increasing voltage bias across the nanopore. This is
understandable as higher rates of coupled redox reactions can be expected at higher potentials.

An interesting observation has been made to the shape of the blockage signal in Figure 3.7. The
current signal becomes very “noisy” at these higher potentials with large current fluctuations at high
frequencies observed starting from the peak of the blockage signal until it returns to the baseline current.
This oscillating current response is in good agreement with our hypothesis that nanobubbles are formed
during the translocation process: A large bubble (primarily of H, from the reduction of H") is formed
causing the ionic current to reach the lowest point; the formation of the nanobubble inevitably blocks the
transport of protons from inside the pore to the outside; this reduces the rate of proton reduction causing
the bubble to shrink in size, which causes the ionic current to increase and allows more H™ to reach the
outside; the availability of more H" ions allows the coupled redox reactions to resume generating more H»
gas molecules and resuming the size of the nanobubble; the greater bubble size also leads to a large current

blockage. This process has been illustrated in Figure 3.8.

3.4 Conclusions

In summary, we have developed a method for fabricating individual glass nanopores in a glass
microbulb with an ultrathin glass membrane. As an interesting application of the GMB nanopore, we

studied the bipolar electrochemistry response of single Ag nanoparticles when they pass through the
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nanopore. Compared with a long and skinny nanopipette, a GMB nanopore has a shorter pore length and a
greater internal volume allowing us to continuously record hundreds or even thousands of particle
translocation events without pore clogging.

With our current experimental setting (0.1 M HCl inside the nanopore and 0.01 M NaBr in the bulk),
the bipolar electrochemistry response of a translocating Ag nanoparticle is characterized by a biphasic
current signal on an amperometric recording. It starts with a small but noticeable upward current spike
followed by a more significant downward current peak before returning to the baseline. Using our GMB
nanopore, we were able to obtain more detailed information about the amperometric signal at relatively
higher voltages and better understand the translocation process and its associated bipolar nanoparticle
electrochemistry at single Ag nanoparticles. Our results suggest nanobubbles can repeatedly form and
dissolve on a moving nanoparticle as it translocates through a short glass nanopore. Such behavior is
reflected as fast current oscillations that last tens of milliseconds during single translocation events. A
higher applied voltage bias promotes such oscillating response suggesting fast bipolar coupled
electrochemical kinetics and fast nucleation dynamics of nanobubbles.

A more detailed understanding of the bipolar electrochemistry behavior of single metal nanoparticles
will likely benefit our future research in designing ultrasensitive biosensors using the principles of single-

entity electrochemistry and metal nanoparticles as a unique biolabeling agent.
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3.5  Figures and Table

A glass nanopipette nanopore

e

' Pore clogging

A glass microbulb nanopore

Figure 3.1. Schematic of a glass nanopipette and a glass microbulb (GMB) nanopore.

A schematic drawing of a glass nanopipette (upper panel) and a glass microbulb (GMB) nanopore (lower
panel). The nanopipette has an ultralong and thin neck making it easily clogged by nanoparticles adsorbing
on the pipette walls. A glass microbulb pore has a large inner volume and an ultrathin glass membrane to

circumvent the clogging issue.
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Figure 3.2. Fabrication and characterization of GMB.

(A) Schematic depicts the fabrication of GMB. A bright field optical image (B) and an SEM image (C) of
a GMB. (D) An SEM of a 120 nm diameter pore milled in a GMB. (E) An SEM image of a GMB milled
in half along the equator. (F) An SEM image showing the cross-section of the GMB membrane with a thin
carbon layer. (G) A representative i-V curve of a 120 nm diameter glass nanopore in 100 mM KCI. The
scan rate was 100 mV/s.
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Figure 3.3. Example of current-time traces of the translocation events.

(A) A 380-second i-t trace of a 150-nm-diameter quartz nanopipette containing 0.1 M HCI immersed in a
bulk solution containing 10 mM NaBr and 80 nm Ag nanoparticles at 3.8 x 10’ NPs/ml. (B) A 40-second
i-t trace of an FIB-milled 120 nm GMB nanopore recorded at -2.0 V in the absence of Ag NPs. The solution
inside the GMB was 0.1 M HCI while the outside solution contained 10 mM NaBr. (C) A 540-second i-t
trace showing translocation events of Ag nanoparticles recorded at -1.5 and -2.0 V after adding 80 nm Ag
nanoparticles in the bulk solution to a final concentration of 3.8 x 107 particles/ml. Insets are zoom-in views
of representative current spikes with two vertical dashed lines showing the upward and downward peaks.
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Figure 3.4. Driving forces for particle translocation.

A cartoon showing the different driving forces for particle translocation with a glass nanopipette pore (left)
and a GMB pore (right). For a nanopipette, the electroosmotic force dominate the electrophoretic force;
Whereas for a shorter glass nanopore, the electrophoretic force outweighs the electroosmotic force.
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Figure 3.5. Proposed mechanism of biphasic signal.

A cartoon showing our proposed mechanism to the observed biphasic current signal of a Ag nanoparticle
translocating through a glass nanopore. Only one of the possible redox reactions is shown on each of the
two opposite poles.
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Figure 3.6. Concentration-dependent translocation.

Amperometric recordings for a 120 nm GMB nanopore at -3.0 V in a 10 mM NaBr solution containing 80
nm Ag nanoparticles at three different concentrations (A) 7.6 x 107, (B) 3.8 x 108, and (C) 7.6 x 10 NPs/ml.
(D) Frequency of particle detection (events/s) plotted verses particle concentration.
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Figure 3.7. Voltage-dependent translocation.
Amperometric recordings for a 120-nm-diameter GMB nanopore in a 10 mM NaBr solution containing 80
nm Ag nanoparticles at 3.8 x 107 particles/ml at three different potentials, -3.0 (A), -4.0 (B), and -5.0 V (C).
(D) Detection frequency (events/s) as a function of applied voltage.
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Figure 3.8. Proposed mechanism for current oscillation.

A cartoon showing the proposed mechanism for the current oscillation in the current signal. The
repeated formation and dissolution of a single nanobubble likely causes the nanopore’s ionic
resistance to fluctuate causing the ionic current to oscillate. A typical translocation current signal
is given at the bottom to show the fast current fluctuation.
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Figure 3.9. Clog-free detection of GMB.

Representative current-time traces showing individual Ag nanoparticles translocation events recorded at -
2 V in 30 min. The solution inside the GMB nanopore was 0.1 M HCI while the outside solution contains
10 mM NaBr and 3.8 x 107 particles/mL 80 nm Ag nanoparticles.
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Figure 3.10. Statistics of current increase (%), current blockage (%) and peak-peak duration at -1.5
Vand-2V.

Histograms of the current increase (%) of the current spikes at -1.5 V (A) and -2.0 V (B). Histograms of
the current blockage (%) at -1.5 V (C) and -2.0 V (D). Histograms of the peak-peak duration (ms) of the
current spikes at -1.5 V (E) and -2.0 V (F). The counts were divided by the total number of counts to obtain
the counts (%). The solution inside the GMB nanopore was 0.1 M HCI while the outside solution contained
10 mM NaBr and 80 nm Ag nanoparticles at 3.8 x 107 particles/mL.
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Figure 3.11. Statistics of current increase (%), current blockage (%) and peak-peak duration at -3
V,-4V,and -5 V.

Histograms of the current increase (%) of the current spikes at -3 V (A), -4 V (B) and -5 V (C). Histograms
of the current blockage (%) of the current spikes at -3 V (D), -4 V (E) and -5 V (F). Histograms of the peak-
to-peak duration (ms) of the current spikes at -3 V (G), -4 V (H) and -5 V (I). The counts were divided by
the total number of counts to obtain the counts (%). The solution inside the GMB nanopore was 0.1 M HCI
while the outside solution contains 10 mM NaBr and 3.8 x 107 particles/ml 80 nm Ag nanoparticles.
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Figure 3.12. Statistics of oscillating spikes within one biphasic signal.

Histograms of the number of oscillating spikes within one biphasic signal of individual Ag nanoparticles
translocation events recorded at -3 V. The solution inside the GMB nanopore was 0.1 M HCI while the
outside solution contains 10 mM NaBr and 3.8 x 107 particles/mL 80 nm Ag nanoparticles.
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Table 3.2. Characteristics for Translocation Signals of Ag nanoparticles at Different Voltages.

Current increase Current Peak to peak Frequency

Voltage (V) (%) blockage (%) duration (ms) (events/s)
-1.5 1.8+ 0.9 3.8+2.0 324 +£199 0.28 £0.10
-2.0 23+0.6 43+14 178 £ 104 0.99 +£0.11
-3.0 29+1.5 8.8+3.9 25+2.0 2.01£0.30
-4.0 1.3+0.7 17.3+£3.3 23+1.6 6.32+£0.24
-5.0 0.09 +0.07 20.0+2.3 25+1.7 8.79 £ 0.39
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CHAPTER 4 EXPLORATION OF TRANSIENT METAL NANOPARTICLE
TRANSLOCATION IMAGING USING ELECTROCHEMILUMINESCENCE

4.1 Introduction

Since its introduction in 2016, single-entity electrochemistry (SEE) has emerged as a powerful tool
in electrochemistry due to its ability to resolve individual analytes (e.g. cells, nanoparticles, and molecules)
from ensemble measurements.!2 This capability is particularly valuable for detecting biological entities,
where heterogeneity and ultralow concentrations pose significant challenges, as in early disease diagnosis.’
As discussed in Chapters 2 and 3, among SEE methodologies, nanopore-based sensing offers a key
advantage over nanoparticle collision electrochemistry by facilitating the wireless coupling of redox
reactions on a single nanoparticle, thereby broadening its applicability in bioanalytical systems.

Despite these advantages, conventional SEE platforms face inherent limitations when applied to
ultralow-concentration analytes. Nanoscale electrodes or nanopores are typically employed to minimize
background noise, yet their small dimensions result in low total analyte flux (as opposed to flux density),
leading to impractically long detection times.* For instance, when the analyte concentration is 1 pM, a 100
nm sensor captures only ~0.01 molecules per second, indicating ~100 s duration between detections.*
Furthermore, biosensing applications demand high receptor densities to compensate for slow binding
kinetics at ultralow concentrations.* For example, detecting 1 pM DNA with 10% accuracy within 100 s
requires approximately 2 x 108 receptors, indicating a sensor diameter of ~36 um, which is far exceeding
the nanoscale dimensions of typical SEE platforms.* To overcome these challenges, dense arrays of
nanopores present an attractive solution. Such arrays combine the benefits of nanoscale sensitivity with
enhanced mass transport and increased total receptor count, enabling statistically robust detection of rare
analytes within practical time duration.* Additionally, nanopore arrays can facilitate spatial mapping of

analytes, further expanding their utility in multiplexed and high-throughput biosensing. Thus, the
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development of scalable, high-density nanopore arrays represents a critical advancement for SEE, bridging
the gap between single-molecule sensitivity and real-world analytical applications.

The signal detection of nanopore array is mainly based on electrochemical imaging as electrical
measurement can be limited by flicker noise™ ¢ and throughput of readout channels’. In general, two groups
of electrochemical imaging methods have been applied to nanopore-based SEE: scanning probe methods
and optical imaging. In scanning probe methods, a nanoscale probe (e.g., a nanoelectrode or nanopipette)
is raster-scanned across the nanopore array to spatially resolve electrochemical activity. For instance,
scanning electrochemical microscopy (SECM) has enabled in sifu visualization of radical diffusion
dynamics across nanopore arrays with high spatial resolution.® However, the sequential nature of probe
scanning inherently limits temporal resolution, restricting real-time monitoring of rapid processes. In
optical imaging, the translocation of fluorescence-labeled analytes is monitored by total internal reflection
fluorescence microscopy (TIRF)”!°, confocal fluorescence microscopy'!, or fluorescence microscopy!'2.
While these methods provide parallelized detection, their application is constrained by the need for analyte
labeling, specialized laser illumination, and photobleaching effects, which collectively hinder long-term
measurements and broader applicability.

Electrochemiluminescence (ECL) based closed bipolar electrochemical imaging has been

extensively explored on the ultramicroelectrode arrays'? 14 15:16.17

, owing to its inherent advantages of
photostability'8, elimination of external excitation sources, and potential for label-free detection in closed
bipolar configurations. The system employs a closed bipolar electrode (BPE) that simultaneously couples
a target redox reaction at one pole with an ECL-generating reaction at the opposite pole, effectively
converting electrochemical events into spatially resolved optical signals.!” The closed BPE configuration
physically isolates the cathodic and anodic poles with an insulating barrier. Each pole is immersed in
separate electrolyte solutions. Notably, the applied voltage is delivered through driving electrodes rather
than the BPE itself, enabling the wireless operation of the bipolar electrode. This design facilitates the

scalable fabrication of electrode arrays without the need for direct electrical connections to individual

sensing elements. This technique has proven particularly valuable for single-entity detection, demonstrating

101



remarkable sensitivity in monitoring transient nanoparticle collision events with single-particle resolution.*
Building on this foundation, we draw inspiration from previous work (discussed in Chapter 3) where metal
nanoparticles translocating nanopores function as transient bipolar electrodes, allowing wireless probing of
single-nanoparticle electrochemistry. This principle motivates our proposed adaptation of closed bipolar
ECL for nanopore array imaging, wherein ECL reactions are coupled with redox reactions of interest to
enable parallelized, high-sensitivity detection (Figure 4.1).

In this chapter, we establish a fundamental framework for imaging transient nanoparticle
translocation events across large-scale nanopore arrays by first investigating single-nanopipette-based
bipolar electrochemiluminescence (ECL) detection. Our approach systematically progresses through three
experimental stages: First, we developed and characterized a bipolar ECL imaging system using paired gold
ultramicroelectrodes (UMEs), demonstrating successful coupling between ECL generation and
oxygen/water reduction reactions. Second, to simulate nanoparticle translocation events, we deposited gold
nanoclusters at the nanopipette orifice and examined their bipolar ECL response under both linear sweep
and pulsed voltage conditions. Finally, we explored multiple experimental configurations to achieve bipolar
ECL imaging of gold nanoparticle (Au NP) translocations. While these attempts did not yield observable
translocation events, our results suggest the system's performance is fundamentally limited by three key
factors: (1) nanoparticle residence time within the detection zone, (2) faradaic efficiency of the coupled
reactions, and (3) optical detection sensitivity. These findings establish important design considerations for
future development of ECL-based nanopore sensing platforms, highlighting the need for optimized
nanopore geometries, enhanced ECL reporter systems, and improved temporal resolution to successfully

capture transient nanoparticle translocation events.
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4.2  Experimental Section

4.2.1 Reagents and Solutions

All chemical reagents were used as received. The following chemicals were used as received from
their manufacturers: potassium chloride (KCl, Fluka, >99%), potassium ferricyanide (K3;Fe(CN)e, Sigma-
Aldrich), ferrocenemethanol (FcMeOH, Sigma-Aldrich, 97%), tris(2,2’-bipyridyl)dichlororuthenium(II)
hexahydrate (Ru(bpy)s**, Sigma-Aldrich, 99.5%), 2-(dibutylamino)ethanol (DBAE, Sigma-Aldrich, 99%),
potassium phosphate monobasic (KH2POs, J. T. Baker, 99.9%), potassium phosphate dibasic (K;HPOs, J.T.
Baker, 99.9%), sodium borohydride (NaBH4, Sigma-Aldrich, 98.0%), hydrogen peroxide (H202, Thermo
Scientific, 30%), sodium citrate dihydrate (HOC(COONa)(CH2COONa),2H,0, Sigma-Aldrich).
Gold(III) chloride (HAuCl4) was purchased from Salt Lake Metals (1% solution by weight, 99.99% purity).
All solutions were prepared with 18.2 MQ-cm deionized water from a Barnstead NANOpure water

purification system (Thermo Scientific).
4.2.2  Electrode Fabrication

The fabrication of 25 um Au disk ultramicroelectrode (UME) was fabricated as previously reported
in Chapter 2. Before each experiment, Au UMEs were freshly polished with fine 1200-grit sandpaper
(Buehler) and rinsed with excess DI water. All the electrodes were characterized and screened by running
cyclic voltammetry at 100 mV/s in an aqueous solution containing 1 mM FcMeOH and 100 mM KClL.

To prepare Ag/AgCl quasi-reference electrodes, a piece of 0.5-mm-diameter Ag wire (99.99%, Alfa

Aesar) was submerged in bleach for at least one hour and subsequently rinsed with DI water.
4.2.3  Nanoparticle Synthesis

Gold nanoparticles were synthesized as previously described.?' In general, citrate-stabilized Au
nanoparticle (NP) seeds were synthesized via a modified Turkevich method involving the rapid injection
of citrate (1.5 mL, 1 wt%)/HAuCl4 (0.5 mL, 1 wt%)/AgNOs3 (42.5 pL, 0.1 wt%)/H,O (457.5 pL) mixture

into boiling water, followed by 1 h of reflux to yield uniform, quasi-spherical Au NPs. These seeds were
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subsequently used in the seeded growth synthesis of monodisperse Au NPs with 147 nm in diameter.
Growth was achieved under ambient conditions by H>O»-mediated reduction of HAuCl4 in the presence of
sodium citrate, with particle size tuned via the molar ratio of HAuCl4 to seed. For the synthesis of 142 nm
Au NPs, the reaction mixture containing 4.9 mL H,O, 0.29 mM HAuCl4, 85 uM citrate, and 5 M H,O, was
prepared under stirring, followed by the injection of 2.8 nM gold seeds solution. H,O, was removed by

centrifugation. The size of Au NPs was confirmed by dynamic light scattering (DLS) (Figure 4.9).
4.2.4  Fabrication and Characterization of Nanopipettes

For the fabrication of nanopipettes, borosilicate capillary tubing with filament (1.2 mm o.d., 0.69
mm i.d.) (Sutter Instrument) was pulled. For the gold nanocluster deposited nanopipette, a flaming/brown
puller (SU-97, Sutter Instrument) was used. Nanopipettes were pulled using program below: HEAT =
RAMP, PUL =45, VEL = 80, DEL = 200, PRESSURE = 600. For Au NPs translocation experiments, a
CO2 laser puller (P-2000, Sutter Instrument) with the following two-line program was used to pull the
pipette: Line 1: HEAT = 350, FIL = 3, VEL = 30, DEL = 220, PUL = 0. Line 2: HEAT = 350, FIL = 3,
VEL = 40, DEL = 180, PUL = 120. The diameter of the pipette was calculated from the ionic resistance

measured in 0.1 M KCI solution at room temperature (Figure 4.8).
4.2.5 Gold Nanocluster Deposition

The deposition of the gold cluster at the nanopipette orifice was performed following the procedure
from the previous publication with slight modification.? First, a nanopipette filled with 25 mM HAuCl4 in
0.1 M KCI was mounted on a glass slide using epoxy, and a pair of Ag/AgCl electrodes were placed in the
pipette (working electrode) and chamber (reference electrode), separately. A potential of —0.6 V was
applied to initiate deposition upon slow addition of ~200 pL of freshly prepared 50 mM NaBH4 in ethanol.
NaBHj solution was periodically replenished and added to avoid solution evaporation and bubble

formation. Current—time traces were recorded using an Axopatch 200B amplifier.
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The resulting gold nanocluster-modified nanopipettes were characterized by cyclic voltammetry in a
system where the pipette tip was immersed in 2 mM FcMeOH in 0.1 M KCI, while the back of the pipette

was filled with 10 mM ferricyanide in the same buffer.

4.2.6 Electrochemical Measurements

ECL imaging on the Au UME was performed using a Chem-Clamp potentiostat (Dagan) equipped
with a headstage (gain N =0.01). The potentiostat was interfaced with a personal computer via a PCI-6251
data acquisition board (National Instruments) and a BNC-2090 breakout box (National Instruments). A
waveform generator (EG&G PARC 175) was connected to the Chem-Clamp to generate the voltage
waveform. Data acquisition was carried out using a custom LabView 10.0 program (National Instruments),
which received an external trigger signal from the camera to enable synchronized recording of both
electrochemical and optical signals.

Gold deposition at the nanopipette orifice was conducted using an Axopatch 200B high-impedance
amplifier (Molecular Devices) and a Digidata 1322A digitizer (Molecular Devices), interfaced with a Dell
computer. Current—time traces were recorded using pClamp 10.4 Axoscope software (Molecular Devices)
with a sampling rate of 100 kHz.

ECL imaging at the gold nanocluster-modified nanopipette orifice was carried out using a Chem-
Clamp potentiostat (Dagan) with a headstage of gain N = 1. In amperometric experiments, the Chem-Clamp
was connected to a Digidata 1322 A digitizer (sampling rate: 100 kHz) to acquire current—time traces. Pulsed
voltage waveforms were applied via a 33220A waveform generator (Agilent Technologies) connected to
the Chem-Clamp. For cyclic voltammetry measurements, a similar setup to that used for ECL imaging on
the Au UME was employed, with the exception of using a headstage with gain N = 1.

Amperometric detection of single nanoparticle (NP) translocation events was performed using the
Chem-Clamp potentiostat with a headstage of gain N = 1, interfaced with a Digidata 1322A digitizer. Data

were acquired at a 100 kHz sampling rate, with the low-pass filter set to 10 kHz.
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4.2.7 Optical Measurements

An Olympus [X70 microscope equipped with a 20x (0.4 NA Olympus Plan N) objective was used
to image both Au UMEs and nanopipettes. An Andor Luca S 658 M EMCCD camera cooled to -20 °C (0.6
us vertical pixel shift speed, and 13.5 MHz readout rate) was used for image recording. A 128x128-pixel
window in isolated crop mode was used to obtain fast exposure times with minimal time between frames.
For Au UME imaging, the exposure time (frame rate) was 0.05046s (19.8177 Hz) with an EM gain of 20.
For nanopipette imaging, an EM gain of 225 and exposure time (frame rate) of 0.10046s (9.9542 Hz) were
used. Andor SOLIS and Image]J were used for image processing. All graphs in the manuscript were created

using Origin 2025.

4.3 Results and Discussion
4.3.1 Bipolar ECL Imaging on Au UME

Prior to investigating single Au NPs translocation via closed-bipolar ECL imaging, we first sought
to establish closed-bipolar ECL imaging on Au UMEs. The electrochemical cell configuration is illustrated
in Figure 4.2A. To mimic the asymmetric chemical environment at the nanopipette orifice during Au NPs
translocation, two 25 um Au UMEs were positioned in physically isolated solutions and electrically
connected via a cable to form a bipolar electrode. The cathodic pole contained 10 mM KCl, while 25 mM
Ru(bpy)s**, 20 mM DBAE, and 100 mM phosphate buffer (pH 7.4) were included in the anodic pole. The
anodic pole was mounted on an inverted microscope for ECL imaging. A low ionic strength solution (10
mM KCI) was selected for the cathodic pole to prevent aggregation of citrate-capped Au NPs, which occurs
at ionic concentrations exceeding 20 mM or at pH values below the pKa (3.13) of the citrate capping
ligand.?* The Ru(bpy);*'/DBAE system was chosen as the ECL probe due to its higher ECL efficiency and

reduced toxicity compared to the conventional Ru(bpy)s*/tripropylamine (TPrA) system.? To avoid
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interference from Ag deposition, instead of Ag/AgCl, Au and Pt wires were employed as driving electrodes
in the cathodic and anodic poles, respectively.

The closed bipolar electrochemiluminescence (ECL) signals were detected at a gold
ultramicroelectrode (Au UME) using a reversible potential sweep (0 to 4 V). Both electrochemical (I-E)
and optical (ECL intensity vs. potential) responses are shown in Figure 4.2B. During the forward scan (0
to 3 V), the current and ECL intensity exhibited correlated behavior, with onset potentials near ~1.5 V. To
prevent nanoparticle aggregation, no external redox mediators were added to the cathodic pole. Instead, we
leveraged the abundance of water molecules as a source of electrons for ECL enhancement, hypothesizing
that water reduction (alongside dissolved O, reduction) could serve as the cathodic half-reaction. In air-
saturated 10 mM KCI (pH ~7.0), the dissolved O» concentration (~0.21 mM) supports the following

possible cathodic reactions®:

0, + 2H* + 2e~ = H,0,, E® = 0.695V vs NHE (R1)
0,+ 4H* + 4e~ = 2H,0, E® = 1.229 Vvs NHE (R2)
2H,0 + 2e~ = 2H, + 20H™, E® = —0.828 Vvs NHE (R3)

On the anodic pole, the ECL mechanism involves sequential oxidation of the Ru(bpy);** and the co-

reactant DBAE?’:
Ru(bpy)3* = Ru(bpy)3* +e~, E® = 1.091Vvs NHE (R4)
DBAE = [DBAE]* +e" (R5)
[DBAE]* = DBAE' + H* (R6)
Ru(bpy)3* + DBAE' = Ru(bpy)%** + products (R7)
Ru(bpy);** = Ru(bpy);* + hv (R8)

The driving potential across the bipolar electrode can be calculated as:

Ebipolar = Eanode — Ecathode €]
where Egnode 1s the driving potential on the anodic pole, and Ecumode 1s the driving potential on the

cathodic pole of the bipolar electrode.'” In the conventional two-electrode configuration (Figure 4.10), the
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cathodic oxygen reduction onset occurs at ~-0.75 V (vs Au QRE), while Ru(bpy)s*" oxidation begins at
~0.5 V (vs Pt QRE). This yields a theoretical driving voltage of ~1.25 V, similar to the observed ECL onset
potential.

Next, a current plateau is observed at 3 V. A similar plateau is seen in the two-electrode system
(Figure 4.10). In the control experiment without Ru(bpy);*"/DBAE, the plateau disappears, confirming that
it arises from the oxidation of Ru(bpy);**/DBAE (R4 to R8). Interestingly, the ECL intensity does not peak
during the current plateau but instead reaches its maximum before the steady-state current is established,
then declines to a steady value before further decaying. In the two-electrode system, the potential at which
the ECL intensity drops coincides with the onset of Au oxidation (to Au(OH),) in blank phosphate buffer.*®
Above 3.5V, the ECL intensity decays to nearly zero. While gold surface oxidation inhibits TPrA oxidation
(reducing ECL in Rubpy/TprA system),?* DBAE oxidation is catalyzed by hydroxyethyl species,?
preserving ECL signals here. Thus, the primary quenching mechanism is water oxidation, which generates
0, a known quencher of Ru(bpy),*"", and also lowers interfacial pH via proton release, further suppressing
ECL%-*° During the reverse scan (4 — 0 V), ECL signal recovery was limited, likely due to O, adsorption
on the electrode. Extending the scan to 5 V irreversibly quenched ECL, with no recovery in subsequent
cycles (Figure 4.2C), consistent with persistent surface oxidation or passivation.

These experiments demonstrate the feasibility of closed-bipolar ECL imaging on Au UMEs,
leveraging water reduction as the cathodic half-reaction. The system’s stability under controlled potentials

(<3.5 V) supports its application for real-time Au NPs translocation imaging studies.
4.3.2 Bipolar ECL Imaging on Gold Nanoclusters Confined in a Nanopipette

Building on our successful demonstration of bipolar ECL imaging at Au UMEs, we next explored
whether this approach could be extended to detect bipolar ECL signals from gold nanoclusters deposited at
nanopipette orifices. This configuration serves as an important model system for Au NPs translocation
studies, as the gold nanocluster closely mimics the behavior of a conductive nanoparticle passing through

the nanopore. When positioned at the nanopipette orifice under an applied potential, the nanocluster
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functions as a nanoscale bipolar electrode, enabling coupled redox reactions at its opposite extremities.>!
This allows us to perform localized bipolar ECL imaging at the nanopipette orifice with nanoscale
resolution, establishing the framework for single-nanoparticle translocation imaging experiments.
Deposition of gold nanoclusters at the nanopipette orifice was carried out by a two-step process
involving chemical reduction followed by bipolar electrochemical deposition (Figure 4.3A).% The
nanopipette was back-filled with HAuCls. Upon application of voltage, the addition of NaBH4 induces the
electrophoretic migration of AuCls ions toward the orifice while BH4™ ions are electrochemically driven
into the pipette. The subsequent chemical reduction of AuCls~ by BH4 yields gold nanoparticles via the
following reaction:*
8 AuCl; + 3BH; + 9EtOH — 8Au(s) + 3B(Et0); + 21H* + 32Cl- (R9)
Initially, the deposition proceeds via chemical reduction until the orifice becomes sufficiently
obstructed, preventing direct contact between the internal and external solutions. At this stage, the
deposition mechanism transitions to bipolar electrochemical deposition, where AuCls is reduced at the
cathodic pole and BH4 is oxidized at the anodic pole. A representative current-time trace for gold
deposition in a 178 nm diameter nanopipette is shown in the Figure 4.3B. Upon NaBH,4 addition, an initial
current increase is observed due to the completion of the electrochemical circuit. As deposition progressed,
the current gradually decreases as gold nanoclusters partially blocked the orifice. Fluctuations in the current
are attributed to nanoparticle formation, dislodgment, and translocation events.?* By varying the voltage
application time, different amounts of gold nanoclusters are deposited at the nanopipette orifice. The
resulting gold cluster-modified nanopipettes were characterized by cyclic voltammetry in a system where
the tip was immersed in 2 mM FcMeOH in 0.1 M KCI, while the back was filled with 10 mM ferricyanide
in the same buffer. As shown in the Figure 4.3C, the current decreases compared to the initial ionic
resistance measurement (Figure 4.8), confirming gold cluster deposition near the orifice. If the orifice has
been fully blocked, the nanopipette would have behaved as a closed bipolar nanoelectrode, yielding a
steady-state limiting current.?> However, the observed resistive response, rather than a diffusion-limited

current, indicates that for a 178 nm diameter nanopipette, a ~5 min deposition time did not result in complete
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orifice blockage. One final interesting observation is that we noticed that the deposition can only be
successfully performed when nanopipette was placed horizontally. If the nanopipette was placed into
solution vertically, no current bloackage can be detected under the same deposition parameters.

Following the deposition, bipolar ECL imaging of the confined gold clusters was performed. As
illustrated in Figure 4.4A, the experimental setup consists of a nanopipette filled with electrolyte solution
and containing an internal Au wire, while an external Pt wire is immersed in the ECL solution surrounding
the nanopipette. The nanopipette is horizontally mounted on a coverslip using epoxy and positioned above
the microscope objective for ECL imaging. We performed voltage sweeps (0-4 V) using a 178 nm diameter
nanopipette containing deposited gold clusters. In this configuration, redox reactions occur in a coupled
manner across the nanoscale interface: reduction of species (primarily O, and H,O) within the pipette is
electrochemically coupled with oxidation of the ECL-active species (Ru(bpy);*/DBAE) in the bulk
solution. This bipolar arrangement enables efficient electron transfer between the spatially separated redox
processes. The ECL signal emerged at approximately 0.6 V, peaked at 0.9 V. It is worth noticed that this
onset poptential is lower than that on Au UME. Subsequently, ECL intensity is decreased until complete
quenching occurred at 4 V (Figure 4.4B). This quenching correlated with visible bubble formation at higher
potentials, consistent with our previous observations on Au UMEs where water oxidation generates both
O quenchers and local pH changes. The merged brightfield-ECL image (Figure 4.4C) at 0.9 V distinctly
localized the emission signal at the nanopipette orifice, confirming the spatial precision of our approach. A
control experiment using bare nanopipettes (without gold clusters) yielded no detectable ECL signal
(Figure 4.11), providing evidence that the observed emission originates specifically from the gold
nanoclusters functioning as nanoscale bipolar electrodes. Notably, while the current response (I-E curve)
showed only capacitive behavior without redox peaks, the ECL signal provided clear potential-dependent
changes. This enhanced sensitivity of optical detection over current measurements is evident in Figure
4.4C, which shows distinct ECL emission frames at various potentials. These collective results not only
validate gold nanoclusters as effective nanoscale bipolar electrodes but also establish this configuration as

a powerful platform for confined ECL studies.
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Next, bipolar electrochemiluminescence (ECL) imaging was performed on a gold nanocluster-
deposited nanopipette using a potential step method. This approach was chosen to better mimic the
conditions of single-nanoparticle (NP) translocation experiments, where a constant potential is maintained
during detection. The experimental setup was identical to that used in Figure 4.4A, except that a potential
step was applied to the nanopipette instead of a liner potential sweep. Initially, the nanopipette was held at
0 V, a potential insufficient to drive the coupled reduction and ECL reactions. After 1 s, the potential was
stepped to 4 V, which is well beyond the threshold required for the reaction based on the CV in Figure
4.4B. As shown in Figure 4.5, no ECL signal was observed at 0 V, remaining at baseline. Upon stepping
to 4 V, the ECL signal was still absent, consistent with the potential sweep data discussed earlier, which is
likely due to quenching by water oxidation at the anodic pole under high voltage. Notably, pre-application
of a negative potential prior to the 4 V step significantly influenced the ECL response. When moderate
negative potentials (-1 V to —3 V) were applied before stepping to 4 V, a transient ECL spike was observed,
followed by rapid quenching due to the high oxidative potential. However, when a more negative potential
(4 V) was applied, the ECL signal persisted for nearly 1 s, matching the duration of the potential step.
While the precise mechanism requires further investigation, we hypothesize that the negative potential
promotes the pre-concentration of Ru(bpy);*>" within the nanocluster-modified region, potentially through
enhanced electroosmotic and electrophoretic fluxes. Regardless of the origin, these findings confirm that
bipolar ECL detection at the nanopipette orifice is achievable under constant potentials, and signal

amplification can be strategically modulated through pulsed potential sequences.
4.3.3  Attempts at Detection of Single Au Nanoparticle Translocation with Bipolar ECL

The successful ECL imaging of gold nanoclusters at the nanopipette orifice confirms that
nanoclusters/nanoparticles at the orifice can serve as bipolar electrodes, coupling ECL reactions with other
redox processes. Based on this finding, we shifted our focus to detect Au NPs translocation using bipolar
ECL imaging. To improve the sensitivity of the ECL imaging, a relatively large sized nanoparticle (147

nm) is used for translocation experiments (Figure 4.9).
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Our initial experimental setup is illustrated in Figure 4.6A. A 178 nm nanopipette was backfilled
with an ECL solution (25 mM Ru(bpy);**, 20 mM DBAE in 100 mM phosphate buffer), and the tip was
immersed in a 10 mM KCl solution containing 147 nm Au NPs (2.74 pM). A pressure of ~1 PSI was applied
to draw Au NPs into the nanopipette. Figure 4.6B shows simultaneously recorded current and ECL signals
under an applied potential of -4 V. The current signal (blue trace) exhibits discrete spikes, indicating Au
NPs translocation into the nanopipette. However, despite the high translocation frequency (153 Hz), the
ECL signal shows no spikes or correlation with the current signal. Notably, no current spikes were observed
under +4 V. Since both the glass nanopipette and Au NPs are negatively charged under neutral conditions,
we attribute the translocation driving force to electroosmotic flow.** Intriguingly, under -4 V, the current
trace displayed conductive peaks rather than the expected resistive peaks. This current enhancement
phenomenon has been previously reported®* 3* and was also observed in Chapter 3. A possible explanation
is that the counterion cloud around the Au NPs increases local ion density near the nanopipette orifice.*
Additionally, we propose that the coupled bipolar reaction generates faradaic current, further enhancing the
signal. However, as this chapter focuses on ECL imaging, a detailed discussion of current enhancement
will be reserved for future research. Statistical analysis of the conductive current peaks (Figure 4.6C&D)
reveals an average peak current of -251.29 £ 94.02 pA with a corresponding half-width of 0.71 £ 0.16 ms.
In a previous study on transient nanoparticle collisions detected via closed bipolar ECL imaging,
researchers noted the absence of sharp current spikes (attributed to hydrogen adsorption) in the ECL
signal.?® The study estimated the charge for the undetected hydrogen adsorption process at 403 + 90 fC,
suggesting that the ECL detection sensitivity falls below this level. If we assume that the conductive peaks
in our system arise solely from faradaic current due to coupled redox reactions, the average charge per
translocation event would only be 182 £ 119 fC, which is significantly lower than the ECL detection
sensitivity. Furthermore, in translocation systems, the measured current includes both ionic current (from
the translocation process) and faradaic current.*® As a result, the number of electrons transferred is lower

than we expected, which may explain the absence of ECL signals.
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Unlike immobilized gold nanoclusters at the nanopipette orifice (where ECL imaging does not
require high temporal resolution), the rapid translocation of Au NPs introduces challenges in both temporal
resolution and detection sensitivity for real-time ECL imaging. To address this, we modified the
experimental setup (Figure 4.7A). The nanopipette (90 nm diameter, smaller than the 147 nm Au NPs) was
backfilled with a 2.7 pM Au NP suspension in 10 mM KCI, followed by the addition of ~200 uL. ECL
solution at the tip. We propose that under an applied voltage, Au NPs migrate toward the orifice but become
trapped due to size exclusion. At sufficiently high voltages, these trapped NPs act as wireless nanopore
electrodes, enabling bipolar electrochemical reactions and subsequent ECL emissions.

Figure 4.7B displays amperometric traces of Au NP translocation at -2 V, -2.5 V, and -3 V (all
voltages are applied from inside the pipette pore to the outside). Despite the inverted solution configuration
compared to the first experimental setup, translocation signals were only observed under negative voltages.
Even at the same Au NPs concentration, translocation frequency was significantly reduced in this
configuration. Additionally, conductive signals were detected, with translocation frequency and current
amplitude increasing sharply from —2 V to —3 V. Unlike the first setup, where only sharp current spikes
were observed, this configuration exhibited a fast spike followed by a slow decay (Figure 4.7D). The decay
durations were 10.44 = 17.85 ms (-2 V), 11.22 £ 21.92 ms (-2.5 V), and 12.18 + 24.23 ms (-3 V), with
some events exceeding 150 ms, which is far longer than the transient spikes in the initial setup.

Previous studies report staircase or spike-shaped currents when nanoparticles larger than the
nanopore interacts with the orifice.’”3 A staircase signal corresponds to nanoparticle capture and hold,
while spikes indicate nanoparticle collisions and departure. The authors attribute these differences to
dynamic changes in electroosmotic, electrophoretic, and dielectrophoretic forces under varying voltages
and particle properties. In our system, the negatively charged nanopipette surface (in 10 mM KCl) generates
electroosmotic flow (EOF) that drives NPs away from the orifice, while electrophoresis moves them toward
it. At more negative voltages, enhanced electrophoresis increases NP entry into the sensing zone. However,
NPs are still repelled through EOF afterwards.*® Further studies are needed to fully elucidate NP dynamics

in this bipolar system.
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Figure 4.7B also shows synchronized current and ECL measurements under different voltages.
Surprisingly, no ECL spikes or correlations with current signals were observed. Increasing the voltage to -
4V induced strong current oscillations but no detectable ECL spikes. We initially suspected that excessive
voltage led to water reduction, quenching ECL. However, even at lower voltages, ECL signals remained
absent. Assuming the current rises solely from faradaic processes, the largest peak (26,040 fC over 20 ms)
would correspond to significant charge transfer. However, since the measured current includes both ionic
and faradaic contributions, the actual faradaic charge, and thus ECL-generating electron transfer, is far
lower, likely explaining the absence of ECL. The ECL efficiency (photons per electron) in the
Ru(bpy)s>*/DBAE system is ~0.05.% If 26,040 fC were purely faradaic, ~8.1 x 10° photons would be
generated. Although the current duration is prolonged due to the slow decay component in this
configuration (where nanoparticles are larger than the nanopore), the observed charge transfer remains
significantly smaller than the threshold required for detectable ECL events. Previous studies of transient
nanoparticle collisions, such as those involving hydrogen evolution, report detectable signals only with
substantially larger charge transfers (-80.71 + 36.48 pC over 400 ms).* Our system's smaller charge transfer
and shorter signal duration fall below this detection limit.

To improve ECL detection, future work could employ larger nanoparticles or glass surface
modifications to enhance NP trapping at the orifice, ensuring prolonged electrode-like behavior during

translocation.

4.4 Conclusion

In this study, we investigate the potential of bipolar electrochemiluminescence (ECL) imaging as a
powerful tool for monitoring conductive nanoparticle translocation events. Our systematic approach
progresses from fundamental studies on Au UMEs to nanoscale investigations using gold nanoclusters
confined within nanopipettes, demonstrating that spatially coupled redox reactions, specifically water/O-

reduction at the cathodic pole and Ru(bpy);**/DBAE oxidation at the anodic pole, can generate stable and
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spatially resolved ECL signals under nanoconfinement. The successful observation of localized ECL
emissions at nanopipette orifices confirms that gold nanoclusters function as efficient wireless nanopore
electrodes, with signal generation and modulation directly controlled by the applied potential. These results
highlight the exceptional spatial resolution achieved through this nanoscale bipolar ECL system.
However, applications of this approach to real-time detection of translocating Au nanoparticles
encounter significant challenges. The transient nature of nanoparticle translocation results in both limited
charge transfer and insufficient event duration for detectable ECL generation. These findings reveal critical
limitations in the current system's ability to balance nanoparticle residence time, faradaic efficiency, and
optical sensitivity for single-entity detection. Future advancements may overcome these limitations through
several promising approaches including implementation of nanoparticle trapping mechanisms and surface-
modified nanopipettes to prolong residence time and enhance faradaic processes, or adoption of alternative
ECL systems with superior quantum yields. By establishing these fundamental design principles, our work
not only advances the understanding of nanoscale bipolar electrochemistry but also provides a clear

pathway toward achieving optical tracking of transient nanoscale events through ECL detection.
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4.5  Figures

Figure 4.1. Detection scheme for bipolar ECL imaging of Au NPs translocation on nanopore array.
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Figure 4.2. Closed bipolar ECL imaging on Au UMEs.

(A) Schematic illustration of the experimental configuration for closed bipolar ECL imaging. (B)
Simultaneous voltammetric (blue) and optical ECL (red) responses during the potential sweep from 0 to 4
V. (C) Corresponding voltammetric (blue) and ECL (red) signals during the extended potential sweep from
Oto5 V.
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Figure 4.3. Gold nanocluster deposition and characterization at nanopipette orifices.

Schematic of the electrochemical deposition setup: a nanopipette backfilled with 25 mM HAuCl4 in 0.1 M
KCl is immersed in 50 mM NaBHj4 (in ethanol), with Ag/AgCl driving electrodes applying —600 mV for
Au reduction. (B) Representative current-time trace during Au deposition in a 178 nm nanopore, reflecting
nucleation dynamics and nanopore blocking. (C) Voltammetric characterization of the Au-modified
nanopipette in a bipolar configuration, with the tip immersed in 2 mM ferrocenemethanol (FcMeOH) and
the back filled with 10 mM ferricyanide (Fe(CN)e>).
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Figure 4.4. Bipolar ECL imaging of nanoconfined gold nanoclusters.

(A) Schematic of the experimental configuration for nanoscale bipolar ECL measurements. (B)
Synchronized (top) ECL intensity and (bottom) voltammetric responses during the potential sweep,
showing potential-dependent emission from deposited gold nanoclusters. Overlay of bright-field
microscopy and ECL emission (0.8 V) at the nanopipette orifice, which demonstrates spatial localization
of the signal. (C) The first two figures are ECL images recorded at applied potentials of 0 V (no emission)
and 0.9 V (active ECL signal). Followed by bright-field microscopy image of the nanopipette and an overlay
of ECL emission with the nanopipette.
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Figure 4.5. Potential-step triggered ECL from nanoconfined gold nanoclusters.
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Figure 4.6. ECL monitoring of Au NPs translocation through larger nanopores.

(A) Schematic of the experimental configuration for simultaneous current and ECL detection. (B)
Synchronized current (blue) and ECL (red) transient signals during AuNP translocation events at -4 V. (C)
Statistical distribution of translocation current amplitudes. (D) Histogram of the half-width of translocation
events. The “n” values for (C) to (D) are all equal to 178.
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Figure 4.7. ECL detection of gold nanoparticle translocation through size-exclusion nanopores.

(A) Schematic of the experimental configuration with a 90 nm nanopipette (smaller than 147 nm AuNPs).
(B) Simultaneous amperometric (blue) and ECL (red) recordings at different applied potentials (-2 V, -2.5
V, -3 V), with insets showing representative translocation events. (C) Distribution of translocation peak
currents (n = 17, 33, and 80 events for -2 V, -2.5 V, and -3 V, respectively). (D) Duration analysis of
translocation events showing slow decay time distributions at each potential.
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Figure 4.8. Characterization of nanopipette size.
A representative i-V curve of a 178 nm diameter pipette nanopore in 100 mM KCI. The scan rate was 100
mV/s. The pipette pore diameter was calculated from the ionic resistance and the cone angle. The potential
was applied between two Ag/AgCl quasi-reference electrodes (QREs).
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Figure 4.9. Au NPs size distribution analysis by dynamic light scattering (DLS).
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Figure 4.10. ECL characterization in a two-electrode system.
Cyclic voltammograms (blue) and corresponding ECL responses (red) for a 25 ym Au UME in 25 mM
Ru(bpy);*"/20 mM DBAE (100 mM phosphate buffer, pH 7.4). Control measurement shows the
background current in a blank phosphate buffer (blue dashed line). The yellow line is the electrochemical
response of Au UME in 10 mM KCI. Scan rate: 100 mV/s.
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Figure 4.11. ECL response of a nanopipette without gold clusters deposition.
178 nm nanopipette was backfilled with 10 mM KCI, and the tip was immersed in ECL solution. The scan

rate is 100 mV/s.
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Figure 4.12. Example trace of Au NPs translocation under 4 V.
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CHAPTER 5 CLOSED BIPOLAR IMAGING USING OFF-AXIS DARK
FIELD MICROSCOPY

5.1 Introduction

Electrochemical imaging enables the spatially and temporally resolved probing of redox-active
species in chemical and biological systems. Current electrochemical imaging techniques fall into two
primary categories: scanning probe-based methods and optical microscopy-coupled approaches. In
scanning probe-based techniques, such as scanning ion conductance microscopy (SICM) and scanning
electrochemical cell microscopy (SECCM), a nanoscale probe (e.g., an ultramicroelectrode or nanopipette)
is scanned across a sample surface while recording currents. Collected currents are then used to construct
maps of electrochemical activity and surface topography. ' While scanning probe methods achieve
exceptional spatial resolution (e.g., <100 nm),? the speed of scanning restricts real-time studies. In contrast,
optical-electrochemical imaging combines synchronized optical and current measurements, offering
improved spatiotemporal resolution and enabling real-time observation of redox processes.’

In optical-electrochemical imaging, electrochemiluminescence (ECL)%and fluorescence’are widely
employed as light-generating systems, where ECL emitters or redox-mediated fluorophores undergo
oxidation/reduction to modulate light emission. These light-generation processes can be coupled with
complementary analyte half-reactions through bipolar electrochemistry, enabling optical monitoring of
electrochemical dynamics.®Unlike conventional electrochemistry, where redox reactions are confined to a
working electrode, bipolar electrochemistry involves two coupled half-reactions occurring at opposite poles
of a bipolar electrode (BPE). Bipolar electrochemistry is typically performed in either open or closed
configurations. In the open configuration, the BPE is fully immersed in a single electrolyte, and a high
external voltage (>20-30 V) is applied between driving electrodes to polarize the BPE and drive redox
reactions at its anodic and cathodic poles.’In contrast, the closed configuration physically separates the two

poles into different solutions, blocking ionic current flow between them. As a result, a significantly lower
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driving voltage (< 2 V) is sufficient to drive faradaic reactions at both poles.® Massive parallel closed BPE
array has gained attention in electrochemical imaging due to its excellent spatial resolution. Coupling with
redox reaction of fluorophores or ECL emitters, the electrochemical reactions at one side of the closed BPE
arrays can be read out by fluorescence or ECL signals at another side.® Closed BPE array has been
successfully applied in diverse sensing applications, including single-cell imaging '° and electrocatalyst
screening'!. However, the current utility of this technique is constrained by the limited selection of efficient
ECL emitters (e.g., tris(2,2'-bipyridyl)ruthenium(II) and luminol) and redox-mediating fluorophores (e.g.,
resorufin and dihydroresorufin).

Dark-field microscopy (DFM) has emerged as a powerful label-free imaging technique, offering high
sensitivity and rapid acquisition without the need for fluorescent or electrochemiluminescent (ECL) probes.
In DFM, oblique illumination prevents direct transmission of incident light into the objective, creating a
dark background while selectively collecting light scattered or emitted by the sample.!*The scattering signal
is further enhanced through localized surface plasmon resonance (LSPR) effects ', refractive index
variations'®, and elastic scattering'®, enabling real-time optical monitoring of in situ electrodeposition
processes for single plasmonic nanoparticles. For instance, DFM has been employed to track the
heterogeneous electrodeposition of single Ag!'®, Pd'’, Co'®, and Ni'® nanoparticles. Furthermore, DFM
enables real-time monitoring of Cu,O/Au nanostructure growth through scattering signal feedback. The
resulting nanostructures exhibit enhanced electrocatalytic activity for glucose oxidation, enabling
ultrasensitive glucose detection.?

The unique capability of DFM to resolve metal nanoparticle dynamics motivates its integration with
closed bipolar electrochemistry (BPE), where electrodeposited nanoparticles could serve as the light-
generating pole. However, conventional DFM requires optically transparent electrodes (e.g., indium tin
oxide, ITO), which are prone to electrochemical dissolution under acidic conditions during cathodic or
anodic polarization, limiting their utility in BPE systems.?"*> Additionally, non-transparent electrodes (e.g.,

carbon fiber) introduce strong scattering from insulating materials, obscuring nanoparticle-derived signals.
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To overcome these limitations, our group established an off-axis DFM configuration that spatially
separates illumination from detection. 2 In this design, a low-numerical-aperture (NA) objective positioned

perpendicular to the collection optics directs incident light such that nanoparticle scattering is selectively
detected while background electrode scattering is minimized. Leveraging this platform, we now
demonstrate its integration with closed bipolar electrochemistry, creating a novel imaging system where
nanoparticle electrodeposition at the reporting pole is monitored via off-axis DFM while simultaneous
analyte detection occurs at the sensing pole. This combination merges the exceptional spatial resolution of
plasmonic nanoparticle imaging with the inherent advantages of closed BPE systems. Furthermore, the
system's versatility is enhanced through multiple compatible metal deposition options (e.g., Ag, Au), where
selection of metals with stronger scattering cross-sections can further improve detection sensitivity. This
approach opens new possibilities for spatially resolved electrochemical analysis with enhanced optical
detection capabilities.

As the first step toward high spatial resolution imaging on large arrays, we therefore sought to use
well-established copper electrodeposition and hydrogen peroxide oxidation as our cBPE system to explore
bipolar optical detection based on off-axis DFM as proof of concept. In this chapter, we first employed off-
axis DFM to achieve real-time, in situ imaging of copper electrodeposition on carbon fiber electrodes. We
then established a quantitative sensing platform for hydrogen peroxide by coupling its oxidation at a closed
bipolar electrode with copper electrodeposition, where the scattered light intensity provides a direct
measure of H,O» concentration. To demonstrate the versatility of this approach, we integrated a glucose
oxidase (GOx)-modified electrode into the system, enabling closed bipolar electrochemical glucose
detection. The GOx-modified electrode was systematically characterized by monitoring enzymatically
generated H»O,, and the enzyme loading was optimized for enhanced performance. Finally, we
demonstrated quantitative glucose sensing by combining the oxidation of GOx-derived H>O, with real-

time, off-axis dark-field imaging of copper electrodeposition.
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5.2 Experimental Section
5.2.1 Reagents and Solutions

All chemical reagents were used as received. Methanol, 2-allylphenol (98%), ferrocene methanol
(FcMeOH, 97%), chitosan, copper sulfate pentahydrate, sulfuric acid, d-(+)-glucose (=99.5%), glucose
oxidase from Aspergillus niger (Type X-S, 100000-250000 units/g solid) were purchased from Sigma
Aldrich. Other chemicals were of at least analytical grade. 1x PBS contains 150mM NaCl, 71.29 mM
Na,HPO4, and 28.71 mM NaH,POs. The pH is adjusted to 7.4. All solutions were prepared with 18.2 MQ-

cm deionized water obtained from a Nanopure water purification system (Thermo Scientific).
5.2.2  Electrode Preparation and Modification

Fabrication of carbon-fiber disk microelectrodes (CFEs) and 25-um-diameter Pt disk UMEs were
fabricated as previously reported in Chapter 2. All the electrodes were characterized and screened by
running cyclic voltammetry at 100 mV/s in an aqueous solution containing 2 mM FcMeOH and 1x PBS.
To prepare Ag/AgCl quasi-reference electrodes, a piece of 0.5-mm-diameter Ag wire (99.99%, Alfa Aesar)
was submerged in bleach for at least one hour and subsequently rinsed with DI water.

The preparation of GOx-chitosan enzyme electrodes was followed by a previously published
method.?* The Pt UME was first polished with P2000 sandpaper and subsequently cleaned by boiling in 6
M HNO:s, followed by thorough rinsing with Nanopure water. The enzyme electrodes were fabricated using
the following procedure: A 0.06 mL aliquot of 10 mg/mL or 1 mg/mL glucose oxidase (GOx) solution was
mixed. Subsequently, 0.8 mL of chitosan solution (1.0 wt.% in 83.3 mM acetic acid) with 0.12 mL DI and
0.02 mL of glutaraldehyde (GA) aqueous solution (2.5 wt.%) were sequentially added to the mixture. After
vortex mixing for 5 minutes, the Pt UME was immersed in the resulting solution for 30 seconds. The coated
electrode was then air-dried at room temperature. All fabricated enzyme electrodes were stored at 4°C in

1x PBS prior to electrochemical characterization.
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5.2.3  Electrochemical Measurements

A custom experimental setup was employed to perform cyclic voltammetry. The system consisted of
a waveform generator (EG&G Parc 175) connected to a current amplifier (Dagan) and a breakout box
(National Instruments). Data acquisition and voltage-current response measurements were performed using
an in-house LabVIEW program. For amperometric experiments, signals were sampled at 100 kHz using a
Dagan current amplifier equipped with a 10 kHz low-pass filter. Analog-to-digital conversion was carried
out using a DigiData 1322A digitizer. All experiments were conducted inside a custom-built Faraday cage.
Ag/AgCl wires served as quasi-reference or driving electrodes throughout the study. Synchronization
between electrochemical and optical recordings was ensured using a digital trigger in AxoScope 10.0 or in-

house LabView program.
5.2.4  Copper Electrodeposition and Off-axis DFM Imaging

Copper deposition scattering dynamics on CFEs were investigated using a customized off-axis DFM
system (Figure 5.1), adapted from established method.?*** The setup was based on an upright microscope
modified for off-axis DFM, where the illumination path was perpendicular to the collection objective. The
illumination system consisted of a 150 W halogen lamp (Cole Parmer 41723 series), hollow light-guiding
tubes, and a 10x objective lens (Olympus UPlanFL N, NA 0.3). Unlike conventional DFM, no beam stop
was required for the collection objective. A high-precision 3-axis micromanipulator (Newport) ensured sub-
micron alignment between the illumination and collection focal points, optimizing the signal-to-noise ratio
for scattering measurements. The CFE was mounted perpendicular to the collection objective in a custom
cuvette and precisely positioned using a micromanipulator to align the electrode surface with the focal
planes of both objectives. Copper deposition was monitored in real time using the 10x objective (Olympus
UPlanFL N, NA 0.3), selected for its optimal balance of resolution and working distance.

A 128x128-pixel window in isolated crop mode was used to obtain fast exposure times with minimal

time between frames. Exposure times, (frame rates) of 0.050046s (19.818 Hz) was used unless otherwise
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stated. Andor SOLIS software was used to record all imaging data. Andor SOLIS and Image] were used

for image processing. All figures were created using Origin 2023.

5.3 Results and Discussion

5.3.1 In Situ Off-axis Dark-field Imaging of Copper Deposition

To integrate our off-axis imaging system with the bipolar glucose sensing platform, we first
established the capability to optically monitor nanoscale copper deposition using off-axis darkfield
microscopy. Copper electrodeposition was achieved by cyclic voltammetry scanning carbon fiber
electrodes (CFEs) from +0 V to -0.5 V and then to +0.5 V (vs. Ag/AgCl) at 100 mV/s in an electrolyte
containing 50 mM CuSO; and 50 mM H>SOs.

Figure 5.2 demonstrates synchronized electrochemical and optical responses during copper
deposition and stripping. The cathodic current (+0 V to -0.5 V) increase corresponds to the reduction of
Cu?" to Cu(0) on the electrode surface. Concurrently, an increase in light scattering intensity is observed,
attributed to plasmonic scattering from electrodeposited copper nanoparticles on the carbon fiber electrode
(CFE). Plasmonic nanoparticles (e.g., Au, Ag, Cu) exhibit strong light scattering at their localized surface
plasmon resonance (LSPR) frequencies when illuminated.?> % Electrodeposited Cu nanoparticles display
LSPR in the visible range, producing bright scattering signals in DFM, where only scattered light is
detected.”” According to Mie theory, the absorption and scattering cross-sections of nanoparticles depend
on their size and morphology.!” The electrodeposited copper forms fractal-like structures with rough
surfaces, enhancing scattering efficiency. Larger aggregates contribute to more intense scattering.!’Thus,
the optical response enables direct visualization of the deposition process. The onset potential of optical
CV is observed about 150 mV more negative than the current cyclic voltammogram. This potential shift is
likely due to the minimum copper deposition threshold required for optical detection on
ultramicroelectrode. As reported in the bipolar electrogenerated chemiluminescence system, the size
geometry of the bipolar system can significantly change the optical detection sensitivity, where a smaller

reporting pole (CFEs electrode in this system) relative to analyte pole (Pt UME) displays better signal-to-
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noise ratio.”® Thus, the optical sensitivity can be further improved by replacing ultramicroelectrode to a
nanoelectrode.?’ The optical signal continues to increase during the reverse potential scan (0.5 V to —0.2
V), immediately preceding the onset of copper oxidation. This behavior indicates that the large copper
clusters deposited on the CFE surface during the forward scan (0 V to —0.5 V) are still presented, while
additional nucleation sites are activated, leading to the formation of new copper nuclei. A similar trend has
been reported for glassy carbon electrodes, where copper deposition processes were characterized by atomic
force microscopy (AFM).>° The observed phenomenon can be attributed to the additional activation of
nucleation sites on the carbon surface at increasingly negative potentials.*® During the stripping step of Cu
(0), after the applied voltage passed ~-0.2 V, the optical intensity drops, which corresponds to the copper
oxidation peak on the voltammetry. After the voltage passes 0 V, current drops to near 0 nA, the optical
intensity also drops to near 0, which indicates deposited copper nanoclusters are fully oxidized (stripped).
A control experiment was conducted in the absence of CuSOs to verify the origin of scattering signal. As
shown in Figure 5.2B, no copper deposition scattering signal is detected, confirming that the signal

observed in off-axis DFM arises exclusively from copper deposition.
5.3.2  Bipolar Coupling of Copper Deposition and H>O> Oxidation

In a closed bipolar electrochemical system, the anodic and cathodic poles are physically separated
into two distinct compartments, connected via a metallic wire electrode.’' Two driving electrodes apply an
external voltage across the isolated solutions, enabling the coupling of complementary redox reactions at
opposing poles.®By integrating a light-generating process at one pole, the light intensity can serve as a
quantitative reporter of electrochemical activity. As previously discussed, variations in light scattering
intensity correlate with the copper deposition process, making it a suitable optical signal reporter.

Figure 5.3A illustrates the experimental configuration of the closed bipolar system. As proof of
concept, H>O, oxidation was selected as the model anodic reaction, coupled with cathodic copper
deposition, given that H>O; is the enzymatic product of glucose oxidation catalyzed by glucose oxidase

(GOx). Cell 1 contained a 25 pum Pt ultramicroelectrode (UME) immersed in an H>O, and PBS solution,
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while Cell 2 included a 50 mM CuSO4/50 mM H,SO; electrolyte with a 5 um carbon fiber electrode (CFE).
Two Ag/AgCl driving electrodes, one in each cell, were connected directly to the current amplifier. The Pt
UME and CFE were connected directly to complete the bipolar circuit.

Figure 5.3B presents the bipolar cyclic voltammogram (CV) obtained using a 25 um Pt UME for 1
mM H,O, oxidation coupled with a 5 pm CFE as the cathodic copper deposition reporting pole. The results
demonstrate that in bipolar system, the H,O» oxidation current reaches a diffusion-limited plateau at applied
potentials exceeding +1.2 V. Comparison with conventional 2-electrode voltammetry (green and blue
curves, Figure 5.3B) suggests that the anodic H,O» oxidation limits the overall faradaic current in the
bipolar system, as evidenced by the similar steady-state currents observed in both configurations. This
limiting current (14.4 nA) aligns with the theoretical steady-state current expected for a 25 pm Pt disk
electrode in 1 mM H»O, solution. **The theoretical driving potential across the bipolar electrodes can be
calculated by Equation 1%, where Eu.q. is the driving potential on the anodic pole (H2O, oxidation), and
Eamode 18 the driving potential on the cathodic pole of the bipolar system.

Epipotar anode — Ecatnode €Y)

Given that the copper reduction occurs at ~ -200 mV vs. Ag/AgCl (as shown in Figure 5.3B), and
H,0O» oxidation occurs at around 100 mV vs. Ag/AgCl (Figure 5.3B), at least 300 mV would be required
for this bipolar coupling process, which is confirmed by the bipolar cyclic voltammogram.

The correlated copper deposition scattering signal was synchronously collected with the
electrochemical response. Both the current-voltage and optical intensity-voltage voltammograms are
presented in Figure 5.4. While both signals show increasing trends with applied potential, the optical signal
demonstrates an onset potential approximately 250 mV more positive than the current signal, consistent
with observations in 2-electrode system. Control experiments performed in the absence of H,O, showed
slight increases in both current and optical signals, potentially attributable to competing redox processes

such as water oxidation. To minimize these background interferences, an applied potential of +1.0 V was

selected for subsequent amperometric glucose sensing measurements.
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The sensitivity of the closed-bipolar system was evaluated by measuring the optical response to
varying concentrations of H>O» in PBS. Under an applied constant potential of +1.0 V for 15 s, the resulting
copper deposition exhibits a concentration-dependent increase in optical intensity, with a linear correlation
(R?=0.987) observed over the range of 50 uM to 1 mM (Figure 5.5). The system demonstrates a limit of
detection (LOD) of 35.88 uM H»0,, which shows a better detection sensitivity when comparing to a
previously reported bipolar electrochemiluminescence imaging system for H,O, detection with a LOD of
50 uM.** Given the well-established enzymatic generation of H>O, from glucose oxidase (GOx)-catalyzed
reactions, this system holds significant promise for indirect glucose sensing with high sensitivity and rapid

response.
5.3.3  Characterization of GOx-chitosan Enzyme Electrode

Chitosan, a biocompatible and porous polymer, was selected as the immobilization matrix due to its
strong adhesion, structural stability, and ability to facilitate substrate diffusion while entrapping enzymes.>*
Its high density of amino groups enables effective cross-linking with glutaraldehyde (GA), forming
covalent bonds with GOx to enhance immobilization stability.3® During measurement, glucose diffuses to
the electrode surface, where is oxidized by immobilized GOx. The enzymatic reaction generates H>O,,
which is subsequently oxidized at the electrode surface and detected amperometrically.’” This two-step
process (enzymatic reaction followed by electrochemical detection) ensures high selectivity and sensitivity
toward glucose.

The successful immobilization of glucose oxidase (GOx) within the chitosan film was first verified
electrochemically. Figure 5.6A demonstrates that GOx-functionalized electrodes (1 mg/mL in chitosan
film) show a characteristic oxidation current between +0.3 V and +0.6 V (vs. Ag/AgCl) in 400 mM glucose
solution, corresponding to the electrochemical oxidation of enzymatically generated H>O,. Control
experiments with GOx-free chitosan-modified electrodes show no detectable current in this potential
window, confirming the enzymatic origin of the signal. To unequivocally attribute this response to H>O,

oxidation, additional control experiments were performed (Figure 5.6B). A bare Pt electrode in a 1 mM
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H>0,/1 mM glucose solution (red curve) exhibits an oxidation peak with a potential window identical to
that observed for the GOx-chitosan-modified electrode in 1 mM glucose (green curve). This result confirms
that the anodic current originates from H»>O, oxidation. Furthermore, no current is observed when either:
(i) GOx is absent from the chitosan film (yellow curve), or (ii) glucose is removed from the test solution
(blue curve). These results provide evidence that the electrochemical signal originates specifically from
GOx-catalyzed glucose oxidation and subsequent H,O» detection.

The loading of GOx critically influences the detection sensitivity of the system. To optimize the
enzyme loading, Pt UMEs were functionalized with varying concentrations of GOx in chitosan and
evaluated by measuring the oxidation current of enzymatically generated H>O, via cyclic voltammetry in
glucose solutions. As shown in Figure 5.7A, Pt UMEs modified with 1 mg/mL GOx enabled robust
detection of glucose at concentrations as low as 0.1 mM. In contrast, electrodes functionalized with 0.1
mg/mL GOx exhibited negligible current differentiation between 1 mM glucose and blank PBS (Figure
5.7B). Consequently, 1 mg/mL GOx in chitosan was selected for subsequent experiments to ensure high

sensitivity.
5.3.4  Quantitative Detection of Glucose with Off-axis Dark-field Imaging

Glucose quantification was achieved through closed bipolar coupling of a glucose oxidase (GOx)-
modified Pt ultramicroelectrode (UME) with an off-axis dark-field imaging system for monitoring copper
deposition on CFEs. The GOx-modified Pt UME was incubated in glucose solutions of varying
concentrations for 30 min at room temperature, followed by the application of a constant potential of +1 V
for 90 s. The resulting copper deposition was tracked in real time using off-axis DFM. As illustrated in
Figure 5.8A, the optical scattering intensity increases with the duration of applied potential, reflecting the
progressive accumulation of copper nanoparticles on the carbon fiber electrode surface. In contrast, no
detectable scattering signal is observed in the absence of glucose, as the anodic current generated at the Pt
UME is insufficient to drive copper deposition at the cathodic reporting pole (CFE). Figure 5.8B displays

the dark-field images of the CFE after 90 s of polarization, demonstrating a concentration-dependent
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enhancement in scattering intensity. A linear correlation (y = 301.3x + 4.01, R? = 0.978) between optical
intensity and glucose concentration is established with liner detection range (LDR) of 100 uM to 1 mM
(Figure 5.8C). The system demonstrates a limit of detection (LOD) of 16.04 uM glucose. The sensitivity

is adequate since the clinical glucose concentration is greater than 3.5 mM. ¥
5.4  Conclusion

In this work, we integrated an off-axis dark-field imaging system with a closed bipolar
electrochemical platform to enable real-time, optical tracking of nanoscale copper deposition and its
application in glucose sensing. Leveraging the strong plasmonic scattering of electrodeposited copper
nanoparticles, we demonstrated that off-axis DFM serves as a highly sensitive and direct imaging tool for
monitoring electrochemical processes at ultramicroelectrode surfaces. The bipolar coupling of H202
oxidation (anodic pole) and copper deposition (cathodic pole) facilitates the quantitative detection of H202,
achieving a linear range of 50 uM to 1 mM and a detection limit of 35.88 pM. For glucose detection, glucose
oxidase (GOx) was immobilized within a chitosan matrix on a Pt ultramicroelectrode. The resulting
biosensor exhibits excellent sensitivity, with a linear response from 100 uM to 1 mM and a limit of detection
of 16.04 uM. The strong correlation between optical scattering intensity and glucose concentration
underscores the potential of this approach for label-free, real-time monitoring of enzymatic reactions.

This study not only provides new insights into the integration of closed bipolar electrochemistry with
optical dark-field imaging but also establishes a versatile platform for biosensing applications. By
functionalizing the system with alternative oxidase enzymes, this strategy can be adapted for the detection
of diverse biomarkers. Future work will focus on enhancing sensitivity through nanoelectrode integration,
as well as extending the platform to other enzymatic or catalytic processes for biomedical and
environmental monitoring. Additionally, the development of an imaging array could further improve spatial

resolution and throughput.
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5.5  Figures
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Figure 5.1. The configuration of off-axis DFM.
The experimental setup of off-axis DFM for imaging Cu deposition on the carbon fiber electrode (CFE)
surface.
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Figure 5.2. Off-axis DFM imaging of Cu electrodeposition.
(A) Simultaneous electrochemical (black) and optical scattering (red) signals recorded during immersion
of a CFE in a solution containing 50 mM CuSO4 and 50 mM H,SOs. (B) Correlated current (black) and
optical scattering (red) responses of a CFE in 50 mM H,SOs. (C) Off-axis DFM images capturing Cu
electrodeposition-induced scattering on the CFE surface at applied potentials of -0 V, -0.4 V,-0.5V, -0.2
V,and 0.2 V (vs. Ag/AgCl).
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Figure 5.3. Coupling of Cu electrodeposition with H,O; oxidation using closed BPE.

(A) Schematic of the closed BPE setup, which enables simultaneous measurement of the current through
the BPE and light emission from the reporting pole (CFE) using off-axis DFM. (B) Electrochemical signals
of two-electrode and closed BPE systems. Blue line: CV of 25 um Pt UME in a two-electrode setup in 1
mM H>O0; and 10 mM PBS. Green line: Voltammogram of Cu deposition (50 mM CuSOs and 50 mM
H,SO4) in a two-electrode system. Red line: BPE response with the anode (CFE) in 1 mM H;O; and 10
mM PBS and the cathode (Pt UME) in 50 mM CuSOs and 50 mM H>SOs.
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Figure 5.4. Correlated current and optical responses of closed BPE system.
Solid and dashed lines represent responses in the presence and absence of H>O; in the analyte (anodic) pole,
respectively. The reporter (cathodic) pole contained 50 mM CuSO,4 and 50 mM H>SOs solution.
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Figure 5.5. Quantitative detection of H,O; using off-axis DFM.

(A) Representative time-dependent scattering intensity profiles for different H>O concentrations (0-1 mM
in 1 x PBS). (B) Calibration curve showing the linear relationship between H>O, concentration and DFM
scattering intensity (n = 3; error bars represent mean =+ standard deviation).
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Figure 5.6. Characterization of glucose oxidase modified enzyme electrode.

(A) CVs of a GOx-modified Pt UME (blue) and an unmodified Pt UME (red) in 400 mM glucose (1x PBS).
(B) CVs of Pt UMEs under varying conditions: (i) bare Pt UME in 1 mM H,O, + 400 mM glucose (red),
(i1) GOx-modified Pt UME in 1 mM glucose (1x PBS, blue), (iii) bare Pt UME in 1 mM glucose (yellow),
and (iv) GOx-modified Pt UME in 1x PBS (green).
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Figure 5.7. Optimization of GOx loading on enzyme electrode.
A) CVs of a GOx-modified electrode (1 mg/mL GOx) in glucose solutions at varying concentrations
(indicated). (B) CVs of a GOx-modified electrode (0.1 mg/mL GOx) under glucose concentration gradients.
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Figure 5.8. Quantitative detection of glucose using off-axis DFM.
(A) Time-dependent scattering intensity profiles for glucose concentrations ranging from 0 to 1 mM in 10
mM PBS. (B) Corresponding off-axis DFM images of Cu electrodeposition patterns after 90 s of applied

potential for each glucose concentration. (C) Linear calibration curve correlating glucose concentration
with normalized scattering intensity (n = 3; data shown as mean + SD).
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