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Abstract

Scanning electrochemical microscopy (SECM) employs a biased ultramicroelectrode (few
nm to 25 um diameter) as a probe that is scanned over a sample to electrochemically
characterize its physical properties and chemical reactivity with high temporal and spatial
resolutions. In this dissertation, SECM was used to investigate the membrane responses of
single live human bladder cancer (T24) cells to obtain insights into their topography,

physiology and pathology.

First, the membrane-impermeable ferrocene carboxylate was used as the SECM redox
mediator to investigate the geometry and topography of these cells along with 3D finite
elemental analysis (FEA) simulations generated in COMSOL Multiphysics. The success of
these 3D simulation models now allows characterization of asymmetric samples, previously

restricted to a 2D axially symmetric geometry (Chapter 2).

Upon exposure to toxic and non-essential Cd** (mM range), the membrane permeability to
the hydrophobic mediator, ferrocenemethanol, in T24 cells increased within minutes. Time-
lapsed SECM was able to measure and quantify these changes in membrane permeability
(Chapter 3). Expanding on this work, T24 cells were exposed to low exposure (25 uM, up to
6 hours) or 1 hour of acute Cd** concentrations (Chapter 4). Specifically, the permeation of
hydrophilic redox mediators: ferrocene carboxylate, ferrocene dicarboxylate, and
hexaamineruthenium(111), into Cd**-treated T24 cells confirmed membrane integrity loss. In
conjunction with FEA, the membrane permeability coefficients were quantified. A
correlation between cellular loss and membrane integrity was confirmed using MTT cell

proliferation assays.

Exposure to the trace essential Zn?* (0-75 uM, 24 hours) did not significantly affect the cell
membranes of T24 cells. Higher Zn®*-treatment led to cytotoxicity, where membrane
integrity loss (increased permeation) and cellular death were observed (100-400 puM). The

above discoveries suggested the Zn**-induced apoptosis in these cells. This was confirmed



by several apoptotic indicators, such as the externalization of phosphatidylserine and

activation of caspases 3 and 7 (Chapter 5).

Finally, to improve the spatial resolution of SECM, a fabrication method of nanometer-sized
probes was successfully developed. This led to the reduction of Pt electrode disk diameters
from 25 um to 25 nm. Visualization of reactivity features of nanometer-sized samples using

SECM is anticipated with this advancement (Chapter 6).
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Figure 3.1. A schematic of the 2D axial geometry simulated in COMSOL 3.5a. cg and cg; are
the bulk concentrations outside and inside the cell, respectively. The boundary conditions at
the cell membrane are the inward and outward fluxes of FCCH,OH across the cell membrane:
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Figure 3.2. Optical micrographs of T24 cells (A) unexposed to Cd** and (B) exposed to 10
MM COZ* FOT 12 Nl 63

Figure 3.3. (A) An optical micrograph of control T24 cells. The black spot in the image is
the UME, which is to the right of the cell of interest (circled). (B) A typical SECM depth
scan image of a T24 cell unexposed to Cd?* (control). (C) An experimental probe approach
curve to a control T24 cell, taken at the vertical line above the cell as shown in (B). The
experimental PAC is overlaid onto simulated curves of known membrane permeability
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Figure 3.4. Optical micrographs of a T24 cell (A) before and (B) after exposure to 1 mM
Cd?* for 50 min, the UME is located to the right of the cell of interest. (C) A SECM depth
scan image of the T24 cell as in (A) after 50 min of Cd** exposure. (D) PACs to the cell
before (red, extracted along the vertical line in (C)) and 45 min after exposure to 1 mM Cd**
(] U7 TSP 66

Figure 3.5. Optical micrographs of a T24 cell (A) before and (B) after exposing to 10 mM
Cd?* for 45 min, where the UME is to the right of the cell. (C) A SECM depth scan image of
the T24 cell as in (A) after 50 min of Cd** exposure. PACs to the cell before (red in (D),

extracted along the vertical line in (C)) and 45 min after exposing to 1 mM Cd** (blue in
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Figure 3.6. Permeability of FcCH,OH as a function of time for T24 cells treated with 1.0 and
7.5 mM Cd**. Note, the membrane permeability at t = 5 min was removed due to the intense

current spike which occurs immediately after the addition of 7.5 MM Cd**...........cccoouenee. 69

Figure 4.1. Typical SECM depth scan images of single T24 collected using redox mediators:
(A) FcCOO', (B) Fc(CO0),%, and (C) Ru(NHs)s®". The scale bar in each SECM image
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(D) FcCOO" (purple), (E) Fc(COO),* (blue), and (F) Ru(NHs)e>* (green). Please note, the
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(A-B) due to the opposing redox chemistry occurring at the UME tip. ......ccoooevvevviieninnnen, 82
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Figure 4.5. Typical SECM depth scan images of T24 cells treated with 4.4 mM Cd?* for 1
hour detected using the following molecular probes: (A) FcCOO', (B) Fc(COO),*, and (C)
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Ru(NH3)s®*. The scale bar in each SECM image represents 10 um. The arrows in (A)-(C)
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Chapter 1

1 Introduction

1.1 Background of SECM

Scanning electrochemical microscopy (SECM), a member of the scanning probe
microscopy (SPM) family, was first introduced in the late 1980s by the Bard? and
Engstrom®* Research Groups. Since then, SECM has been greatly developed by the Bard
Lab and many other scientific researchers within many interdisciplinary fields, with
applications ranging from chemical to biological studies.> *** SECM has since emerged as a
powerful electroanalytical technique that has found applications in kinetic studies, chemical
activity imaging and microfabrications. Within the last decade, peer-reviewed scientific
reports have been averaging over a hundred publications a year and over two thousand

10-11, 15-16

articles, including reviews and textbooks, have been published overall.

1.2 SECM Principles

The electrochemical signals and lateral resolution of SECM are directly dependent on
the probes employed. Ultramicroelectrodes (UMES), electrodes with a radius, a, on the order
of a few nm to 12.5 pm, are used as the probes in this technique.> ** By using probes of
these sizes, the steady state redox currents can be quickly obtained (~ a%/D, where D is the
diffusion coefficient of the redox mediator) and resistive drops (iR) in solution during the
passage of current are negligible, since the current is small (typically on the order of nA to

pA range).> °

Figure 1.1A shows a cyclic voltammogram (CV) of 0.9 mM
ferrocenemethanol (FcCH,OH) with 0.1 M KCI supporting electrolyte in deionized water,
collected using a 25 um Pt UME. Upon sufficient potential bias, the one electron oxidation

reaction of FcCH,OH occurs:
FcCH,OH = Fc"CH,0H + ¢ (1.1)

This results in a steady state oxidative current at applied potentials greater than 0.20 V
(vs. Ag/AgCl). In this plateau region, the conversion (or consumption) of FCCH,OH in the



vicinity of the UME tip is converted directly to Fc"CH,OH in a diffusion-controlled manner
(egn 1.1).

When these biased probes are several tip radii distances away from a substrate (or
sample), the mass transport of the redox mediator from the bulk solution replenishes any
FCCH,OH consumed at the tip (Figure 1.1A). In other words, the resulting current is
controlled by the mass transfer rate of diffusion of the electroactive species from the bulk
solution towards the electrode surface. This diffusion layer is described as hemispherical in
nature and the steady state current (iss ) for a planar disk electrode with a large glass sheath

can be described by:®
iss=4nFDac (1.2)

where n is the number of electrons transferred in the redox reaction, F is the Faraday constant
(96,485 C/mol), and c is the concentration of the electroactive species. The steady-state

current for other tip shapes, such as spherical or hemispherical, can be defined similarly.’

As the biased SECM probe approaches a sample, the feedback current becomes
influenced by the sample’s electrically conductive or insulating properties. Hemispherical
diffusion of the mediator from the bulk solution to electrode tip becomes partially hindered
by the sample and the feedback current will deviate from steady state depending on the
electrical properties of the sample. This is often characterized in the form of probe approach
curves (PACs), where the normalized current (1) is plotted against the normalized distance
(L), egns 1.3 and 1.4, respectively:

it

Normalized Current,] = — (1.3)

loo

tip—to—sample distance,d

Normalized Distance, L = (1.4)

electrode radius,a

For instance, Figure 1.1B shows a typical PAC of an SECM probe approaching a conductive
substrate. When the probe is several tip radii away (L > 4), the steady state current is
detected (I = 1). However, once the probe is in close proximity to the sample (L < 2),

increased feedback current is detected (I >> 1). This is due to the oxidized F¢'CH,OH



species (produced at the biased electrode tip) diffusing to the conductive sample, where it
becomes reduced, regenerating the mediator. This rate of regeneration by the substrate will
increase as the tip-to-sample distance is decreased. The reduced species can diffuse back to
the electrode tip, where it can drive the reaction forward (egn 1.1), contributing to increased
feedback current (positive feedback, 1 >> 1). If the sample is insulating, the resulting PAC
will show a decrease in normalized current as the probe approaches the sample since
reduction of the oxidized species cannot occur and hemispherical diffusion remains partially
blocked by the sample (I < 1, Figure 1.1C). It is expected that the normalized tip current will
reach 0 at a tip-to-sample distance of 0 (L = 0).
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Figure 1.1. Principles of SECM illustrating (A) top: hemispherical diffusion of a
reduced redox mediator from the bulk solution to the electrode tip, bottom: a CV of
0.90 mM FcCH,OH with 0.100 M KCI in deionized water, (B) top: positive feedback

between the electrode tip and conductive sample (redox cycling), bottom: the
corresponding experimental and simulated PACs approaching a conductive sample and

(C) top: illustration of negative feedback principle between the electrode tip and

insulating sample, bottom: the corresponding experimental and simulated PACs

approaching a non-conductive (insulating) sample. All data shown were collected with
a 25 um Pt UME (RG3).



1.3 Simulations

Quantitative SECM theory has been developed to allow treatments for both diffusion-
controlled properties and finite kinetics.> The first theoretical treatment of SECM data was
reported by Kwak and Bard in 1989 using the finite element method (FEM).> These
simulations solved the tip currents as the SECM probe approached a conductive or insulating
substrate, similar to the simulated PACs presented in Figures 1.1B and C. Kwak and Bard
demonstrated that the experimental PACs can be overlaid onto simulated curves, generated
based on the experimental conditions, to quantify sample and electrode properties, such as
the absolute tip-to-substrate distances and RG (ratio of insulating sheathing to conductive
wire) effects on the UME.? For example, the experimental PACs obtained to a conductor and
insulator shown in Figures 1.1B and C indicate a tip-to-sample distance of 1.41 um
(L = 0.11) and 2.69 um (L = 0.22), respectively. Since 1989, the theory and FEM
simulations of SECM have become well developed and are now systematic.> *** The theory
of feedback mode of SECM was extended to include, but not limited to, finite heterogenous
electron transfer kinetics at microscopic substrates,® transient (chronoamperometric)

feedback modes,'® and rate constants for irreversible heterogenerous processes.?%

In the Ding Lab, the FEM is used with SECM to solve for kinetic parameters, such as

rate constants for reactive oxygen species evolution’*?
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and membrane permeability in single
live cells. These simulation models were generated using 2D axially symmetric
geometry and coordinates system, which limits the SECM probe to a linear path of motion
that is centered over a symmetric substrate. Simulations of asymmetric models were
previously limited due to their high demand on computer resources, where memory
utilization and long compute times restricted their use.”®*" However, progression into 3D
modelling in FEM now allows simulations for the quantification of experimental off-axis

PACs and horizontal sweeps.?®%

1.4 Modes of Operation for SECM

There are several modes of operation in SECM, the tip generation/substrate collection
(TG/SC), substrate generation/tip collection (SG/TC) and feedback modes.> ! In the TG/SC
mode, the tip is biased at a potential where a redox reaction occurs and the substrate is biased



at a different potential, where the product from the reaction at the tip drives the substrate
reaction forward.”® In most cases, the substrate is considerably larger than the tip, so the
collection efficiency is essentially 1 (isubstrate/Itip = 100%).> If the tip product does not diffuse
directly to the substrate, this collection efficiency decreases and the determination of the rate
constant of the homogenous reaction is possible. In the alternative mode, SG/TC, the

substrate behaves as the generator and the tip is the collector (Figure 1.2B).

A B
Tip — Generator (+) Tip — Collector (-)
FcCH;OH
T~ > : FcCH,OH > i FcCHLOH
FcCH,0OH
Fc'CH, OH FC'CH,OH  FcCH,OH
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Figure 1.2. Schematic illustrations of the (A) tip generation/substrate collection
(TG/SC) and (B) substrate generation/tip collection (SG/TC) modes of SECM.

In (A) the tip acts as the generator, where it is biased at a positive potential to drive the
one electron oxidation reaction of FcCH,OH to F¢*CH,OH forward. The oxidized
product Fc*CH,OH can diffuse to the substrate, where it gets reduced back to
FcCH,OH. In (B) the substrate acts as the generator, oxidizing FcCH,OH at its
surface. The oxidized species can diffuse to the tip, where it becomes reduced.
The consumption of FcCH,OH at the (A) electrode tip and (B) substrate are

replenished by the diffusion of the species from the bulk solution.

The most frequently used mode of operation of SECM is the feedback mode, where
only the current of the biased tip is monitored. When in close proximity to a substrate, there
is blockage of the hemispherical diffusion of the redox species to the tip (negative feedback,
Figure 1.1C) or regeneration of the redox species by the substrate occurs (positive feedback,

Figure 1.1B). This effectively allows investigation into both electrically insulating and



conducting surfaces, as well as the reactions that occur there. In this dissertation, the

feedback mode of SECM is used for all projects reported within.

1.5 Conventional Imaging Modes of SECM

Conventionally, most research groups use one of two SECM imaging modes: the
constant height or constant distance modes, which utilize the feedback mode of SECM
(Figure 1.3). In the traditional constant height mode, the biased probe is held at a constant
tip-to-sample distance and is scanned along the sample surface in an x-y sweep to
electrochemically study its topography and properties (Figure 1.3A). However, one major
drawback of this method is the convolution of the faradaic processes and the probe-to-sample
distance effects if there is an uneven sample surface. It is possible that the variations in the
sample topography may influence the current changes observed in the SECM image. There
is also risk that the probe may crash against an uneven sample, which can lead to unwanted
tip or sample damage. To overcome the inherent shortcomings of the constant height mode,
the constant distance mode was developed (Figure 1.3B).°> In this mode, the probe will
maintain a constant distance from the sample, moving up or down accordingly to maintain a
constant normalized current. This allows deconvolution of the varying sample heights
through the faradaic processes. These two imaging modes produce a current map in the x-y
plane (Figure 1.4A).
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Tip trace

Conbtdnt
Cell height . Cell _T'_p_tr_a_ce

Substrate Substrate

Figure 1.3. The schematic illustrations of the SECM operating in the (A) constant
height and (B) constant distance modes. In constant height mode, the probe is scanned
at a fixed height relative to the z-axis of the positioning system, while the probe in
constant distance mode will be scanned to maintain a constant normalized current and

therefore tip-to-sample distance. The dotted line represents the probe’s scan path.
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Figure 1.4. SECM current map images of T24 cells collected using the (A) constant
height and (B) depth scan imaging modes.

An alternative to the conventional SECM imaging methods is the depth scan mode,
which was developed and is frequently used by the Ding Lab (Figure 1.4B).>*%* % |n this
mode, the probe performs a series of horizontal line scans in the x direction, where with each
consecutive line scan, the probe is moved in the z direction to minimize the tip-to-sample
distance. This mode generates a current map in the x,z-plane in real-time. The visualization
of the SECM probe’s approach can allow the experimentalist to prevent a potential collision
between the probe and sample based on the current detection at the electrode tip. In addition,
since each pixel in the SECM image is comprised of both the tip current and its x,z
coordinates, multiple PACs and horizontal line scans can be analyzed after the collection of a

single image. In combination with FEM, this allows quantification of sample properties.

1.6 SECM Instrumental Setup

SECM instrumentation consists of three main components: (i) the electrochemical
system, (ii) a precise positioning system and (iii) the data acquisition system (Figure 1.5).
The electrochemical system is comprised of a low current electrochemical analyzer
(e.g. bipotentiostat) that is employed to control and monitor the applied potential and faradaic
current at the probe and/or substrate. As a member of the SPM family, a precise positioning
system is employed to control the SECM probe’s movements since high spatial resolution is
required. Often, the movement of the probes is governed by inchworm motors or

piezoelectric positioners. Initially, inchworm motors were used to control the movement of



the probe, which is created through the sequential activation of three piezo components
where the outer two piezo elements act as clamps and the central piezo element expands and
contracts along the motor shaft when voltage is applied. Most modern SECM instruments
utilize a piezoelectric scanners; the electromechanical device undergoes a dimensional
change when voltage is applied. These precise positioning systems offer the high spatial
resolution, on the order of submicron scale, when the SECM probe is scanned across a
sample. A computer with a data acquisition system is utilized to control the three
components, while collecting and compiling the experimental data from all sources. In
addition to these three components, SECM instruments are often placed within a Faraday
cage, provided with electrical isolation and common grounding, and placed on a vibration-

free optical table to avoid electromagnetic noises and environmental vibration.> *°

Component 1

Bipotentiostat

Component 3

Biased SECM Probe

Component 2 w
= ot ponent2 | | .
L 3 Axi ; FCcCH,OH  Fc'CH,OH
-AXis 3 .
o Auxiliary/ s -
Positioner Cc;;ler % %% % % %% %
1 @ : 1 Cell Samples j \}VEZ ;g g- g §§ g.sg §§
— 0 o —H—_ 0090 QGO0
P Alpha-SNOM Instrument / < 5
Computer and data acquisiton | —~————————— 3’ \’f

e system Vibration-free Optical table

Figure 1.5. A schematic illustration of the SECM setup used throughout this
dissertation with the 3 components identified: (1) the electrochemical system, (2) a

precise positioning system and (3) the data acquisition system.

For this dissertation, an electrochemical analyzer with a picoamp booster is used to monitor
electrochemical response (Component 1). The piezoelectric positioning stage and piezo-

stepper motors of an Alpha-SNOM instrument were used to control the movement of the



probe and samples (Component 2). A computer holds the data acquisition system which

controls the SECM components and records the experimental data (Component 3).

1.7 Ultramicroelectrodes

These probes are fabricated with a conductive wire (typically noble metal) or fiber
that is sheathed with insulating material, such as glass or plastic. The detailed fabrication
procedure of UMEs has been reported by many electrochemistry groups.**> Briefly, there
are four main steps in their fabrication: (1) a conductive wire (or fiber) is heat-sealed in a
pulled glass capillary, (2) the extension of the internal electrical connections,
(3) the tip is manually polished to expose the wire (or fiber) and (4) the glass sheathing is
polished to reduce its tip diameter to maintain a RG between 2-10. There are several key
advantages offered by maintaining these RG ratios, such as electrode tilt during
experimentation becomes less of a concern, which can reduce the chances of physical

collision with the sample, and smaller tip-to-sample distances can be reached.

1.8 Application of SECM

Since this dissertation focuses mainly on the use of SECM to the study the membrane
response in live cells, herein, the focus will be on the biological applications of SECM. In
this regard, SECM offers several unique advantages over other bioanalytical techniques. For
instance, SECM provides non-invasive and non-destructive investigations on biological
samples. It is also possible to maintain the physiological temperature and pH (buffered
solutions) requirements of the samples, preventing external environmental stimulation.
SECM also provides the ability to study singular cells, in addition to cell monolayers and
tissues, due to the small probe size required in SECM studies.” There exists a wide selection
of redox mediators that can be used in SECM, allowing a range of different sample
characteristics to be assessed. This permits the experimentalist to study a particular response
in the biological samples, such as membrane integrity in cells, without mediator-induced

toxicity.*

In biological studies, SECM can be used to: 1) quantify the flux of molecules across
the cell membrane, 2) probe the local electrochemical reactions occurring at or inside cells,
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and 3) perform repeated or multiple measurements on biological samples due to its non-

invasive nature.”® 23" These studies have included, but are not limited to, investigations of

38-39 41-42

electron transfer kinetics, molecular transport,"® neurotransmitter release, reactive

23, 43-46

oxygen or nitrogen species release® and assessment of drug resistance in biological

Ce”S.S' 23, 47-48

For instance, Liebetrau et al. were able to use SECM to monitor the morphological
changes in PC12 cells after initiating neuronal differentiation with nerve growth factor.***?
The high resolution of SECM allowed morphological changes, such as neurite extensions
from the cell bodies to be detected in real time, which were not identifiable by light-based

microscopy.**?

The Suzuki Group has also reported a similar study where the neurite
imaging of living PC12 cells in a hybrid SECM/near-field scanning optical microscopy
(NSOM)/atomic force microscopy (AFM) techniques.”® Using their SECM/NSOM/AFM
system, improved resolution imaging, such that varicosity-like structures and the distribution

of Ca®* located at the neurite extensions, were now possible.*®

Other groups have used SECM to monitor the extracellular and intracellular
responses of live cells upon chemical stimulation or with the redox mediator themselves. For
example, the Schuhmann Group has used SECM to monitor the release of nitric oxide from
single transformed human umbilical vein endothelial cells upon stimulation with

50-52

bradykinin, as well as neurotransmitters (catecholamines, adrenaline, noradrenaline and

dopamine) after PC12 cells were stimulated with K*.>* In the Ding Group, extracellular
reactive oxygen species (ROS) have been used as a label free SECM mediator.? ***° The
sensitivity and selectivity offered by this electrochemistry technique allows for ROS
quantification in single cells by SECM (Figure S1.1 in Appendix I). The effects of
cadmium-induced stress on plant cells have also been investigated through the release of
these species from the stoma.** Specifically, the number of stoma and ROS release in
cadmium-treated plants decreased. Since cancer cells reportedly have higher levels of
ROS,*® the Ding Lab has used these species as a means to investigate the effectiveness of
anti-cancer drugs (cisplatin)®® and bacterial-induced (Escherichia coli) effects on cancer

cells.>®
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The Mirkin Group used SECM to distinguish between non-metastatic and metastatic
breast cells based on their redox reactivity with the SECM mediators.>”®* From their studies,
the Mirkin Group was able to identify bimolecular reactions between the extracellular redox
species in solution and intracellular redox moieties in the cells as a contributing factor to
mediator regeneration at the UME tip.57 They were also able to recognize diffusion of the
redox species through live cells as one of the possible contributing factors to mediator
regeneration at the UME tip.57 The Amemiya Group confirmed that the passive transport of
redox molecules across the permeable double-membraned nuclear envelope of Xenopus

laevis oocytes were limited by the rate of diffusion across the membrane.62

Using SECM mediators, IrCls”> and Fe(CN)s*"", the Shao Group were able to gain
insight into the interactions between Ag nanoparticles and human cervical cancer (HelLa)
cells.®® The mediator IrCls>, which can be produced in situ, can react with the Ag
nanoparticles on the HelLa cells, while Fe(CN)s* cannot. Since Fe(CN)s* remained
impermeable to HelLa cells with Ag nanoparticles deposited on them, the researchers
demonstrated that the kinetic rate constants between IrClg® and the Ag nanoparticles on the
HeLa cells could be evaluated by SECM. Similarly, the Bard Group investigated Ag" uptake
in bacterial and mammalian cells by SECM.®*® Zhan, Fan and Bard demonstrated that Ag"*
uptake can be enhanced by 4-aminopyridine, a voltage sensitive potassium channel blocker.*®
Using SECM, the researchers found that the uptake rate in 3T3 fibroblast cells increased
from 4.8 x 10" ions/cell-s to 1.0 x 10° ions/cell-s (0.2 mM 4-aminopyridine) and 1.5 x 10*

ions/cell-s to 3.5 x 10* ions/cell-s (0.5 mM 4-aminopyridine) in Escherichia coli cells.

Koley and Bard demonstrated that SECM can be used to monitor changes in cell
morphology, membrane permeability and viability in HeLa cells after their exposure to
Triton X-100, a nonionic surfactant.3¢ Upon exposure, the HelLa cells were reported to
undergo irreversible permeabilization of the cell membrane and structural collapse. The
infiltration of a hydrophilic redox mediator, Fe(CN)s*, into the cell provided insight into the
viability of individual HelLa cells and additional quantitative information on the cell
membrane permeability.®®  Utilizing the relationship between the redox mediator and
membrane permeability, the Mauzeroll Group has demonstrated that SECM can be used to

investigate multidrug resistance-associated protein 1 (MRP1), which is overexpressed in
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47-48, 67

cancer cells. Specifically, SECM confirmed the interaction between the redox

mediator, FcCH,OH and the cells, was dependent on the expression of MRP1. SECM has

since shown great promise as a technique in studying the effects of toxins and anti-cancer

drugs on cells through the induction of membrane permeability.>® ®7°

1.9 SECM Study on Single Live Cells

In SECM studies on single live cells, three types of measurements are most widely
used: (i) SECM imaging of the cells in which the current is measured and mapped as a

function of probe coordinates (often x-y plane), revealing the electrochemical topography of

the adhered cells* 172

species; > 446:35.73-74 (jjy PACs are used to quantitatively determine kinetic parameters

a redox-active species across the cell membrane;*® % " 7" and (iii) current-time curves

and/or the spatial profile of extracellular redox active

75-76 of

(chronoamperometry) at specific tip-to-cell distances to study the evolutionary trend of
cellular topography,™ reactivity,”® monitoring very fast bursts of redox active species

78-79

released by cells’®” and membrane permeability studies of single live cells.*

1.10 SECM Membrane Permeability

The choice of redox mediators in SECM live cell experiments is crucial, since it can
provide insight into cell membrane properties. Redox mediators that are hydrophilic and
charged, e.g. hexaamineruthenium(l11) (Ru(NHs)s>"),%° ferrocenecarboxylate (FcCOO’)*" and
ferrocyanide (Fe(CN)s"),** % have been confirmed to be impermeable to healthy and intact
cells through several biology-based techniques, including SECM (insulator, negative
feedback).*® ®® Therefore, the permeation of these hydrophilic and charged species by SECM
(partially positive feedback, Figure 1.6) signifies substantial membrane integrity loss, such as
pore formation or structural collapse of the cell membrane.®® On the other hand, water
soluble mediators exhibiting more oleophilic properties (membrane-permeable), such as
ferrocenemethanol (FcCH,OH),*" ® 8 1 2-napthaquinone (CigHsO,),>’ and menadione
(CsH4(CO)2C,H(CH3))>" 8 can be used to monitor more subtle changes in the cell membrane

than that of the hydrophilic and charged redox mediators.
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Figure 1.6. Schematic illustration of increased membrane permeability to hydrophilic
redox mediators, FcCOO’, Fc(CO0),* and Ru(NHs)s** after treatment with Cd*".

1.11 Exposure to Heavy Metals

Cells exposed to toxic heavy metals are known to incur membrane integrity loss,82-83
membrane permeability changes,8485 and cellular death.82-83. 86 Dyes, such as, propidium
iodide8z or trypan blue,87 can provide insight into the membrane integrity and cellular
viability since these dyes cannot permeate healthy cells. Unfortunately, these methods tend
to be destructive and cannot give quantification from a singular cell standpoint. Therefore, it
becomes ideal to use the non-invasive SECM technique to investigate the effects of the heavy
metals exposure on single live cells through membrane permeability studies. This will
provide both insights into the membrane integrity in single live cells, as well as
guantification of the membrane permeability coefficient to the redox mediator.

1.12 Human Bladder Cancer (T24) Cells

Experimental studies on laboratory animals have demonstrated that the presence of
the toxic heavy metal cadmium (Cd**) can be confirmed through the analysis of their urinary
excretion. This commonly represents 0.01-0.02 % of the total body burden upon long-term
exposure.®® Similarly in humans, Cd?* is often detected through its presence in urinary
excretion which indicates approximately 0.01% of the total body burden.*® Therefore, it
becomes attractive to use the bladder as the basis of the experimental (model) system as a
means to study the effects of toxic heavy metals. In particular, the induced cellular
membrane responses in single, live human bladder cancer (T24) cells (ATCC® HTB-4™),

were investigated by SECM. This cell line was selected since the bladder is one of several
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organs in which heavy metals may bioaccumulate, as well as a key organ that is involved in

their excretion from the body.?%°

In addition, the use of a cell line as the experimental (model) system is cost-effective,
while providing a large supply of cells of similar genotypes and phenotypes.”® Human
cancer cell lines also retain the hallmarks of the original cancer, while the pure population of
cells can provide more reproducible results across numerous passages when identical
protocols are used.”™ In addition, there becomes no ethical concern associated with their use,
unlike those implicated in animal or human studies. The use of this cell line as a model
system provides an effective means to investigate the heavy metal induced membrane
changes by SECM.

1.13 Scope of Dissertation

The scope of this dissertation focuses on the investigation of the cell membrane responses in

single live human bladder cancer (T24) cells before and after their exposure to heavy metals.

Firstly, Chapter 2 focuses on the use of SECM to investigate the cellular topography
of T24 cells in the absence of any heavy metal treatment. Using the membrane-impermeable
redox mediator, FcCOO", the cellular geometry and topography was confirmed through three
approaches. The first method is the more traditional approach which compared two different
PACs, one to the cell’s center and another to the petri dish next to the cell, while the second
approach relied on the direct fitting of a PAC to the center of the cell to simulated curves
towards cells of varying heights. A 3D simulation model was also used to quantify cellular

topography across the cell to confirm cellular geometry.

Cd**, a toxic heavy metal, is well known to cause detrimental effects in living
organisms, such as the membrane integrity loss in cells and cellular death. Chapter 3 focuses
on the use of time-lapsed SECM to monitor the membrane permeability changes in T24 cells
after their exposure to acute (1-10 mM) Cd?*. This response was further investigated in
Chapter 4, using membrane-impermeable redox mediators, FcCOO", Fc(COO),* and
Ru(NH3)s®*. The successful permeation of these redox mediators into T24 cells after both

low (25 uM, t < 6 hrs) and acute (0-5 mM, t = 1 hr) Cd*" exposure, confirmed a loss in the
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membrane integrity of these cells. This weakening of the membrane integrity identified
through the permeation of these SECM mediators was correlated to a decrease in the cellular
viability by the MTT cell proliferation assay. This directly linked the membrane
permeability changes in SECM to Cd**-induced cellular death.

Following these studies on the toxic metal Cd**, Chapter 5 focuses on the effects of
the trace essential metal, zinc (Zn®*) on membrane permeability. SECM revealed minimal
effects on the membrane permeability to redox mediators, FcCH,OH and Ru(NH)e>* after
treatment to 0-75 UM Zn?* (24 hrs). Exceeding this concentration range, the role of Zn?* was
no longer therapeutic or essential, but toxic, which is evident based on the increased
permeability to the redox mediators. This loss in membrane integrity correlated to a Zn**-
induced cellular death process. Due to the treatment length and SECM results, it was
hypothesized the cellular death pathway was apoptosis. Through complementary biological
techniques, such as cellular viability assays, flow cytometry, and immunofluorescence, both
Zn**-induced cellular death and apoptosis as the primary mechanism was confirmed. This
Chapter demonstrates the powerful nature of SECM, which can be used to assist in the

identification of a cellular death mechanism.

Chapter 6 focuses on the fabrication of nanometer-sized SECM probes designed to
improve the resolution of the SECM in the Ding Lab. The development of this fabrication
method yielded SECM probes that had thousand times reduction in Pt diameter size.
Successful FEM simulations using 3D model geometry was also completed. This allowed a
more in depth analysis of the 2D SECM data set, which was previously limited to 2D axially
symmetric models. This advancement allowed investigation into the effects of redox cycling
between the alternating insulating glass and conductive microbands of an independently
addressable microband electrodes sample and SECM probes, one significantly smaller and

one similar in size to the bands (250 nm and 4.4 pm probes).

Finally, Chapter 7 provides a collective summary to the aforementioned work, as well

as future works to be considered.
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Chapter 2

2 Determining Live Cell Topography by Scanning
Electrochemical Microscopy

(A version of this work has been published in the Journal of Electroanalytical Chemistry
Li, M.S.M.; Filice, F.P.; Ding, Z. J. Electroanal. Chem. 2016, 779, 176-186.)

2.1 Introduction

Scanning electrochemical microscopy (SECM) is a non-invasive analytical technique
of the scanning probe microscopy family.1-3 This technique operates by moving a biased
ultramicroelectrode (UME, <25 pum in diameter) over a sample (or substrate) with extreme
precision. Changes in the faradaic current are monitored relative to the UME position. By
biasing the UME at a particular potential such that the redox species is oxidized or reduced in
a diffusion-controlled process, a steady state current can be detected. If the biased UME
approaches a conductive sample, this current can be amplified (regeneration of the redox
species, positive feedback) or decreased if the sample has insulating-characteristics (negative
feedback).*

Developed greatly by Bard et al. since 1989,4 SECM has been employed for a wide
range of chemical studies, such as studying surface and interface interactions,>7 substrate
kinetics,® and microstructure fabrication.%10 Recent advancements towards biological
applications have been greatly pursued.11-17 Coupling SECM with the study of living cells
has led to significant insight into understanding biological mechanisms, such as electron
transfer kinetics and molecular transports,18-20 extracellular reactive oxygen/nitrogenz1-26 and

neurotransmitter release,27.28 and the pre-assessment of drugs.13.14.26

In our group, a different mode of SECM was developed which is known as the SECM
depth scan mode.2¢ This mode passes the UME in the x-direction to perform a horizontal
line scan at a particular height in the z plane. The electrode is then lowered by a set distance
and another horizontal line scan is collected. This action is repeated until the desired depth is

reached, producing a 2D image of the current as a function of UME’s x,z coordinates. This
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real-time imaging technique allows for the tip-to-sample distance to be more easily gauged
throughout the experiment, removing the limitation of conventional SECM approach
methods. As each pixel in the image provides the specific tip current and its coordinates,
hundreds of usable probe approach curves (PACs) can be obtained, limited only by user
defined resolution. By simply extracting vertical cross-sections from the SECM image,

experimental PACs can be obtained.

This SECM mode is parallel to the Schuhmann group’s 4D shearforce-based constant
distance mode, where multiple constant distance images are obtained above the sample.2?
The tip-to-sample distance is controlled by the retractions of the tip based on the shearforce
of the SECM probe.2? A comprehensive 4D data set of the current-tip coordinates is
generated, allowing for the extraction of different types of plots, such as depth scan images,

whereas our method collects these 2D depth scan images directly.

Typically, quantification of physiological processes, such as membrane
permeability?23031 and molecular transport of species,20 by SECM are assessed by
overlaying experimental PACs onto simulated theoretical curves. Since simulations are
based on the experimental geometry and parameters, successful overlay of these curves
allows for the quantification of these properties. The generation of these simulated PACs is
typically done in advanced finite elemental analysis software, such as COMSOL
Multiphysics or MATLAB, as 2D-axially symmetric simulations. A limitation to these 2D-
axially symmetric models is that only one experimental PAC (to the direct center of the
sample) is usable, severely limiting the advantages of our depth scan mode. By progressing
towards 3D simulations, complete control of the electrode’s position and model geometry,

with no imposed symmetry restrictions, become possible.32.33

Experimentally, we will present the use of a hydrophilic and charged redox mediator,
ferrocene carboxylate (FcCOQ), to study the cellular topography in human bladder cancer
(T24) cells by means of SECM. As an impermeable redox agent, FcCOO™ can provide
insights into the cellular heights of the adhered T24 cells through the comparison of the
PACs to the direct center of the cell and the petri dish. The use of 3D modelling would also

allow PACs to be assessed at any location over the cell.3233 Herein for the first time, we will
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demonstrate the utilization of a 3D model to determine the cell height and topography across
the cell. Confirmation of the 3D model was carried out through a comparison of the PAC to
the center of the cell against the previously established 2D axially symmetric model. We will
also utilize a separate simulation model where the cell diameter is fixed according to its exact
geometry, followed by parameterizing the cell height. The fitting of experimental PACs to
these curves will yields the cell height directly. These methods will quantify the cell height
over the center of the cell, however 3D simulations will also allow further cell heights across
the cell to be assessed. Also as a result of 3D simulations, we were able to confirm cellular

geometry and topography by means of horizontal sweeps across the cells.

2.2 Experimental Section

2.2.1 Materials

Ferrocenecarboxylic acid (97%) and sodium dodecyl sulfate (SDS, 99+%) were
acquired from Sigma-Aldrich (Mississauga, ON), while potassium chloride (99%) was
acquired from Alfa Aesar (Ward Hill, MA). All chemicals were used as received. 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was acquired from R&D
Systems Inc. (Minneapolis, MN) in the TACS® MTT Cell Proliferation Assay Kit.
Spectroscopic grade dimethyl sulfoxide (DMSQO) was used to dissolve the formazan crystals

(Caledon Laboratory Ltd, Georgetown, ON).

2.2.2 Cell Culture

Human bladder carcinoma (T24) cells (ATCC® HTB-4™) were purchased from
American Type Culture Collection (ATCC, Manassas, VA) and maintained in McCoy’s 5a
medium modified with addition of 10% fetal bovine serum (FBS). T24 cells were grown
directly on uncoated T25 flasks (Becton Dickinson, Franklin Lakes, NJ) and at 80-100%
confluency, cells were washed with phosphate buffered saline (PBS, 10 mM, pH 7.4)
followed by trypsinization (0.25 % trypsin and 0.03 % ethylenediaminetetraacetic acid
solution) and subcultured weekly. T24 cells were grown in a humidified incubator
maintained at 37 °C and 5 % CO; (Sanyo, Japan). McCoy’s 5a medium modified was

purchased from ATCC, while all other culture solutions and serums were purchased from
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Invitrogen (Burlington, ON, Canada). All media preparation and cell culturing were

performed in a sterilized laminar flow hood.

For live cell SECM measurements, T24 cells were plated in glass bottom petri dishes
(P50-G-0-30-F, MatTek Corporation, Ashland, MA). All cultured cells were washed with
PBS (1x PBS) and refilled with 0.5 mM FcCOO™ and 0.1 M KCI in PBS immediately prior
to SECM experiments. For valid comparison, all SECM live cell experiments were
completed using the cells from a narrow passage range (within 5 passages).

2.2.3  Cellular Viability

The effects of FcCOO™ on cellular viability was assessed using the MTT cell
proliferation assay.3¢ Briefly, 2 x 10* T24 cells/well were seeded onto Corning Scientific
Costar™ 96-well polystyrol flat bottom plates. After 24 hours, the growth medium was
aspirated and replaced with new growth medium containing 0.5 mM FcCOQO™ or SDS (0.05,
0.10, 0.15, or 0.20 mg/mL), which was used as a positive control in the assay.

After treatment, the growth medium was carefully aspirated and replaced with 100 pL
of fresh growth medium (absent of phenol red) and an additional 10 pL of the MTT reagent.
After 6 hours, the MTT solution was carefully aspirated and the formazan crystals were
dissolved with 50 pL of spectroscopic grade DMSO. The absorbance at 540 nm was read by
a M1000 PRO plate reader (Tecan Switzerland) following 1 s of shaking at 2 mm amp and
654 rpm. To remove the background media effects, empty (blank) wells were also treated
according to the MTT protocol. The results reported here are the mean =* relative standard

deviations (RSD) from at least 4 experiments (8 replicates of each treatment period).

2.2.4 Electrode Fabrication

The 5 and 10 um diameter Pt UMESs used in this Chapter were fabricated in house and
has been previously published elsewhere in great detail.’>*%® Briefly, Pt UMEs were
fabricated by inserting a 5 or 10 pum diameter Pt wire (Goodfellow Metals, Cambridge, UK)
into a pulled and heat-sealed end of a borosilicate glass capillary (o.d.: 2.00 mm, i.d.:
1.16 mm, length: 10.00 cm, Sutter Instrument, Novato, CA). The capillary assembly was

then vacuum-pumped through the open end and the glass sheathing on the opposite end was
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melted onto the Pt wire using the tungsten coil from a micropipette puller (PP-83, Narishige,
Japan). The Pt tip was exposed by manually polishing the sealed tip on a homemade
polishing wheel attached with abrasive alumina-coated polishing pads (3.0, 0.3, and 0.05 pm,
Buehler, Whitby, ON). The ratio of the surrounding glass radius to that of the Pt wire (RG)

was manually polished to approximately 3 (eqn 2.1):

__ Radius of glass insulator

RG =

(2.1)

Radius of Pt wire

The electrode tip was examined using optical microscopy and tested for functionality using

cyclic voltammetry during the fabrication and polishing processes.

2.2.5 SECM Instrumentation

All SECM experiments were conducted using a modified Alpha-SNOM microscope
(WITec, Ulm, Germany) adapted with a home-made electrode holder.123133.36  Using the
Alpha-SNOM positioning system along with an inverted Nikon objective lens (50x lens,
N.A.: 0.55, W.D.: 10.1 mm, Japan), the UME’s approach to the T24 cells was visualized and
controlled to avoid cellular penetration. The electrochemical experiments were performed
using an electrochemical analyzer (CHI 800B, CH Instruments, Austin, TX) combined with a
CHI 200 Picoamp Booster to reduce noise (CH Instruments), which signal was fed directly
into the data acquisition channel of the Alpha-SNOM instrument. For all electrochemical
experiments described in this Chapter, the Pt UMES were used as the working electrode and a

Ag/AgCI electrode was used as the combined auxiliary and reference electrode.

2.2.6 SECM Experiments

SECM measurements were obtained by mounting the petri dish onto the scanning
stage (P-517K064, Polytec PI, Germany) of the microscope, maintained at 37.0 £ 0.2 °C
(Bioscience Tools, San Diego, CA). Using the inverted objective lens, individual T24 cells
were located and the UME was then brought in close proximity to the cell. The biased UME
(0.500 V) approached the cell using the depth scan feature of the WITec software, resulting
in a 2D current-distance (X, z) image. Each image has 128 x 128 pixels, scan width and depth
of 60 um and 80 um, respectively and an integration time of 0.01 s. All petri dishes and cells

were discarded within 1.5 hours of experiments.
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2.2.7 SECM Data Analysis

PACs were obtained by extracting the vertical cross-sections above the cells from
their respective SECM depth scan images. To quantify cell height, experimental PACs were
overlapped onto simulated curves generated by COMSOL Multiphysics v.5.1, a finite

37,38

element analysis software. A total of 22 T24 cells were analyzed to determine the

average + standard deviation cell height and diameter.

2.2.8  The Simulation Workstation Computer

COMSOL Multiphysics v.5.1 (COMSOL, Boston, MA) was used for all simulations.
A custom-built workstation computer was used which included an Intel Core 17 4930K
(6-core, 12-thread) processor and 32 GB Kingston HyperX Fury Black memory. A Mushkin
Chronos 480 GB SSD was used to increase swap speeds for the large simulations that
demanded more than 32GB RAM. Ubuntu Linux 14.04.1 LTS was used as a stable and
reliable operating system for running simulations. All components used in the workstation
PC are consumer available, “gaming grade” parts. Components were selected, acquired and

assembled in-house with specific optimization for COMSOL simulation.

2.3 Theory and Simulations

2.3.1 2D Axially Symmetric Simulation Model Geometry

The simulation model for PACs to the center of the cell was constructed in 2D axial
symmetry in COMSOL Multiphysics.  The model geometry was designed to be
representative of the physical dimensions of all objects involved in the live cell SECM
experiments, Figure 2.1. The electrode in the simulation reflected the fabricated UMESs used
(Figure 2.1A): a 2.5 (or 5) um radius of Pt wire was surrounded by an insulating glass
sheathing with a radius of 7.5 (or 15) um, maintaining the RG ratio of 3. The electrode tip-
to-cell distance was parameterized, allowing for the automated simulation of the electrode’s
approach to the cell and the generation of PACs. The T24 cell was represented as a nominal
semi-oblate ellipsoid that was 8 um in height and 10 um in radius, which is representative of
the average T24 cell studied. The cell height and diameter were defined as parameters
allowing for ease of modification to match specific cell dimensions. The parametric nature
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of the cell diameter and height also allows for the automated simulation of multiple cell

heights and diameters (see Figures S2.1 and S2.2 in Appendix I1).
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Figure 2.1. (A) An illustration of the 2D axially symmetric model of a T24 cell in
COMSOL Multiphysics v5.1. ¢ and c. are the bulk concentrations outside and inside
the cell, respectively. At the cell membrane, the membrane flux, f, is defined as a no
flux boundary, where f is 0 mol-m/L-s. (B) A typical meshed 2D SECM model, with

finer meshing located in the areas of interest (Pt tip and cell membrane).

2.3.2 3D Simulation Model Geometry

To perform PAC simulations at locations other than the cell’s central axis (or a
horizontal sweep of the electrode across the cell), a full 3D model geometry is needed. Many
of the parameters for the 3D model geometry match those of the 2D axially symmetric model
detailed above. The simulation was performed inside of a quarter sphere solution domain

with a symmetry boundary (Figure 2.2A). As the electrode positioning was only performed
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in the x,z plane, a plane of symmetry was present in the semi-spherical model. The model
geometry could therefore be optimized to a quarter sphere, halving the number of meshing
elements required for this simulation, greatly reducing system memory load (Figure 2.2B).3°
The model is mirrored across the symmetry boundary during simulation, allowing for the
flux of FcCOO" species across this boundary. The top 10 um of the quarter sphere domain
was removed to reduce the complexity of the mesh at the point the cylindrical electrode

would normally intersect the curved domain boundary.

2
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Figure 2.2. (A) The labelled 3D model geometry of an SECM electrode’s approach to a
single live cell. (B) Mesh of the full 3D model. (C) Zoomed-in view of the 3D model
geometry focusing on the electrode tip and cell membrane
(D) Mesh of the zoomed in 3D model.

Similar to the 2D axially symmetric simulations, the 3D simulation geometry reflects
those of the experimental physical dimensions. The electrode is a Pt semi-circular disk with
a diameter of 5 (or 10) um that has an RG of 3 (Figures 2.2C and D). As a result of the semi-
circular Pt electrode at the symmetry boundary, the surface area of the electrode tip boundary
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is halved. The electrode’s x and z positions are parameterized in the study conditions for the
model, allowing for parametric movement of the electrode position in both directions. The
T24 cell was represented as a nominal semi-oblate ellipsoid with a parameterized 8 um in

height and 20 um in diameter.

2.3.3  Simulation Methodology

Due to the charged nature of the redox mediator, there is no membrane flux for the
FcCOQO™ under normal conditions. The cell interior and exterior domains in this case do not
interact with each other, i.e. the cell acts as an insulator. As a result, the cell interior domain
can be ignored, requiring only the specification and simulation of the physics and
concentrations of the cell exterior. The cell membrane was defined as an insulating “no flux”
boundary. The diffusion coefficient, D, was set to 5.7 x 10™° m?/s for FcCOO" species.40
The solution domain follows Fick’s second law of diffusion, eqns 2.2 (for 2D axial
symmetry) and 2.3 (for full 3D):

dcs(r.z) _ . ,0%cs(r,2) l(acs(r,z)) 0%c(r,2)
a D( or2 + r or 022 ) (2.2)
aCS(x'y'Z) — (aZCS(x'y'Z) 62C5(x,y,z) 6265(x,y,z)) (2 3)
ot 0x2 dy? 022 )

where cs represents the concentration of FcCOQ™ in the solution domains. The variables r
and z are the cylindrical coordinates used in 2D axially symmetric modelling, where x, y and

z are the Cartesian coordinates used in full 3D modelling, and t is time.

The bulk concentration of FcCOO™ was set to 0.5 mM, which is the concentration of
the mediator used in these experiments. The simulation study performed was a stationary
phase (steady state) simulation. The electrode tip boundary was set to consume the mediator,
generating a concentration of 0 M. The bulk solution boundaries were set to generate the
initial mediator concentration of 0.5 mM. This simulates the bulk solution concentration
with a theoretically infinite size relative to the size of region of interest: the electrode tip and
cell membrane. Since the glass sheathing and petri dish both have insulating characteristics,

they were set as no flux boundaries.
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The simulation models are finely meshed with a triangular mesh for 2D or tetrahedral
mesh for 3D. Further refinement in the meshing elements at the regions of interest (electrode
tip and cell membrane) prior to computation was completed to provide greater accuracy and
precision (Figures 2.1B and 2.2B). A convergence plot of the meshing error can be found in
Appendix Il (Figure S2.3).

To generate the theoretical PACs, numerous data points are acquired at tip-to-cell
distances between the range 0.2 and 60 um. The UME’s z position was parameterized using
the parametric sweep function, allowing the specification of a range of electrode positions to
be simulated as one large set. The electrode’s x position was also parameterized in the 3D
model to allow for horizontal sweep generation and the simulation of full x,z plane depth
scans. Cell heights and diameters were also parametrized for comparison of PACs generated
on approach to cells of different dimensions. For a more detailed report of the simulation

process is included in Appendix II.

In the 2D model, the tip current was obtained by integration of the simulated

concentration flux, eqn 2.4:12
i = nDF foar [%j"p)] dr (2.4)

where, n is the number of electrons transferred and F is Faraday’s constant (96,485 C/mol).
In the 3D model, the electrochemical current can be calculated by integrating the

concentration flux versus the electrode surface area:33
. aldc
i = 2nFD [ [E]Z da (2.5)

To normalize the PACs, the tip current was normalized (1) against the steady state
current (iss), while the tip-to-cell distances (d) were normalized with respect to the electrode

radius (a, egns 2.6 and 2.7, respectively).
== (26)

Tip—to—Sample distance,d

Normalized Distance, L = (2.7)

Electrode Radius,a
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For the off axis simulations, the normalized distances were calculated relative to the
position of the substrate directly below the electrode disk center. As a result, the simulations
performed to the cell edge or further (x > 1r) were offset from the highest point on the cell by
the cell height (cellH), ie. simulated relative to the position of the dish (see Figure S2.4).
Calculation of the offset for any position over the cell follows the equation for an ellipse and

is dependent on the cell dimensions:

x2
of fset = cellH — \/(1 — —) * cellH? (2.8)

r2

where x is the distance from the cell center that the vertical cross-section is taken at and the
offset is the height difference between the cell at position x and the center of the cell. Due to
the characteristic shape of an ellipse, offset values at x = r/2 do not cause substantial
deviation of tip-to-substrate distance from the electrode position centered over the cell
relative to the total cell height. At the x = r position, an offset of the full cell height is

provided by this formula.

2.3.4 Validation of the 3D Model

While the geometry for the UME’s approach towards an individual cell can be
simplified to a 2D axially symmetric model, this simulation can only provide quantification
over the direct center of the cell. The 2D axially symmetric model, while computationally
efficient, severely limits the advantage of our SECM depth scan mode. To take full
advantage of our SECM technique, 3D modelling has been shown to be the most

promising.33

As described in the above simulation section, PACs were generated using the 3D
model at specific positions relative to the cell center as illustrated in Figure 2.3A. The purple
vertical cross-section at the center of the cell was taken as x = 0. The blue cross-section
represents a PAC extracted at a distance of r/2 away from the cell center, while the green line
indicates a full r distance away. To determine cellular height, a vertical cross-section to the
petri dish is extracted at a distance of x > 2r away (X >>>r, red).
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Figure 2.3. (A) Graphical representation of the 4 vertical cross-section locations over a
T24 cell of height 8 um x 20 um diameter and the petri dish. The purple cross-section
indicates an extraction over the center of the cell (taken as x = 0), while the blue and
green cross-sections are extractions taken at a distance of r/2 and r away from the cell
center, respectively. The red line represents an extraction taken over the petri dish at a
distance of 2r. For these experimental extractions, x > 2r away from the cell center was
taken (x >>>r). (B) The 2D and 3D simulated PACs to the center of the cell are
compared, validating the 3D simulation model. (D)-(E) are the corresponding
simulated PACs over the color-specified locations in (A). As the electrode gets further

from the cell center, the electrochemical feedback becomes weaker.
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To validate the 3D simulations, the PAC extracted over the center of the cell was compared
with that from the 2D simulation model (Figure 2.3B), which showed excellent agreement.16
Figures 2.3C-E are the corresponding simulated PACs generated at the color-specific
locations indicated in Figure 2.3A. When the electrode is over the direct center of the cell at
its highest point, the electrochemical feedback is strongest (Figure 2.3B). As the UME
sweeps away the cell, the electrochemical feedback weakens (Figures 2.3C and D), where it
will eventually display the same electrochemical feedback as the insulating petri dish (Figure
2.3E).

2.4 Results and Discussion

2.4.1  Determining Cell Diameter through Optical Micrographs

Our instrumental set-up provides optical assistance in locating potential T24 cells
prior to SECM study. Figure 2.4A shows a typical optical micrograph of a T24 cell (focused
to the cell of interest, encircled in red). Using the optical micrographs, the diameter of the
T24 cells can be determined, for instance, the cell in Figure 2.4A (and B) has a diameter of
20.6 um. The average cell diameter of all tested cells was determined to be 20.1 + 3.8 um
(N =22 cells). The simulations were completed using an average diameter of 20.0 pum since
it is within this £ 3.8 um range: the average diameter has little effect on the simulated PACs
(see Figure S2.2). After T24 cells are located, the SECM probe was placed in its vicinity
(solid black circle to the right of the cell, Figure 2.4B). The SECM depth scan images were
then collected as the probe performed horizontal line scans above the cell (Figure 2.4C).

When the UME is far from the cell (and petri dish) a steady state oxidative current
can be detected, which is indicated by the stable red-brown color in the image when d > 20
pum (or L > 4). Once the UME is in closer proximity (Lce < 4), the electrochemical influence
can be detected as indicated by the yellow semi-elliptical shape in the SECM image (Figure
2.4C). While the glass bottom petri dish has insulating characteristics, it is less noticeable at

the same location in the x-z scan due to the height differences between the cell and the dish.
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pm 1.00

Figure. 2.4. Optical images of a (A) T24 cell (red circle) and (B) approach of a 10 um Pt
UME which is in close proximity to the cell (black circle). (C) A typical SECM depth
scan image of the T24 cells obtained using the redox mediator FcCOO", as detected by
the 10 um Pt UME.

2.4.2  Extraction of Cell Heights by Traditional Methods

In literature, the simulated cellular geometry has varied widely, appearing as a flat
substrate3> to rectangular4! to elliptical shape.1216 In fact, the simulated geometry can have a
significant effect on the curvature of the PAC: approaching a flat vs. elliptical cell, the PACs
would be more pronounced as L approaches 0 (See Figure S2.5). Since the cell geometry can
have an effect on theoretical PACs, it is important for the theoretical geometries (electrode

and cells) to be carefully tuned to match the experimental system.

Previously, we estimated the average cell height based on the experimental
observations, noting the difference between the tip-to-cell and tip-to-substrate
distances.12.2631 However, cellular height can also be determined quantitatively by SECM.
The traditional approach is to use two PACSs: one to the cell and one to the petri dish (in the
vicinity of the cell to avoid dish tilting effects). In our previous studies, the hydrophobic
redox mediator ferrocenemethanol was used to study the effects of the anti-cancer drug,

cisplatin and heavy metal cytotoxicity on T24 cells.122631 However, since hydrophobic
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redox mediators can permeate into the cell, it is extremely difficult to assess the cell height
based on the use of these agents without requiring multiple, higher complexity simulations.
An alternative to this is to use a hydrophilic and charged redox mediator, such as FcCOO
against healthy T24 cells. The FcCOO" species cannot readily cross the cell membrane, thus
the cell behaves similarly to an insulating sample which allows for simpler and less

computationally demanding simulations.

Since each pixel embedded into an SECM depth scan image holds the tip current and
probe coordinates, PACs can be extracted as vertical cross-sections taken from the image
(blue and purple lines in Figure 2.5A). Using 2D axially symmetric simulation models, the
PACs are limited to the center of the cell and to the insulating dish (through a separate
simulation). Since FcCOOQ" is impermeable to the cell, the simulation of an UME’s approach
to an insulating cell will provide its simulated PAC. To determine cell height using this
method, a simulation model was designed based on the exact geometries of the electrodes
and the average cell determined as a height of 8 um by 20 um diameter. The difference
between the normalized distances to the dish and cell quantifies the height of the cell (Figure
2.5).

The tip-to-cell distance can be determined by overlaying the experimental PAC from
the center cell (blue arrow in Figure 2.5A) onto the simulated curve (Figure 2.5B): here a tip-
to-cell distance of 4.4 um (L = 0.88) was achieved (eqn 2.7). When the experimental PAC to
the petri dish (blue arrow in Figure 2.5B) is overlaid onto its theoretical insulating curve
(Figure 2.5B), a tip-to-dish distance of 15.9 um (L = 3.2) was achieved. The difference
between these two approaches would quantify the cell’s height. For this particular T24 cell,

the cell height was determined to be 11.5 pm.
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Figure 2.5. (A) The SECM depth scan image of a T24 cell using FcCOO" as the redox
mediator, as detected by a 10 um Pt UME with RG 3. The scale bar in the image
represents 10 um. The PACs illustrated in (B) correspond to the vertical cross-sections
taken over the cell (blue) and over the dish (purple) overlaid onto theoretical insulating
curves (black solid lines).
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Using this PAC comparison method, a wide distribution range of cell heights was
found: 4 to 15 um (Figure 2.6). The average cell height was found to be 8.7 £ 3.3 um
(N = 22 cells). One possible explanation to the wide range of cell heights could be due to the
different post-incubational times of the cells prior to their testing by SECM. For each tested
petri dish, three to seven individual cells were studied prior to discarding after one and a half
hours of SECM experiments. The cells were in a PBS electrolytic solution containing
0.5 mM FcCOO" and 0.1 M KClI as the supporting electrolyte. The addition of the supporting
electrolyte could induce an effect on the solution’s ionic strength causing duress to the cells,
thereby affecting the cell height. It is also possible that the cells were in different cellular
stages contributing to different heights. Any of these factors could have contributed to the
cells rounding up and resulting in a larger cell height. To verify FcCOO™ did not have any
toxic effects on the T24 cells during the SECM experiments, the established MTT cell
proliferation assay was used to assess cellular viability. No changes in cell viability were

detected during treatment periods up 2.5 hours (Figure S2.6).
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Figure 2.6. Distribution of the heights of the T24 cells,

where the average was found to be 8.7 £ 3.3 um for N = 22 cells.

2.4.3  Determining Cell Heights by Parameterizing Heights

Here, we established an alternative method to assess the cells’ height, directly
comparing the PAC at the cell center to simulated PACs generated with varying heights

(against a fixed cell diameter, Figure 2.7). This approach will directly quantify the cell’s
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height, requiring only a single PAC. The height of the simulated cell was varied from 3 to 15
pm (only shown for 13, 14 and 15 pm, Figure 2.7, full set shown in Figure S2.2) which
confirms the height of the cell can affect the simulated PACs.

Normalized Current

0.8 Cell Height / pm
— 13
07T —_— 14
® Experimental — 15
06 L 1 1 1 ]
I ] ] ] 1
0 1 2 3 4

Normalized Distance

Figure 2.7. (A) lllustrative representation of the parametric sweep of the cell height
against a fixed cell diameter (20 um). (B) An experimental PAC overlaid onto
simulated curves to directly determine the cell’s height. This particular cell has a

diameter of 20 um and a height of 14 um (green circles).

The experimental cell in Figure 2.7 fits quite well to the cell with a height of 14 pm
(experimental PAC is comprised of green circles, which is overlain onto the solid green
simulated curve). For this particular cell, the traditional method yields a cell height of
12.8 um (based on the 2D simulation model previously described). These two methods
yielded similar cell heights (within 10 % deviation, Table 2.1).
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Table 2.1. Comparison of the cell heights quantified by the PAC extraction method

(2D vs. 3D models) and parameterizing the cell heights method.

Cell Height (um)

Traditional PAC Method

Parametrizing

] 2D Model 3D Model )
Determined by Cell Height
x=0 x=0 X=r/2 X=r
Cell 1 10 11.5 11.8 10.3 15 11
Cell 2 10 12.8 135 11.8 2.8 14
Cell 3 5 9.7 10.6 9.0 1.9 10
Cell 4 5 8.1 8.9 7.3 0.9 8
2.4.4 3D Mapping of Cell Topography

Utilizing 3D simulations, PACs over any point of the cell can now be extracted and

studied. Potential T24 cells were identified in a similar fashion as previously described, first

cells were located optically (Figure 2.8A) followed by the SECM depth scan experiments

(Figure 2.8B). Four vertical cross-sections were chosen: one to the direct center of the cell

(x = 0); one half a radii distance away from the center of the cell (x = r/2); one a full radii

away (X = r) and one above the petri dish, which was taken at a distance greater than 2 radii

away from the center of the cell (x > 2r, purple, blue, green and red lines respectively in

Figure 2.8B).

The electrochemical feedback can be seen to differ across the sample’s

topography in the SECM image, becoming less pronounced the further away from the cell.
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Figure 2.8. (A) An optical micrograph of a T24 cell under study with the cell encircled

in red. (B) The corresponding SECM depth scan image taken across the cell using a

5 um Pt UME, with the vertical cross-sectional lines identified for PAC extractions.
The purple cross-section represents the center of the cell (x = 0), which can be
characterized with the traditional 2D-Axial simulations. The blue, green and red
extractions require the 3D simulations (x = r/2, r, and >>>r, respectively). The
extracted experimental PACs overlaid onto their respective simulated curves, at
x =(C) 0 (purple), (D) r/2 (blue), and (E) r (green) and (F) >>>r (red).



44

The extracted experimental PACs were overlaid onto a set of theoretical PACs
simulated at the same geometric position relative to the cell center in Figure 2.8. This
allowed quantification of tip-to-sample distances at their respective locations. From the
SECM image and the corresponding PAC over the direct center of the cell, the height of the
cell is at its maxima, achieving a tip-to-sample distance of 2.6 um (Figure 2.8C). When the
PAC is extracted at a distance half a radii away, the tip-to-sample distance becomes greater
(3.9 um) confirming the cell is flatter at this region (Figure 2.8D). Taking a PAC at the edge
of the cell (x = r, determined by horizontal cross-section) the tip-to-sample distance becomes
10.6 um (Figure 2.8E), whereas a PAC to the dish itself (x >>> r, Figure 2.8F) revealed a tip-
to-sample distance of 11.5 um. The discrepancy between the tip-to-sample distances at the
cell edge and the petri dish is due to the cell’s influence on this location’s PAC, since
extracted PACs taken at a distance of x < 2r from the cell center can still influence the
curves.*2 We can also conclude through the PACs that when the UME is furthest away from
the cell center (x direction), the curvature or chemical feedback influence from the sample or
substrate is weakened. Over the petri dish, the electrochemical feedback is at its weakest
since the SECM probe is furthest away from the substrate. The full extended set of
theoretical PACs in Figures 2.8C-F is included in Appendix Il (Figure S2.7).

Similar to the 2D methodology in determining the height of the cells, the heights
across the cell can be also be assessed by the 3D simulation method. For instance, through
comparison of the closest approach to the cell and the petri dish, the cell bears a height of
8.9 um (egn 2.9), while the parametric cell height method quantifies this cell as having a
height of 8 um (Figure 2.8C). Quantifying the cellular height based on the traditional PAC
extraction approach and parametric cell height method produce similar cell heights, within
approximately 10 % agreement (Table 2.1). However, the 2D methodology limits these PAC
extractions to the direct center of the cell, whereas 3D simulations allow cellular height to be
accessed across the depth scan image. At a distance of x = r/2 away from the cell center, the

height of the cell is 7.3 um, while x = r away is 0.9 um (egn 2.9)

Cell height, at x = (Lpetri gish — Lx) * @ (2.9)
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This would confirm that this particular cell is indeed more ellipsoidal in shape as opposed to
the hemispherical shape. While the electrochemical feedback in the SECM image (Figure
2.8B) may suggest a larger cell, the resolution limitation of the electrode makes the

electrochemical feedback appear greater.42

The precision of the cell heights determined through these SECM/simulation
methodologies agrees quite well with experimental observations, where the electrode was
physically lowered to the petri dish by approximately 10 um. While smaller electrodes do
provide higher resolution, a closer approach to the substrate is required. With significant
difference between the height of the cell and the petri dish, it becomes more difficult to
accurately gauge the fitting of the PAC to the dish since a steady state current is detected at

these tip-to-sample distances.

2.4.5 Horizontal Sweeps across the Cell

While vertical PACs are the more commonly used to study sample characteristics in
SECM depth scan mode,1226 horizontal cross-sections can also provide insights into cell
topography. For example, horizontal cross-sections taken across the SECM image can be
utilized to study the variations in cellular height across the cell, thereby allowing the cell’s
highest point to be located prior to the use of PACs extractions. Coupling 3D modelling in
COMSOL such that full control of UME position over the cell surface is possible, the tip-to-
cell distance or cellular geometry can be confirmed. Horizontal cross-sections can be
simulated by moving the UME across the substrate at a fixed height (Figure 2.9). The
UME’s x position is parameterized allowing for the entire horizontal sweep to be performed

as an automated sequence of simulations.
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Figure 2.9. Simulated concentration maps of horizontal UME sweeps 1 um above the
cell at electrode x positions of (A) 15 um away from cell center, x = 1.5r, (B) 10 um away
from the cell center (cell edge), x = r, (C) 5 um away from the cell center, x = r/2, and

(D) directly above cell center, at x = Or.

Simulating a horizontal sweep 1 pum above the cell, for locations where the electrode
is far from the cell (x > 2r, Figure 2.10A), the detected faradaic current (red region) is more
or less typical of a horizontal sweep across the insulating glass petri dish at the same tip-to-
substrate distance. Once the UME is in close proximity to the cell (Figures 2.10B-D), the
limited diffusion effects from the cell causes a current drop that results in increased negative
feedback. As the electrode sweeps directly over the cell, the current depletion region
becomes visually reduced. Utilizing these simulated horizontal line scans, we can determine

the obtained tip-to-cell distances accurately (Figure 2.10).

Three horizontal cross-sections were taken above the cell, one at the edge of the scan
window (blue) and two horizontal cross-sections 5 and 10 um above this height (red and
black respectively, Figure 2.10B). To normalize these currents, a current reading from the
SECM image 80 um above the dish was used (steady state current region). Horizontal sweep
curves of the UME were simulated at a number of distances (0.5-60.0 um) above the cell and
plotted together (1.5-10.0 um shown in Figure 2.10B, for the full set please see Figure S2.8
in Appendix II).
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Figure 2.10. (A) A horizontally-labelled SECM depth scan image taken across the cell
using a5 um Pt UME. The blue line is taken at the edge of the image, the red and black
lines taken 5 and 10 um above the blue line respectively. (B) Simulated and
experimental SECM horizontal sweeps across the cell. The UME probe distances
(above the cell) in micrometers are indicated in the legend for the simulated curves. (C)
The vertically-labelled SECM depth scan image above the center of the cell.

(D) The simulated and experimental PACs extracted over the center of the cell.

Over the flat insulating portion of the petri dish (0 pm < x < 30 um and
50 um > x > 60 um, absent of any cell), the steady state oxidative current was detected since
Opetri dish = dcen + 8 UM (Lpetri dish = Lcen + 3.2) for a 5 pm Pt UME. For the 5 um Pt UME, any
substrate effects on the current are subtle, almost negligible. When the electrode is
positioned over the cell (30 um < x <50 um), the electrochemical influence can be observed,
when the UME probe is over the direct center of the cell, the largest electrochemical

feedback is detected (at approximately 40 um, Figure 2.10B). This suggests that the smallest
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tip-to-cell distance is achieved, defining the minimal L value for all electrode positions

across the particular SECM image.

Extracting a horizontal cross-section above the cell (blue) at the edge of the image,
the experimental curve overlaps to the simulated horizontal sweep 2.5 pum above the cell
(blue circles in Figure 2.10B). Extracting other experimental horizontal cross-sections 5 and
10 pum above the blue line (red and black lines respectively in Figure 2.10B), the curves
overlapped quite well to the corresponding simulated curves at probe distances 7.5 and
10.0 um above the cell. At a simulated horizontal sweep greater than 10 um above the cell
(L > 4), the stimulated and experimental horizontal sweeps were indistinguishable from one
another, which explains why the black experimental sweep overlaps well a probe-to-cell
distance of 10 um (as opposed to 12.5 um).

Similar to the effects of an SECM probe’s approach to an interdigitated array of
electrodes,33 the amplitude of the curve increased as the tip-to-sample distance of the
horizontal sweep decreased. In the case of the cell, the amplitude of the curve was largest at
the direct center, suggesting this region of cell was at its most maximum height. With the
successful overlaying of the experimental curve to simulated horizontal sweeps, it is believed

the cellular geometry is indeed elliptical.

To confirm the horizontal sweep was simulated correctly, a comparison of the PAC to
the center of the cell was made (purple line in Figure 2.10C). Overlaying the PAC onto its
simulated curve, it can be seen that a distance of 2.4 um was achieved (Figure 2.10D). The
fitting of the horizontal sweep (tip-to-cell distance of 2.5 um, Figure 2.10B) is in close
agreement to the fitting of the vertical PAC. This demonstrates the validity of the 3D

horizontal sweep simulations.

2.4.6  Horizontal Imaging of the Cell

The UME’s x axis parametric sweep can be nested inside of another parametric sweep
in COMSOL, controlling the UME’s z direction movement. The electrode height is fixed at
the first defined height in the outer parametric sweep, performing a full horizontal sweep at

this z position. On completion of this inner parametric sweep of the x position, the outer



49

parametric sweep increments to the next z position, repeating the horizontal sweep process.
This process continues until all combinations of electrode’s x and z positions within the
desired ranges are simulated. A matrix of the UME tip current at all electrode positions can

be generated from the nested parametric sweep simulation, allowing for the simulation of
entire depth scan images (Figure 2.11).
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Figure 2.11. (A) Experimental and (B) simulated depth scans collected with a 5 um
UME with an RG of 3 approaching a single cell with a height of 8 um and a diameter of
20 um. The theoretical UME approaches to 2.0 um from the highest point on the cell
during its closest horizontal sweep. The experimental depth scan is determined to
approach to a height of 2.6 um above the cell.

The experimental depth scan images (Figure 2.11A) can be compared to simulated
depth scans (Figure 2.11B) for the general cell shape and individual cross-sections which can
be obtained from images in either the x or z directions. From Figure 2.11A, we can see the
experimental SECM scan lies in close agreement to the simulated cell when the SECM probe
is 2.0 um above (bottom curve in Figure 2.11B). We can see from both the experimental and

simulation images, the diffusion of the FcCOQ™ is most hindered when the UME is above the
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center of the cell (blue region in image). From the shape of experimental sweep and its
agreement to the simulated curves (Figures 2.10B and 2.11B), we can confirm the cellular
geometry appears to be elliptical in shape.

2.5 Conclusions

3D simulation models were used to assess the cellular height across different
locations over the cell. This 3D simulation model allowed us to access additional approaches
by SECM depth scan imaging, previously inaccessible by the traditional 2D axially
symmetric models. These simulations allowed for the fitting of both the vertical PACs and

horizontal sweeps across the cell and petri dish surface.

Using an impermeable non-toxic redox agent as a molecular sensor we were able to
determine cellular geometry and topography, as well as access the accuracy of the SECM
probe-to-cell distances (from PACs). Cell heights were determined using two different
methods: (1) the traditional approach, where the comparison of the PACs to the cell and dish
(using both 2D and 3D simulations) yields the cell height and (2) direct comparison of the
experimental PAC to simulated curves, where the height is parameterized, yields the cell
height. Both methods produce similar cell heights, regardless of the simulation method used
(within 10% difference). We confirmed that the cell was at its highest height at the direct
center of the cell, detecting the strongest electrochemical feedback at this location. While
stronger feedback can be detected using a smaller electrode, more error is associated with the
fitting of the PAC further away from the cell, since Lpewi dish > 3.2 for 5 um (vs. 1.6 for a
10 pum electrode).

In addition, 3D simulations of the cell allowed more PACs from the depth scan
images to be accessible. Through height quantification across the cell we were able to
determine that these tested individual live cells appeared to be more elliptical in morphology
when adhered onto a surface. It is anticipated that the topography of individual cells without
elliptical symmetry can be assessed by means of 3D simulations.
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Chapter 3

3  ATime Course Study of the Cadmium Effects on
Membrane Permeability in Single Human Bladder Cancer
Cells Using Scanning Electrochemical Microscopy

(A version of this work has been published in the Journal of Bioinorganic Chemistry
Li, M.S.M.; Filice, F.P.; Ding, Z. J. Inorg. Biochem. 2014, 136, 177-183.)

3.1 Introduction

Scanning electrochemical microscopy (SECM) is a powerful electroanalytical
technique that can be used to non-invasively study biological samples through the generation
or regeneration of redox mediated species.'” Developed greatly by Bard et al. in 1989, it
has progressed from chemical-based studies to being applied in biological systems® *®
including, but not limited to, electron transfer kinetics and molecular transport studies,”

10-11

neurotransmitter, reactive oxygen, and nitrogen species (ROS and RNS, respectively)

release by live cells,**™*° 14,17-18

as well as the assessment of drug resistance in biological cells.
SECM utilizes an ultramicroelectrode (UME) with a diameter less than 25 pm, that is biased
at a potential at which a redox active species can be found in either its oxidized or reduced
form. As the UME approaches the substrate, the current signal can be amplified if the UME
probe approaches a conductive surface (regeneration of the non-oxidized or reduced form,
positive feedback) or decreased if the UME probe approaches an insulating surface (blocked

regeneration, negative feedback).

In literature, most research groups use one of the two common SECM imaging
modes: constant height or constant distance. In constant height mode, the UME probe is held
at a constant height and is scanned along the sample surface to study its topography.
However, one major drawback of this method is the convolution of the faradaic processes
and probe-to-sample distance effects that can occur if there is an uneven surface or if the
sample is adhered to a substrate at varying heights. The UME probe can collide against the

sample causing damage to either the sample and/or the electrode itself. In constant distance
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mode, the UME probe will maintain a constant distance from the substrate and move up or

down accordingly, deconvoluting the varying heights through the faradaic processes.

In SECM studies of live cells, three types of measurements are most widely used:
(1) SECM imaging of the cells in which the current is measured and mapped as a function of

the probe coordinates (horizontal plane), thus revealing the topography of the adhered

|15—16, 19-20

cel and/or the spatial profile of extracellular redox active species;***® %24 (2) probe

approach curves (PACs), which are normalized current vs. normalized probe-to-cell distance

plots, used to quantitatively determine kinetic parameters®2°

20, 27-29

of a species across the cell
membrane; and (3) current-time curves (chronoamperometry) at specific probe-to-cell
distances to study the evolutionary trend of cellular topography,* reactivity,® and the
monitoring of very fast bursts of redox active species released by cells.***! SECM has
recently been used to investigate anti-cancer drugs and their treatment of cancers using ROS
as the probe.** However, the redox potentials of the ROS species are very close together
which makes selectivity problematic.'* Another study conducted by Koley and Bard
reported the successful investigation of membrane permeability in single live HeLa cells after
their exposure to Triton X-100.%" As the cell membrane is the first cellular barrier that anti-
cancer drugs will interact with, it is important to study membrane permeability in live cells.
Progression into membrane permeability research with SECM could widen the study of the
interactions between cancerous cells and potential anti-cancer drugs, as well as preventative

measures.?’ 2% 32

Cadmium poisoning or intoxication can lead to numerous health issues, such as:

cancers, immunodepression, and neurodegeneration.***

Cadmium can also affect gene
expression by interacting with various transcription and translation factors,® both of which
are important for successful DNA replication and protein synthesis in healthy cells. Studies
have shown that Cd®* intoxication can lead to increased oxidative stress through amplified

%637 which is already reported to be higher in cancerous cells.® Here, we

ROS generation,
look into the effects of Cd*" intoxication on membrane permeability. We then compared the
obtained results with previous SECM studies, in particular those involving cisplatin-induced
cell death, as those studies were able to distinguish the means of cellular death by the

extrinsic apoptosis pathway.****
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We have previously developed a SECM depth scan method where contacting of the
UME with the sample is minimized by means of approaching the UME to the cells in the x-z
or y-z plane.** In this report, we use this SECM depth scan mode to approach single human
bladder cancer (T24) cells and assess the changes in the permeability to ferrocenemethanol

(FcCH,OH), a non-toxic compound,*® # after Cd®* treatment.

3.2 Experimental

The experimental details discussed here are the project-specific details briefly summarized.

A more detailed report of the Experimental is included in Chapter 2.

3.21 Materials

Cadmium chloride (anhydrous grade) and FCCH,OH (97%) were purchased from
Sigma-Aldrich (Mississauga, ON), while potassium chloride (99%) was purchased from Alfa
Aesar (Ward Hill, MA). Stock solutions of 1 M CdCl, was prepared in deionized water
(18 MQ.cm, MilliQ water, Millipore, Etobicoke, ON), while 0.45 mM FcCH,OH with
0.05 M KCI (supporting electrolyte) were prepared in 1x phosphate buffered saline (PBS,
10 mM, pH 7.4). McCoy’s 5A medium was purchased from American Type Culture
Collection (ATCC, Manassas, VA), while all other culture solutions and serums were
purchased from Invitrogen (Burlington, ON). All SECM live cell experiments were carried

out at 37.0 = 0.2 °C unless otherwise stated.

3.2.2 Electrochemical Measurements

A5 um Pt UME with RG2 (ratio of glass sheathing to conductive wire) was used for
all electrochemical experiments described in this Chapter. Its fabrication procedure has been
described in detail in Chapter 2. A Ag/AgCl wire was used as a combined
auxiliary/reference electrode. Optical microscopy and cyclic voltammetry was used to

examine the UME tip quality and functionality respectively.

Electrochemical experiments were performed using an electrochemical analyzer
(CHI 800B, CH Instruments, Austin, TX) with a CHI 200 Picoamp Booster to reduce noise
(CH Instruments), which was recorded by the Alpha-SNOM instrument (WITec, Ulm,
Germany).** # The steady state oxidative potential of FcCH,OH (0.300 V vs. Ag/AgCl) was
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identified from a cyclic voltammogram of 0.45 mM FcCH,OH with 0.05 M KCI as the
supporting electrolyte in 1x PBS.

3.2.3 SECM Measurements

For the SECM experiments, T24 cells (ATCC® HTB-4™) were plated on glass
bottom dishes (P35G-0-20C, MatTek Corporation, Ashland, MA) and allowed to adhere and
grow overnight. The growth medium, McCoy’s 5A media supplemented with 10% fetal
bovine serum, was removed and T24 cells were washed 3x with 1x PBS. The growth
medium was then replaced with 0.45 mM FcCH,OH and 0.05 M KCI in PBS.

The petri dish was mounted onto the scanning stage (P-517K064, Polytec PI,
Germany) of the Alpha-SNOM and maintained at 37.0 = 0.2 °C (Bioscience Tools, San
Diego, CA). Using the Alpha-SNOM positioning system along with an inverted objective
lens (Nikon, 50x magnification, N.A.: 0.55, Japan), prospective single live T24 cells were
located. The distance between a single cell and the UME probe was optimized by using
SECM depth scans. Experimental PACs were obtained by drawing vertical lines above the
cell and studied immediately after each scan to confirm no contact with the cell was being

made.

Once optical cell-probe distance was determined, another T24 cell (on the same petri
dish) was studied for its response to Cd®* stimulation. The first SECM depth scan of this cell
was declared to be taken at t = 0 min. This was followed by the injection of Cd*" directly
into the mediator solution at t = 5 min. SECM depth scans were taken every 5 min for 50
min. Each SECM depth scan image has 128 x 128 pixels, a scan scale of 60 um in width and
either 20 or 25 um in depth. An integration time of 0.01 s was chosen for these scans. These
SECM scans had a tip speed of 6.19 and 7.73 um/s for depth scans of depth 20 and 25 pm
respectively.

3.3 Simulations

In the simulation process, we assume a simple one-electron oxidation reaction of
FcCH,OH (reduced species, R) to Fc"CH,OH (oxidized species, O) at the UME surface:
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R->0+e” (3.2)

Since the oxidation of FcCH,OH is a diffusion-controlled process at 0.300 V vs. Ag/AgCl,
the concentrations of FCCH,OH outside the cell, cg(r, z, t), and inside the cell, cry(r, z, 1),

follow Fick’s second law of diffusion:

dcr(r,zt) (620R(r,z,t) 1 dcg(r,z,t) 62(:R(r,z,t))

ot = D or? r or + 022 (3'2)
dcri(rzt) (achl(r,z,t) 1 dcp1(r.2,t) achl(r,z,t))

at Dra arz T 9z2 (33)

where r and z are the axial symmetric coordinates, t is the time, and D is the diffusion
coefficient of FCCH,OH, which was assumed to be the same for both inside and outside of
the cell (7.6 x 107 m?/s).2 4

In the simulation model, the T24 cell is represented as a nominal semi-oblate spheroid
with polar and equatorial lengths of 8 and 15 pum, respectively. We assumed 2D axial
symmetry at the center of the cell (Figure 3.1). Since the concentration of oxidized species
(O) generated at the UME tip is very small outside the cell, it is therefore negligible inside
the cell.
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Figure 3.1. A schematic of the 2D axial geometry simulated in COMSOL 3.5a. crand
cr: are the bulk concentrations outside and inside the cell, respectively. The boundary
conditions at the cell membrane are the inward and outward fluxes of FcCH,OH across

the cell membrane: fi, = P, (Cr — Cr1) and fout = Pm(Cr1 — CR).

The boundary conditions are described as the following:
When t = 0 min and E = 0.000 V at the UME tip, the concentration of FcCH,OH inside the

cell is:

Cry = 0 mol/m® (3.4)
The concentration of FcCH,OH in the outer solution is:
cr = 0.45 mol/m® (3.5)

When 0 <t < 10 min and E = 0.000 V, the inward and outward fluxes of FcCH,OH across

the cell membrane are:?"?°

fin = Pm (CR— Cr1) (3.6)

fout = Pm(Cr1— CR) (3.7)
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where fi, and f,; are the inward and outward fluxes of FcCH,OH relative to the cell and Py, is

the permeability coefficient.

Since no potential is applied to the UME at this moment, the Pt surface is equivalent to an

insulating surface. The concentration gradient of FcCH,OH at the Pt surface is therefore:

Ocr(r,zt) _ Ocgr(rzt) _
0z - ar -

0 (3.8)

The concentration gradients of FCCH,OH at glass sheath and petri dish are the same as egn
3.8.

The concentration gradient of FCCH,OH at the axis of symmetry is:

5, =0 9

When t > 10 min and E = 0.300 V, the inward and outward fluxes of FcCH,OH across the
cell membrane follows eqns 3.6 and 3.7, respectively.

Under the applied potential of 0.300 V, FcCH,OH is oxidized at the diffusion-controlled rate.

Therefore the concentration of FcCH,OH at the Pt surface is
cr(r,z,t)=0 (3.10)

The tip current, i, can be obtained by integrating the flux towards the Pt surface:
i = 2nnDF foar [%] dr (3.11)

where n is the number of electrons transferred in the oxidation of FCCH,OH (1), F is Faraday
constant (96,485 C/mol), and a is the radius of the Pt surface.

The simulation model was solved by running finite elemental analysis using
COMSOL Multiphysics v.3.5 (COMSOL Inc., Burlington, MA). In general practice, for
each permeability value, Py, a simulated PAC was obtained by plotting the normalized
current versus the normalized distances (as discussed in Chapter 2).
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For each simulated PAC, no FcCH,OH was assumed to be inside the cell at t = 0 min.
For the first 10 min, the concentration profiles of FCCH,OH both inside and outside of the
cell were calculated under the assumption that the UME was far from the cell and inactive.?’
At t = 10 min, the previously calculated concentration profiles were used as the initial
parameters for the internal and external domains. When the UME tip is biased at 0.300 V,
the steady state diffusion-controlled oxidation reaction of FcCH,OH occurs at this
boundary.?’ Sequential simulations with known Py, values and their respective normalized

probe-cell distances and tip currents were performed to generate the simulated PACs.

The simulation mesh statistics included: 83,896 mesh points, 343,041 degrees of
freedom, 167,315 elements (triangular), 4,442 boundary elements, 9 vertex elements, and a
minimum element quality of 0.668. A COMSOL report on the details of the simulation code

can be found in Appendix I11.

3.4 Results and Discussion

341 Cadmium concentration addition

Cd?* has been shown to increase the ROS generated in various cancer cell lines, such
as PC12 and SH-SY5Y, activating cellular pathways which can ultimately lead to cellular
death.®® According to a paper by Chen et al.,*® Cd** concentrations greater than 80 UM can
cause SH-SY5Y cells to undergo cellular death within several hours of exposure. Keeping
this in mind, we wanted to use Cd** concentrations that would not generate a response too
quickly in the cells that cannot be measured directly by SECM (due to scan length), but high

enough to be informative.

Our initial experiments with Cd** were carried out in culture, growing the T24 cells in
the presence of 10 mM Cd** (Figure 3.2), a concentration much higher than those presented
in literature (often in the uM range at an incubation time of several days).36' “ The
physiological appearance of the Cd**-treated T24 cells became unhealthy and slightly
contracted, possibly indicating that they are undergoing cellular death (Figure 3.2A and B).



63

4

T — " | —
40 pm LI \ 40 pm "

Figure 3.2. Optical micrographs of T24 cells (A) unexposed to Cd** and
(B) exposed to 10 mM Cd?* for 12 h.

After the addition of 10 mM Cd?* to the biological media, the media quickly became
acidic, as indicated by the change of the phenol red indicator in the media to a yellow-red
color, while the control (unexposed) sample remained red. The SECM experiments were
then planned as a time course study in order to examine the changes in the membrane
permeability to FcCH,OH upon immediate stimulation to Cd®*. The effects of Cd** on the
T24 cells should be slow enough for a SECM depth scan (3.25 min) but fast enough to
provide a better understanding of the change in membrane permeability.

3.4.2 SECM for time course measurements of membrane
permeability

Figure 3.3A shows a typical optical micrograph of the control T24 cells, with the
SECM probe located to the right of a T24 cell (encircled black spot). The SECM depth scan
image in Figure 3.3B demonstrates a decreased current profile as the UME approached the
T24 cell; this observation follows the SECM negative feedback principle. When the
electrode was far from the cell (and substrate), hemispherical diffusion can occur to the
electrode tip, resulting in a steady state current. When the electrode approached the cell, the
hemispherical diffusion of the redox mediator to the electrode tip was blocked by the cell
which results in a decreased tip current. This trend can be verified by the experimental PAC
in Figure 3.3C, which was obtained by simply drawing a vertical line above the cell as
illustrated in Figure 3.3B. To determine the membrane permeability coefficient, the
experimental PACs were overlaid onto simulated theoretical PACs with preset permeability
values (0.0 m/s to 1.0 x 10° m/s). Non-stimulated control T24 cells maintained constant
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membrane  permeability to FcCH,OH, with a value of approximately
5.0 x 10™ m/s up to 50 min (Figure 3.3C).
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Figure 3.3. (A) An optical micrograph of control T24 cells. The black spot in the image
is the UME, which is to the right of the cell of interest (circled). (B) A typical SECM
depth scan image of a T24 cell unexposed to Cd** (control). (C) An experimental probe
approach curve to a control T24 cell, taken at the vertical line above the cell as shown in
(B). The experimental PAC is overlaid onto simulated curves of known membrane

permeability coefficients.
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In our SECM depth scans, while there is movement of our UME probe (in both the x
and z direction), we assumed that convective transport is not a concern for the UME size.*”®
The scanning of the biased UME in the x and z directions (previously described) generates
the SECM depth scan image, which is collected across the entire cell body. Another
advantage in using SECM in the depth scan imaging mode is it allow us to assess the
membrane permeability changes in these live cells in a time course manner, simply by
drawing a vertical line over the same location above the cell in each consecutive scan. Cell
changes in their height during their “breath” processes do not affect their PAC
measurements, provided that the cell does not make contact with the UME. When
overlapping the experimental PACs to theoretical ones, we can take into account the “breath”
process of the cell based on the shift in negative feedback curvature (L axis).

3.4.3  Time course study of Cd** effect on membrane permeability

Since T24 cells maintained constant membrane permeability to FCCH,OH over time
in the absence of any stimuli, any changes in membrane permeability after the addition of
Cd?* can solely be contributed to the interaction of Cd*" with the cells. We assess any
feedback changes observed in the PACs to be due to the increase or decrease of FcCH,OH
flux in or out of the cell as a result of the Cd®* stimulation to the T24 cells. Other redox
species native to the cell, such as ROS release from the cell, are not affected at the potential
bias of 0.300 V (vs. Ag/AgCl).% In a previous study, FcCH,OH exposure in monkey kidney
(COS-7) cells led to no morphological changes;™ it was also observed in this study to have

no effect on the physical morphology of the T24 cells.

For this time course study of Cd*" on T24 cell membrane permeability, FcCH,OH
was held constant at a final concentration of 0.45 mM, while Cd** was added in-situ at
increasing final concentrations of 1.0, 2.5, 5.0, 7.5 and 10.0 mM. Time-lapsed SECM depth
scans were obtained at time intervals of 5 min (3.25 min per scan, followed by 1.75 min rest
period) for 50 min to study Cd*" effects on the membrane permeability in T24 cells. 50 min
was chosen as the experimental duration since the experimental PACs had stabilized well
before 45 min (ie. no further changes in membrane permeability).
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When 1.0 mM Cd?* was added in-situ to the T24 cells, it was observed that there were
very little morphological changes over the duration of the SECM experiments (Figures 3.4A
and B). PACs extracted from the depth scan above the center of the cell (Figure 3.4C)
revealed that the PACs displayed the same partial negative feedback curvature over 50 min
(Figure 3.4D). This suggests that at this concentration and for this duration of Cd** exposure,

the cell membrane permeability is constant (2.5 x 10™ m/s, Figure 3.4D).
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Figure 3.4. Optical micrographs of a T24 cell (A) before and (B) after exposure to 1 mM
Cd?* for 50 min, the UME is located to the right of the cell of interest. (C) A SECM
depth scan image of the T24 cell as in (A) after 50 min of Cd** exposure. (D) PACs to
the cell before (red, extracted along the vertical line in (C)) and 45 min after exposure
to 1 mM Cd* (blue).
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When the T24 cells are exposed to higher concentrations of Cd**, the membrane permeability

also increased (Table 3.1).

Table 3.1. The initial and final membrane permeability of T24 cells exposed to various

concentrations of Cd?*.

Final membrane permeability +

[Cd**] Initial membrane permeability + standard deviation after the addition of

(mM) standard deviation (m/s) Cd?* (mfs)
1.0 (2.5+0.3) x 10° (2.5 +0.3) x 10°
2.5 (5.0 £ 0.3) x 10° (1.0 £0.3) x 10™
5.0 (5.0 +0.3) x 10° (1.5+0.7) x 10™
75 (5.0 +0.3) x 10° (3.5+2.1)x 10"
10.0 (3.8+1.8)x 10° (2.0 £0.3) x 10™

The initial (control) average membrane permeability in all the single live cells experiments
were (4.3 + 1.1) x 10° m/s.  An increase in membrane permeability up to 3.5 x 10 m/s
(7.5 mM Cd?*, Table 3.1) suggested there is increased flux of FcCH,OH from the cell to the
UME tip.

For instance, when T24 cells were treated with 2.5 mM Cd**, the membrane
permeability increased from 5.0 x 10 m/s to 1.0 x 10™ m/s (Table 3.1). The higher the Cd**
stimulation, it was observed that T24 cells would decreased in height (requiring the lowering
of the electrode), as well as an increased in the surface area they occupied on the petri dishes.
For example, in one of the 10.0 mM Cd?* experiments, the T24 cell became flattened and its
spreading over the petri dish increased so significantly (Figures 3.5A and B), the electrode

was required to be lowered 14 pm to obtain feedback.
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Figure 3.5. Optical micrographs of a T24 cell (A) before and (B) after exposing to 10
mM Cd?* for 45 min, where the UME is to the right of the cell. (C) A SECM depth scan
image of the T24 cell as in (A) after 50 min of Cd*" exposure. PACs to the cell before
(red in (D), extracted along the vertical line in (C)) and 45 min after exposing to 1 mM
Cd* (blue in (D)).
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It was interesting to note that after higher Cd** treatments and longer exposure times, the
nucleus of the T24 cell was observable without the aid of immunocytochemistry (see Figure
S3.1 in Appendix I11). When the membrane permeability to FCCH,OH is increased, there is
more flux of FCCH,OH from the cell to the UME tip, making the partial negative feedback
more partially positive (more conductor-like). This is due to the spreading of the membrane

phospholipids heads, allowing more FcCH,OH molecules to enter and leave the cell.

SECM could be used to quantitatively measure the membrane permeability. Figure
3.6 illustrates the time course changes in membrane permeability after 1.0 mM and 7.5 mM

Cd?* treatments.
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Figure 3.6. Permeability of FcCH,OH as a function of time for T24 cells treated with 1.0
and 7.5 mM Cd**. Note, the membrane permeability at t = 5 min was removed due to

the intense current spike which occurs immediately after the addition of 7.5 mM Cd**.

From Figure 3.6, it can be seen that the membrane permeability to FCCH,OH does not
change in the case of 1 mM Cd* -treated cells (black dots), which is similar to that of the
control T24 cells. From the membrane permeability trend depicting a T24 cell’s exposure to
7.5 mM Cd?* (red diamonds), it can be seen that while the membrane permeability remains
constant for the first 10 min (5 min of Cd®* exposure). At 15 min, the membrane

permeability increases from 5.0 x 10° m/s to 1.0 x 10 m/s, where it stayed constant for
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10 min. This is followed by a steady membrane permeability of 2.0 x 10™* m/s for the
remainder of the experiment. Note, the membrane permeability value at t = 5 was removed
due to the intense current spike which occurred immediately after the addition of 7.5 mM

Cd** (amperometric i-t curve).

1., concentrations of Cd** greater than 80 puM can initiate

As reported by Chen et a
necrosis in PC12 and SH-SY5Y cells within hours of exposure. Using much higher
concentrations, we observed significant increases in membrane permeability of FcCH,OH
within minutes. We believe this is in response to Cd®* cytotoxicity, where Cd®* can induce a

cellular death response similar to cisplatin-induced cellular death in the T24 cells.*

It is widely known that cadmium interacts with a large number of genes, transcription
and translation factors vital to healthy cells.*® Major response genes activated by Cd*" are
involved in the synthesis of metallothioneins, a family of small cysteine rich proteins, which
have been shown to have roles in toxic metal detoxification and protection against oxidative
stress.”® We suspect that in the above experiments, because of the extremely high and toxic
concentrations of Cd?*, there is more Cd** entering the cell and forming an acute case of
toxicity (vs. chronic). This potentially results in the overloading of the metallothioneins
found in the cells. Once saturation of the metallothioneins is reached, there would be free
Cd?* ions being found in the cell, which can trigger cellular death. It would be interesting to
see if the pretreatment of T24 cells with anti-oxidants, such as vitamin C, which has been
shown to decrease ROS generation,*’ can lessen the cytotoxic effects of Cd®*. This may

lessen the toxic effects of Cd** on the membrane permeability in T24 cells.

3.5 Conclusion

Upon examination of the results reported in this Chapter, a correlation between Cd**
treatment and membrane permeability was identified: Cd®* treatment can increase the
membrane permeability to FcCH,OH in T24 cells. High Cd®* concentrations appeared to
induce morphological changes, such as increased spreading and flattening of the cell
(increased radius), possibly leading to cellular death. After 45 minutes of exposure, the
lowest Cd** treatment (1.0 mM) led to almost negligible changes in the membrane

permeability, as well as the morphology of these Cd*'-treated T24 cells. For each
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concentration studied, the effects of Cd** on membrane permeability appeared to have
stabilized well within the 50 min experiment. As the membrane permeability is increased,
there is increased spreading between the neighboring phospholipid heads of the plasma

membrane, which will allow for increased flux of FcCH,OH in and out of the cell.

It is also interesting to note that when morphological flattening and spreading of the
cellular bodies were observed, the nuclei of these T24 cells became more profound and easily
identifiable without the aid of immunocytochemistry. This work here illustrates SECM’s
potential in time course studies of membrane permeability to redox mediators. It is plausible
that biological SECM studies have great potential as a tool in studying the diffusion of a
chemical agent through the cellular membranes for disease diagnostics and potential drug
testing.

3.6 References

1.  Beaulieu, I.; Kuss, S.; Mauzeroll, J.; Geissler, M., Biological Scanning Electrochemical
Microscopy and Its Application to Live Cell Studies. Anal. Chem. 2011, 83,
1485-1492.

2.  Cortes-Salazar, F.; Momotenko, D.; Girault, H. H.; Lesch, A.; Wittstock, G., Seeing
Big with Scanning Electrochemical Microscopy. Anal. Chem. 2011, 83, 1493-1499.

3. Bard, A.J; Fan, F. R. F.; Kwak, J.; Lev, O., Scanning Electrochemical Microscopy.
Introduction and Principles. Anal. Chem. 1989, 61, 132-138.

4.  Schulte, A.; Schuhmann, W., Single-Cell Microelectrochemistry. Angew. Chem. Int.
Ed. 2007, 46, 8760-8777.

5. Schulte, A.; Nebel, M.; Schuhmann, W., Scanning Electrochemical Microscopy in
Neuroscience. Annu. Rev. Anal. Chem. 2010, 3, 299-318.

6. Zhao, C.; Wittstock, G., An SECM Detection Scheme with Improved Sensitivity and
Lateral Resolution: Detection of Galactosidase Activity with Signal Amplification by
Glucose Dehydrogenase. Angew. Chem. Int. Ed. 2004, 43, 4170-4172.

7. Nioradze, N.; Kim, J.; Amemiya, S., Quasi-Steady-State VVoltammetry of Rapid
Electron Transfer Reactions at the Macroscopic Substrate of the Scanning
Electrochemical Microscope. Anal. Chem. 2011, 83, 828-835.

8.  Cannan, S.; Cervera, J.; Steliaros, R. J.; Bitziou, E.; Whitworth, A. L.; Unwin, P. R.,
Scanning Electrochemical Microscopy (SECM) Studies of Catalytic EC [Prime or



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

72

Minute] Processes: Theory and Experiment for Feedback, Generation/Collection and
Imaging Measurements. Phys. Chem. Chem. Phys. 2011, 13, 5403-5412.

Matrab, T.; Hauquier, F.; Combellas, C.; Kanoufi, F., Scanning Electron Microscopy
Investigation of Molecular Transport and Reactivity within Polymer Brushes.
ChemPhysChem 2010, 11, 670-682.

Liebetrau, J. M.; Miller, H. M.; Baur, J. E.; Takacs, S. A.; Anupunpisit, V.; Garris, P.
A.; Wipf, D. O., Scanning Electrochemical Microscopy of Model Neurons: Imaging
and Real-Time Detection of Morphological Changes. Anal. Chem. 2002, 75, 563-571.

Kurulugama, R. T.; Wipf, D. O.; Takacs, S. A.; Pongmayteegul, S.; Garris, P. A.; Baur,
J. E., Scanning Electrochemical Microscopy of Model Neurons: Constant Distance
Imaging. Anal. Chem. 2005, 77, 1111-1117.

Zhu, R.; Macfie, S. M.; Ding, Z., Cadmium-Induced Plant Stress Investigated by
Scanning Electrochemical Microscopy. J. Exp. Bot. 2005, 56, 2831-2838.

Wang, Y.; Noél, J.-M.; Velmurugan, J.; Nogala, W.; Mirkin, M. V.; Lu, C.; Guille
Collignon, M.; Lemaitre, F.; Amatore, C., Nanoelectrodes for Determination of
Reactive Oxygen and Nitrogen Species inside Murine Macrophages. Proc. Natl. Acad.
Sci. U. S. A. 2012, 109, 11534-115309.

Zhang, M. M. N.; Long, Y.-T.; Ding, Z., Cisplatin Effects on Evolution of Reactive
Oxygen Species from Single Human Bladder Cancer Cells Investigated by Scanning
Electrochemical Microscopy. J. Inorg. Biochem. 2012, 108, 115-122.

Zhao, X.; Petersen, N. O.; Ding, Z., Comparison Study of Live Cells by Atomic Force
Microscopy, Confocal Microscopy, and Scanning Electrochemical Microscopy. Can. J.
Chem. 2007, 85, 175-183.

Zhao, X.; Diakowski, P. M.; Ding, Z., Deconvoluting Topography and Spatial
Physiological Activity of Live Macrophage Cells by Scanning Electrochemical
Microscopy in Constant-Distance Mode. Anal. Chem. 2010, 82, 8371-8373.

Kuss, S.; Cornut, R.; Beaulieu, I.; Mezour, M. A.; Annabi, B.; Mauzeroll, J., Assessing
Multidrug Resistance Protein 1-Mediated Function in Cancer Cell Multidrug
Resistance by Scanning Electrochemical Microscopy and Flow Cytometry.
Bioelectrochemistry 2011, 82, 29-37.

Kuss, S.; Polcari, D.; Geissler, M.; Brassard, D.; Mauzeroll, J., Assessment of
Multidrug Resistance on Cell Coculture Patterns Using Scanning Electrochemical
Microscopy. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 9249-9254.

Bard, A. J.; Li, X.; Zhan, W., Chemically Imaging Living Cells by Scanning
Electrochemical Microscopy. Biosens. Bioelectron. 2006, 22, 461-472.



20.

21.

22,

23.

24,

25.

26.

217.

28.

29.

30.

73

Amemiya, S.; Guo, J.; Xiong, H.; Gross, D. A., Biological Applications of Scanning
Electrochemical Microscopy: Chemical Imaging of Single Living Cells and Beyond.
Anal. Bioanal. Chem. 2006, 386, 458-471.

Zhao, X.; Lam, S.; Jass, J.; Ding, Z., Scanning Electrochemical Microscopy of Single
Human Urinary Bladder Cells Using Reactive Oxygen Species as Probe of
Inflammatory Response. Electrochem. Commun. 2010, 12, 773-776.

Zhao, X.; Zhang, M.; Long, Y.; Ding, Z., Redox Reactions of Reactive Oxygen Species
in Aqueous Solutions as the Probe for Scanning Electrochemical Microscopy of Single
Live T24 Cells. Can. J. Chem. 2010, 88, 569-576.

Zhu, R.; Macfie, S. M.; Ding, Z., Effects of Cadmium on Photosynthetic Oxygen
Evolution from Single Stomata in Brassica Juncea (L.) Czern. Langmuir 2008, 24,
14261-14268.

Diakowski, P. M.; Ding, Z. F., Interrogation of Living Cells Using Alternating Current
Scanning Electrochemical Microscopy (AC-SECM). Phys. Chem. Chem. Phys. 2007,
9, 5966-5974.

Shao, Y.; Mirkin, M. V., Probing lon Transfer at the Liquid/Liquid Interface by
Scanning Electrochemical Microscopy (SECM). J. Phys. Chem. B 1998, 102,
9915-9921.

Barker, A. L.; Macpherson, J. V.; Slevin, C. J.; Unwin, P. R., Scanning
Electrochemical Microscopy (SECM) as a Probe of Transfer Processes in Two-Phase
Systems: Theory and Experimental Applications of SECM-Induced Transfer with
Arbitrary Partition Coefficients, Diffusion Coefficients, and Interfacial Kinetics. J.
Phys. Chem. B 1998, 102, 1586-1598.

Koley, D.; Bard, A. J., Triton X-100 Concentration Effects on Membrane Permeability
of a Single HeLa Cell by Scanning Electrochemical Microscopy (SECM). Proc. Natl.
Acad. Sci. U. S. A. 2010, 107, 16783-16787.

Guo, J.; Amemiya, S., Permeability of the Nuclear Envelope at Isolated Xenopus
Oocyte Nuclei Studied by Scanning Electrochemical Microscopy. Anal. Chem. 2005,
77, 2147-2156.

Yasukawa, T.; Uchida, I.; Matsue, T., Permeation of Redox Species through a Cell
Membrane of a Single, Living Algal Protoplast Studied by Microamperometry.
Biochim. Biophys. Acta 1998, 1369, 152-158.

Kasai, S.; Shiku, H.; Torisawa, Y.-S.; Noda, H.; Yoshitake, J.; Shiraishi, T.; Yasukawa,
T.; Watanabe, T.; Matsue, T.; Yoshimura, T., Real-Time Monitoring of Reactive
Oxygen Species Production During Differentiation of Human Monocytic Cell Lines
(THP-1). Anal. Chim. Acta 2005, 549, 14-109.



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

74

Hu, R.; Guille, M.; Arbault, S.; Lin, C. J.; Amatore, C., In Situ Electrochemical
Monitoring of Reactive Oxygen and Nitrogen Species Released by Single MG63
Osteosarcoma Cell Submitted to a Mechanical Stress. Phys. Chem. Chem. Phys. 2010,
12, 10048-10054.

Gonsalves, M.; Macpherson, J. V.; O’Hare, D.; Winlove, C. P.; Unwin, P. R., High
Resolution Imaging of the Distribution and Permeability of Methyl Viologen Dication
in Bovine Articular Cartilage Using Scanning Electrochemical Microscopy. Biochim.
Biophys. Acta 2000, 1524, 66-74.

Lopez, E.; Figueroa, S.; Oset-Gasque, M. J.; Gonzélez, M. P., Apoptosis and Necrosis:
Two Distinct Events Induced by Cadmium in Cortical Neurons in Culture.
Br. J. Pharmacol. 2003, 138, 901-911.

Chuang, S.-M.; Wang, 1.-C.; Yang, J.-L., Roles of JNK, P38 and ERK Mitogen-
Activated Protein Kinases in the Growth Inhibition and Apoptosis Induced by
Cadmium. Carcinogenesis 2000, 21, 1423-1432.

Hartwig, A., Metal Interaction with Redox Regulation: An Integrating Concept in
Metal Carcinogenesis? Free Radic. Biol. Med. 2013, 55, 63-72.

Chen, L.; Liu, L.; Huang, S., Cadmium Activates the Mitogen-Activated Protein
Kinase (MAPK) Pathway Via Induction of Reactive Oxygen Species and Inhibition of
Protein Phosphatases 2A and 5. Free Radic. Biol. Med. 2008, 45, 1035-1044.

Chen, L.; Liu, L.; Yin, J.; Luo, Y.; Huang, S., Hydrogen Peroxide-Induced Neuronal
Apoptosis Is Associated with Inhibition of Protein Phosphatase 2A and 5, Leading to
Activation of MAPK Pathway. Int. J. Biochem. Cell Biol. 2009, 41, 1284-1295.

Pelicano, H.; Carney, D.; Huang, P., Ros Stress in Cancer Cells and Therapeutic
Implications. Drug Resist. Update 2004, 7, 97-110.

Lacour, S.; Hammann, A.; Grazide, S.; Lagadic-Gossmann, D.; Athias, A.; Sergent, O.;
Laurent, G.; Gambert, P.; Solary, E.; Dimanche-Boitrel, M.-T., Cisplatin-Induced
CD95 Redistribution into Membrane Lipid Rafts of HT29 Human Colon Cancer Cells.
Cancer Res. 2004, 64, 3593-3598.

Huang, C.-R.; Jin, Z.-X.; Dong, L.; Tong, X.-P.; Yue, S.; Kawanami, T.; Sawaki, T.;
Sakai, T.; Miki, M.; lwao, H., et al., Cisplatin Augments FAS-Mediated Apoptosis
through Lipid Rafts. Anticancer Res. 2010, 30, 2065-2071.

Vondalova Blanatova, O.; Jelinkova, L.; Szoér, A.; Skender, B.; Soucek, K.; Horvath,
V.; Vaculova, A.; Andéra, L.; Sova, P.; Sz06116si, J., et al., Cisplatin and a Potent
Platinum(IV) Complex-Mediated Enhancement of TRAIL-Induced Cancer Cells
Killing is Associated with Modulation of Upstream Events in the Extrinsic Apoptotic
Pathway. Carcinogenesis 2011, 32, 42-51.



42.

43.

44,

45.

46.

47.

75

Zhang, M. M.; Long, Y. T.; Ding, Z., Filming a Live Cell by Scanning Electrochemical
Microscopy: Label-Free Imaging of the Dynamic Morphology in Real Time. Chem.
Cent. J. 2012, 6, 20.

Miao, W.; Ding, Z.; Bard, A. J., Solution Viscosity Effects on the Heterogeneous
Electron Transfer Kinetics of Ferrocenemethanol in Dimethyl Sulfoxide-Water
Mixtures. J. Phys. Chem. B 2002, 106, 1392-1398.

Yeh, C.-M.; Hsiao, L.-J.; Huang, H.-J., Cadmium Activates a Mitogen-Activated
Protein Kinase Gene and MBP Kinases in Rice. Plant Cell Physiol. 2004, 45,
1306-1312.

Amatore, C.; Pebay, C.; Thouin, L.; Wang, A.; Warkocz, J. S., Difference between
Ultramicroelectrodes and Microelectrodes: Influence of Natural Convection.
Anal. Chem. 2010, 82, 6933-6939.

Sutherland, D. E. K; Stillman, M. J., The "Magic Numbers" of Metallothionein.
Metallomics 2011, 3, 444-463.

Grosicki, A., Influence of Vitamin C on Cadmium Absorption and Distribution in Rats.
J. Trace Elem. Med Biol. 2004, 18, 183-187.



76

Chapter 4

4 Probing Cd**-Stressed Live Cell Membrane Permeability
with Various Redox Mediators in Scanning
Electrochemical Microscopy

(A version of this work has been published in the Journal of Physical Chemistry C
Li, M.S.M.; Filice, F.P.; Ding, Z. J. Phys. Chem. C. 2016, 120, 6094-6103.)

4.1 Introduction

Cd?* has no physiological uses in the body; instead, Cd** exposure can lead to
numerous health issues.1-3  Short-term or acute exposure (typically >15 mg/L or 0.133 mM)
can lead to flu-like symptoms.® While long-term or chronic exposure leads to more severe
health issues, including bone diseases, organ dysfunctions and cancers.. 4 A huge underlying
problem in Cd®* cytotoxicity is its long biological half-life of 10-30 years, which often leads

to life-long complications.1-3

Cd** may enter the body through the consumption of contaminated foods or water,
cigarette smoke, and exposure to Cd**-coated metallic items.2 Once exposed, it can enter
cells through various ion channels, such as those intended for Ca?*, Zn**, Fe** and Cu®*.5 It
can compete with the essential metals (e.g. Zn*"), displacing them in metalloenzymes or
metalloproteins, resulting in their dysfunctions.. 5 On the cellular level, Cd** has been
shown to induce membrane integrity loss,®7 membrane permeability changes,8- and cellular
death.67. 10 Dyes, such as, propidium iodide® or trypan blue,!! can provide insight into cell
viability, as these dyes cannot permeate healthy cells (dye exclusion methods).
Unfortunately, these methods tend to be destructive and cannot give quantification from a
singular cell standpoint. Here, we use non-invasive scanning electrochemical microscopy

(SECM) to study the effects of Cd**-induced stress on membrane permeability.

SECM utilizes an ultramicroelectrode (UME, < 25 um diameter) that can be biased at
particular potentials such that a redox active species is being oxidized or reduced in a

diffusion-controlled process.12-13  As the UME approaches the sample (or substrate), the
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faradaic current can be amplified from the diffusion-controlled steady state current if the
substrate is conductive (cyclic regeneration effect, positive feedback) or decreased if the
substrate is insulating (blocked diffusion, negative feedback). Greatly developed by Bard et
al. since 1989,12 SECM has provoked a number of applications, including but not limited to,
surface and interface studies,4-1> Kinetic studies,’® and microstructure fabrication.17-18
SECM studies have progressed towards biological systems,19-24 including: electron transfer
kinetics and molecular transports,25-27 extracellular reactive oxygen/nitrogen species28-34 and

neurotransmitter release,35-3¢ and the assessment of drugs on biological cells.33.37-38

In the SECM study of live cells, three measurements are most widely used: (1) the 2D
imaging of the cells, where the current is mapped as a function of the SECM probe
coordinates revealing either cellular topography31-32. 39-40  and/or the spatial profile of
extracellular redox active species;30-32.41-42 (2) probe approach curves (PACs) which plot the
normalized current (1) against the normalized probe-to-cell distance (L), allowing for the
quantification of kinetic parameters*3-44 of redox species across the cell membrane#0 45-47
and; (3) chronoamperometry at specific probe-to-cell distances to study the evolutionary
trend of cellular topography,*8 reactivity,*® and monitoring the generation of redox active

species from the cells.49-50

In 2000, the Mirkin Group was able to identify diffusion of the redox species through
live cells as one of the possible contributing factors in mediator regeneration at the UME
tip.51 They also assessed bimolecular reactions between the extracellular redox species in
solution and intracellular redox moieties in the cells as another contributing factor.51 In 2005,
the Amemiya Group was able to determine that passive transport of the redox molecules
across the permeable double-membraned nuclear envelope of Xenopus laevis oocytes was
actually limited by the rate of diffusion.4¢ This was later confirmed by Li and Bard for
human cervical cancer (HelLa) cells.5>2 SECM has since shown great promise as a technique
in studying the effects of toxins and anti-cancer drugs on cells through the induction of

membrane permeability.8. 35 45,52-53

We have previously used ferrocenemethanol (FcCH,OH) as a molecular probe to

investigate membrane permeability changes in single live human bladder cancer (T24) cells
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under Cd?* and cisplatin stimulations.8-9.33.53 While relative changes in permeability can be
observed, the molecular probe itself is permeable to the cell. It becomes attractive to select a
sensing agent that will display strong contrast between the control (impermeable) and
stressed cells (permeable). Large uncharged polar molecules and ions are initially
impermeable to the hydrophobic cell membrane, requiring facilitated diffusion or special

transport channels to allow entrance into the cell.

Here we demonstrate the quantification of hydrophilic and charged redox mediators,
ferrocene carboxylate (FcCOO’), 1,1’-ferrocene dicarboxylate (Fc(COO),*) and
hexaamineruthenium(l11) (Ru(NHs)s>*) as molecular probes in SECM to study the toxic
effects of Cd®* on T24 cells. With an abundance of literature verifying the effects of Cd** on
membrane permeability and integrity, 6 8-10 jnvestigation on the permeation of these redox
mediators after sufficient Cd** exposure is expected. We explored this through two SECM-
membrane permeability studies: (1) a time-dependent exposure to low Cd?* concentration
treatment; and (2) a concentration-dependent exposure to acute Cd®* treatment. The
induction of membrane permeability through the incubation of T24 cells with low Cd**
concentration for several hours should mirror the effects of short duration acute Cd**
treatments. A comparison of the exposure treatments will also be made, correlating

membrane permeability and cellular viability.

4.2 Experimental Section

The experimental details discussed here are the project-specific details briefly summarized.

A more detailed report of the Experimental is included in Chapter 2.

42.1 Materials

Cadmium chloride, FcCH,OH (97%), FCCOOH (97%), and Ru(NH3)sCl3 (98%) were
purchased from Sigma-Aldrich (Mississauga, ON), while potassium chloride (KCI, 99%) and
FC(COOH), (98%) were purchased from Alfa Aesar (Ward Hill, MA) and Santa Cruz
Biotechnology, Inc. (Dallas, TX) respectively.

Stock solutions of CdCl, were prepared in deionized water (18.2 MQ.cm, MilliQ
water, Millipore, Etobicoke, ON) and syringe-filtered for sterility using a 0.2 pm Supor©
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Membrane (PALL Corporation, Mississauga, ON) prior to live cell treatment. 0.5 mM
FcCOO', 0.5 mM Fc(CO0),*, 0.9 mM FcCH,OH and 1.0 mM Ru(NHs)s**, all with 0.1 M
KCI as the supporting electrolyte, were prepared in phosphate buffered saline (PBS, 10 mM
and pH 7.4).

4.2.2 Electrode Fabrication

The UMEs (working electrodes) were fabricated in house and its procedure has been
previously published in detail;8 32 41 additional information can found in Chapter 2. Two
working electrodes were used in this study: a 10 um Pt UME for the time-dependent study
and a 5 um Pt UME for the concentration-dependent study. The RG (ratio of the surrounding
glass radius to that of the Pt wire) of the UMEs were polished to approximately 3. The
electrode tips were examined using optical microscopy and tested for functionality using

cyclic voltammetry.

423 Cell Culture

T24 cells were cultured as discussed in Chapter 2 and the project specific details are
listed here. Prior to the live cell SECM measurements, T24 cells were plated on a glass
bottom petri dish (P50-G-0-30-F, MatTek Corporation, Ashland, MA) during subculturing.
Cells were allowed to adhere and grow overnight prior to the SECM experiments. T24 cells
were incubated with 25 uM Cd®* at the desired exposure times (time-dependent study) or
acute concentrations for 1 hr prior to the SECM experiments. All cultured cells were washed
3x with 2 mL of PBS and refilled with 4 mL of the desired mediator solution.

4.2.4  Cell Viability

Cell viability was assessed using the MTT cell proliferation assay>* and its procedure
was described in detail in Chapter 2. Briefly, the project specific details are discussed here:
2 x 10* T24 cells were treated with 25 uM Cd?* for incubation periods of 0 (control), 1, 2, 4,
and 6 hours (time-dependent study) or 0, 1.0, 2.5, 5.0, and 7.5 mM Cd** for 1 hour
(concentration-dependent study). 0.05, 0.10, 0.15, or 0.20 mg/mL SDS was prepared and
used as a positive control in the assay. In the 6 hour treatment period, SDS reached 0 %
viability for cells treated with 0.15 and 0.20 mg/mL, confirming sensitivity of the assay. The



80

results shown here are the mean values + relative standard deviation (RSD) from at least 5
different experiments completed in sets of eight (time-dependent study) or 3 experiments
completed in sets of six (concentration-dependent study).

4.25 SECM Instrumentation

All SECM experiments were conducted using a modified Alpha-SNOM instrument
(WITec, Ulm, Germany) as detailed in Chapter 2.8 33, 53, 55 Electrochemical experiments
were performed using an electrochemical analyzer (CHI 800B, CH Instruments, Austin, TX)
with a CHI 200 Picoamp Booster to reduce noise (CH Instruments) and recorded by the
Alpha-SNOM instrument. For all electrochemical experiments described in this Chapter, a

Ag/AgCl wire was used as a combined auxiliary/reference electrode.

4.2.6 SECM Experiments

SECM measurements were obtained by mounting the petri dish onto the scanning
stage (P-517K064, Polytec PI, Germany) of the Alpha-SNOM and maintained at
37.0 £ 0.2 °C (Bioscience Tools, San Diego, CA). The UMEs were biased in either the
oxidation plateau region of the ferrocene-based compounds or the reduction plateau region of
Ru(NH3)s®* (Table 4.1). The UME was approached in close proximity to the cell by the
WITec instrument. Each depth scan image has 128 x 128 pixels, a scan width of 60 pm,
depth of 80 um, and an integration time of 0.01 s. All cell samples were discarded within 1.5
hours of experimentation. Further details about the SECM instrumentation and sample

preparation can be found in Chapter 2.
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Table 4.1. Experimental Parameters of the SECM Redox Mediators Studied

Probe AtpH 7 Electrochemical reaction c E D

[MM]__ [V] [m?/s]

FCCH,OH  FcCH,0H  FcCH,OH > Fc'CH,OH+e 09  +0.300 7.6x107°*
56

FcCOOH FcCOO FcCOO = Fc'COO + ¢ 05 +0.500 5.7 x100%
Fc(COOH),  F¢(COO),”  Fe(COO),” > Fe(COO), +e° 05  +0.600 53x10™°M

RU(NH3)sCl;  Ru(NH3)®* Ru(NH3)s™ +e > Ru(NHz)¢™* 1.0 -0.350 6.7x10™°%®

[a] for Fc(COO0),”, D was determined through its steady state voltammogram (see Supporting
Information, Figures S4.1 and S4.2 in Appendix V).

4.2.7 SECM Data Analysis

PACSs were obtained by extracting vertical cross-sections above the center of the cells
from their respective SECM depth scan images. Experimental curves were overlapped onto
simulated PACs generated using COMSOL Multiphysics v.4.4, a finite element analysis
software, to quantify their membrane permeability coefficients, Pn,. All P, values reported
here are the averages of 4 or more cell measurements unless otherwise stated. In each
average membrane permeability plot, the error bars represent the mean + standard error (SE,
SE=c/VN, where o is the standard deviation and N is the number of individual cell

measurements).

428 Simulations of PACs

For the purpose of theoretical PAC generation, a simulation model in 2D axial
symmetry was constructed using COMSOL (Figure S4.3). The model geometry was
designed to be representative of the physical dimensions of all objects in the live cell SECM
experiments (Figures S4.4 and S4.5). A detailed description of the model geometry,
simulation parameters, and post-processing steps has been previously described in great
detail 8259 and is discussed in Appendix IV. To quantify Py, the experimental PACs were

overlaid onto simulated theoretical curves (a sample set is shown in Figure S4.6).
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4.3 Results and Discussion

4.3.1 Quantification of the Membrane Permeability to the Three
Hydrophilic Redox Mediators

Hydrophilic, polar or charged molecules do not favor permeation across the
hydrophobic cell membrane through passive diffusion.*> As a result, hydrophilic and
charged redox mediators, such as FcCOO', Fc(CO0),” and Ru(NHs)s>* are posed to serve as
great SECM sensing agents to study the effects of toxins on membrane permeability. In
SECM depth scan mode, the changes in electrochemical behavior can be monitored as the
UME tip approaches a sample from above, displayed in the form of a 2D current-distance
image. Figure 4.1 displays typical SECM depth scan images with their corresponding
extracted PACs to the top of the cells.

0.63
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Figure 4.1. Typical SECM depth scan images of single T24 collected using redox
mediators: (A) FcCOO’, (B) Fc(CO0),*, and (C) Ru(NHs)¢**. The scale bar in each
SECM image represents 10 um. The corresponding experimental PACs extracted at
each arrow in (A-C) is overlaid onto theoretical PACs generated to an insulating cell,

where the redox mediator is (D) FcCOO™ (purple), (E) Fc(COO),* (blue), and (F)
Ru(NH3)s®" (green). Please note, the color map (current) for Ru(NHs)s®" in (C) appears
inverted from the ferrocene carboxylates (A-B) due to the opposing redox chemistry
occurring at the UME tip.
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In the SECM depth scan images (Figures 4.1A-C), when the UME is far from the cell
(d > 20 um) the detected current is influenced by neither the cell nor the dish: thus, a steady
state current (i) is observed. However, we can see the clear electrochemical definition of a
cell (yellow or black semi-ellipse for the ferrocene carboxylates and Ru(NHs)e®,
respectively) with decreased current as the UME approaches the cell (d < 10 um). Please
note, the color scales appear inverted between the ferrocene carboxylates and Ru(NHs)**
images due to the opposing redox chemistry occurring at the tip. This decrease in the
faradaic current would suggest that the cells are behaving similar to an insulating substrate,

displaying negative electrochemical feedback characteristics.

To quantify the Pp, values, the experimental PACs were extracted from the SECM
depth scan images by taking vertical cross-sections centered over the cell (the arrows in
Figures 4.1A-C). Once normalized, the PACs can be overlaid onto the simulated curves
generated with known permeability coefficients quantifying Py, for the cell under study
(Figures 4.1D-F). These PACs demonstrate that there was no flux of the sensing agents
across the cell membrane since the experimental PACs overlap well with a simulated cell
having a P, of 0 m/s or a purely insulating cell. This result was expected as these molecular
probes are hydrophilic, polar and charged, all of which make them unfavorable to cross the
cell membrane by passive diffusion. The successful overlay of the experimental PACs to an
insulating cell also suggests there is no additional redox chemistry occurring at the cellular
membrane, such as the reverse redox reactions listed in Table 4.1.

To verify the impermeable nature of these sensing agents, a similar SECM depth scan
study was performed using the known membrane-permeable and hydrophobic mediator,
FCCH,OH.89 5253 The initial average P, of this molecular probe was found to be
(5.0 + 3.5) x 10° m/s. This value, along with that in our previously report8 confirms the
permeable nature of FCCH,OH. The membrane permeability to FCCH,OH in T24 cells is

similar to the value reported by Matsue et al. for single algal protoplast (5.00 x 10> m/s).47
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4.3.2 Time-Dependent Effects of Cadmium Treatment on Membrane
Permeability

4.3.2.1 Hydrophilic Redox Probes

From a previous study conducted in our lab, it was determined that the pretreatment
of T24 cells with 10 uM Cd?* induced changes in membrane permeability to FcCH,OH after
1 hour of incubation, despite its low concentration.? However, in the following time-
dependent experiments, a higher concentration of 25 pM Cd** was used to ensure it can
induce a measurable effect for the hydrophilic molecular probes. The membrane
permeability of T24 cells were measured using the SECM depth scan imaging mode after the
cells were incubated with 25 pM Cd** for 0 to 6 hours (Figure 4.2).

Upon Cd?* treatment, T24 cells displayed an increased growth trend in the membrane
permeability to these hydrophilic probes (Figures 4.2A-C). FcCOO™ for example, had an
impermeable region where the T24 cells exposed to 25 pM Cd** for less than 2 hours had no
effect on membrane permeability (Figure 4.2A). However, after 2 hours, the permeability to
FcCOO™ was found to increase, having an onset value of 2.0 x 10° m/s. Permeability then
increased exponentially, reaching a plateau value of 6.3 x 10 m/s after 4 hours, which

remained unaffected by additional Cd** exposure.

Surprisingly, the more negatively charged, Fc(COO),> began to enter the cell the
fastest of the three hydrophilic redox mediators (Figure 4.2B); displaying some efflux of
these species after 1 hour of Cd®* treatment (2.1 x 10 m/s). It was expected for Fc(COO),*
to diffuse across the membrane slower than FCCOO" due to the negatively charged phosphate
in the lipid membrane. This could be due to the higher attractive interaction between the
positively charged electrode and Fc(COO),* than FcCOO". After 2 hours, Cd®* increased the
membrane permeability to 4.4 x 10 m/s, which plateaued at approximately 6.7 x 10° m/s

soon after.
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Figure 4.2. The average Py, of T24 cells pre-incubated with 25 pM Cd?* plotted as a
function of incubation time using the following molecular probes: (A) FcCOO™ (purple

squares), (B) Fc(COO),* (blue diamonds), (C) Ru(NH3)s>* (green triangles), and

(D) FcCH,OH (red circles). A typical SECM depth scan image of a T24 cell after 6

hours of Cd?* treatment and its corresponding PAC overlaid onto a curve of known Py,

are included as an inset for each molecular probe (A-D). The scale bar in each SECM

image represents 10 um. Each SECM live cell experiment produces a single depth scan

image, which provides a P, to be used in determining the average P, for that particular

molecular probe at the respective Cd** treatment period (A-D).
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The most positively charged molecular probe, Ru(NHs)s>*, showed the slowest
growth pattern: one hour of Cd®* exposure was not sufficient to induce permeability changes
in the T24 cells (Figure 4.2C). It seems that the favorable static interactions between the
cathode biased at -0.35 V (Table 4.1) and the cation does not play an important role in the
efflux of Ru(NHs)e®" from the cell to the electrode. It is possible that the negatively charged
phosphate group in the lipid membrane may retain the positively charged molecular probe.
This observation is likely the balance between the two static interactions. After 2 hours,
Ru(NH3)s®* began to permeate across the cell, displaying the lowest permeability coefficient
of all the three hydrophilic redox mediators at this time period (2.5 x 10° m/s). After 4
hours, the permeability to Ru(NHs)s®* approached 4.4 x 10 m/s, followed by 6.3 x 10™ m/s
after 6 hours of Cd** treatment.

While differing in the sigmoidal growth trends, these three hydrophilic redox
mediators achieved and maintained similar maximum average permeability coefficients
(approximately 7 x 10 m/s, Figures 4.2A-C). It appears that the charge of the molecular
probe has an effect on its rate of entrance into the cell after sufficient Cd** exposure and its
detection by SECM depends on this rate, along with the static interactions between the
phosphate groups of the cell membrane and the molecular probes. Interestingly, these
sigmoidal growth trends were similar to a previous study, where the membrane permeability

to FCCH,OH in T24 cells was studied in direct response to acute Cd** stimulations.8

4.3.2.2 Hydrophobic Redox Mediator

To confirm the induction of hydrophilic species through the cell membrane, a
concurrent set of experiments were completed, testing the membrane permeability to the
more hydrophobic redox mediator, FcCH,OH (Figure 4.2D). For the first two hours of Cd**
treatment, the membrane permeability decreased from 5.0 x 10 m/s to 1.0 x 10° m/s. This
decrease suggests a slight contraction or improvement in the integrity of the cell membrane.60
We suspect at this low exposure, an improvement in membrane integrity is a possible defense
mechanism of the T24 cells to prevent Cd** entrance into the cells.51 However, after
prolonged Cd** exposure (t > 4 hours), the membrane permeability increased to

approximately 1.0 x 10* m/s and remained constant regardless of the prolonged Cd**
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treatment. This trend was similar to a concentration-dependent study of Cd** in the range of
1 uM to 1 mM.2 Cd** concentrations induced the following membrane permeability
changes: (1) no effect (stable), (2) decreased (membrane contraction) and (3) increased
(membrane relaxation). © The initial region of stability was not observed in this work since
25 uM Cd** was already known to induce a decrease in membrane permeability to FcCH,OH

within the first hour of exposure.®

The inset SECM depth scan images of T24 cells treated with 25 pM Cd?* for 6 hours
(Figure 4.2) suggest that when hydrophilic molecular probes are used, the electrochemical
feedback from the T24 cells appears more round in shape than the hydrophobic FcCH,OH
molecular probe. However, there was a wide range of electrochemical feedback shapes
observed within each set of mediators (ranging from hemispherical to a near flat elliptical
geometry). At this time, we cannot attribute these electrochemical shapes to be caused
exclusively by the presence of the molecular probes. The corresponding PACs for these
SECM images represent one experimental trial, which was used to determine the average
membrane permeability coefficients.

4.3.3 Compromised Structure of the Cell Membrane

Here, Cd** was used as a toxin to increase the membrane permeability to the
hydrophilic redox mediators, which are normally unable to enter the cell. Increasing the
membrane permeability to chemicals has been previously established to be indicative of
membrane integrity loss.45 60,62-63 - Typically, membrane integrity is assessed by the transfer
of an impermeable species into the cell, such as dye exclusion viability studies.¢ Propidium
iodide, for example, can only permeate the cell when the membrane integrity is lost, ruptured

or cellular death has occurred.6 62, 64

In 2010, Koley and Bard*> demonstrated SECM can be used to monitor membrane
integrity loss through the induction of ferrocyanide (Fe(CN)s") into HeLa cells, after their
exposure to the surfactant Triton X-100. As a surfactant, Triton X-100 is able to lyse cells
for the extraction of intracellular proteins and organelles or induce higher permeability of the

membrane to allow for transfection.s The infiltration of this hydrophilic Fe(CN)s* species
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into the cell was believed to be due to the structural collapse or pore formation within the

membrane upon exposure to Triton X-100.45

While optically, we did not observe significant changes in confluency (viability) of
our tested T24 cells, our SECM results suggested compromised cell membranes after Cd®*
treatment. This loss in membrane integrity has allowed the permeation of not only the tested
hydrophilic mediators, but perhaps other available ions and species in the electrolytic
solution through non-specific diffusion channels or pore formations in the cell
membrane.*> 65 |t is likely the permeation of available ions and molecules into the cell will
have a biological consequence, since homeostasis will be disrupted. In fact, even at this low
concentration, it was observed for Cd** to induce small morphological changes in the T24
cells (Figure 4.3).

Figure 4.3. Optical micrographs of T24 cells grown in the (A) absence of Cd?**
treatment and (B) after 4 hours of Cd®" treatment. The T24 cells treated with 4 hours
of 25 pM Cd** appear to have more blebbing throughout the cell, indicating

cellular stress and/or damage. The scale bar in each optical image represents 40 pm.

In the absence of Cd?*, the T24 cells had their typical epithelial morphology (Figure 4.3A).
Upon sufficient Cd** treatment, the T24 cells appeared slighter smaller and more round in
shape, while localized blebbing in the center of the cells were observed (Figure 4.3B). The
appearances of the blebs were likely caused by the Cd®* treatment, since it can induce a
variety of harmful effects on organisms. Effects of Cd®* poisoning can include increasing
lipid peroxidation of the cell membranes and disruption of the antioxidant defense system,

which can cause oxidative damage.e¢ Huang et al. also previously demonstrated that
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alterations in the membrane-cytoskeleton linkers can lead to the formation and detachment of
membrane blebs through weakening of the membrane-cytoskeleton interactions in isolated
rabbit proximal tubule cells.67 It is plausible that the presence of these blebs in our Cd*'-

treated cells are indicative of this Cd**-induced stress.

Since Cd?* is known to induce morphological changes in living organisms, to prevent
drastic changes from occurring during the SECM-live cell experiments, T24 cells were
pretreated with Cd®* immediately prior to experimentation. By incubating the cells with
Cd?, it was hypothesized that the major morphological changes would occur during this
period rather than during the SECM experiments.?  The geometric model used in these
simulations was designed based on the average cell size determined optically and by SECM
(Figures S4.4 and S4.5). Additional PACs were generated based on a range of values greater
than average * standard deviation of the cell height and diameter respectively, confirming
minimal effect on the curves (Figures S4.7 and S4.8). While our results suggest the cell
membrane is compromised upon Cd?* exposure, biological changes in proteins or the cell
membrane (pore formation/collapse) are undetectable by the UMEs used in this study. The
micron-sized UMEs detect the average membrane permeability across the cell membrane due
to the size of the electrodes. Any biological changes that are occurring on the submicron

scale cannot be detected by these UMEs.

4.3.4  Time-Dependent Effects of Cd**on Cellular Viability

Since morphological changes were induced, it was important to determine if the
overall health of the T24 cells is affected by Cd** exposure. To evaluate cell viability, the

MTT cell proliferation assay was used (Figure 4.4).
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Figure 4.4. Cell viability of T24 cells treated with 25 pM Cd?* was measured by the
MTT cell proliferation assay. The mean £ RSD of 5 separate experiments

(8 replicates per experiment) is shown.

Cell survival or viability was determined by comparing the Cd* -treated T24 cells to the
untreated cells (egn 4.1):

Cell Viability (%) = —sample=tank » 1)) o (4.1)

Abscontroi— AbSplank

where Abs represents absorbance. The cell viability remains constant at approximately
100 % throughout all tested incubation periods. This indicates that the T24 cells did not die
as a direct response to the low Cd®* concentration stimulation. In fact, while our SECM
results may indicate there is a loss in membrane integrity, these viability studies confirm that
the T24 cells are still viable during the SECM experiments. With higher treatment and
dosage times, Cd®* is likely to induce cellular death (apoptosis or necrosis) in the T24 cell

line similar to other cell lines.6. 10,68

4.3.5 Cd* Concentration-Dependence of Membrane Permeability

To confirm induction of the membrane permeability to the three hydrophilic redox
mediators, the effects of acute Cd®*-cytotoxicity was also explored. In this study, T24 cells
were pretreated with acute Cd?* concentrations in the range of 1-5 mM for a duration of 1
hour (Figure 4.5).
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Figure 4.5. Typical SECM depth scan images of T24 cells treated with 4.4 mM Cd?* for
1 hour detected using the following molecular probes: (A) FcCOO', (B) Fc(COO),*, and
(C) Ru(NHs)>*. The scale bar in each SECM image represents 10 pm. The arrows in
(A)-(C) indicate where the vertical cross section was taken to extract the PACs in
(D)-(F) respectively. The experimental PACs were overlaid onto simulated curves to
guantify their P,. Graphical representation of the changes in the average P, to the
redox mediators after acute Cd** exposure are shown in (G)-(1), in the same order as
(A)-(C) and (D)-(F).

From Figures 4.5A-C, it can be seen that the detected electrochemical feedback from the T24
cells appear more flat and elliptical-like while displaying similar normalized currents.
Taking vertical cross-sections above the center of the cell (green and red arrows in Figures
45A-C), the corresponding experimental PACs are quantified to have a membrane
permeability coefficient of 7.5 x 10° m/s, 1.0 x 10™* m/s and 1.0 x 10™* m/s to FcCOO"
(Figure 4.5C), Fc(COO),* (Figure 4.5D) and Ru(NHs)s®* (Figure 4.5E), respectively.
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However, the induction of these hydrophilic probes is only possible once sufficient Cd**

exposure is met.

Initially, T24 cells displayed a region of stability where these mediators remained
unable to cross the membrane (Figures 4.5G-1). For the ferrocene carboxylates, this stable
region consisted of Cd*" treatments less than 4 mM, followed by an exponential growth
region exceeding 4 mM Cd** treatment (Figures 4.5G and H). While similar in structure, the
growth trend in membrane permeability to FcCOO™ is slower than that of Fc(COO),*, which
is consistent to the results in the time-dependent study. This might be due to the higher
attractive interactions between the positively charged electrode to Fc(COO),* than to
FcCOO".  Another difference aside from the growth rate was the final membrane
permeability values to each of these ferrocene carboxylates: FCcCOQO™ reached a higher
permeability coefficient of 2.7 x 10™ m/s, whereas Fc(COO),* reached 2.0 x 10™ mis,
suggesting FcCOQ' is slightly more favorable to enter the cell.

Ru(NH3)s>*, however, as a permeability probe behaved quite differently upon acute
Cd?* stimulation (Figure 4.51): the membrane permeability trend displayed sigmodal growth
as opposed to exponential growth observed for the ferrocene carboxylates. The T24 cells
displayed a smaller impermeable region when treated with Cd** concentrations less than
2 mM. After treatment with 2 mM Cd?*, the membrane permeability increased to
approximately 1.0 x 10 m/s and remained unchanged regardless of further stimulation. It is
interesting to note that the membrane permeability to the hydrophilic redox species induced
by acute Cd®* is similar to that by the low, but longer exposure of Cd?* in the time-dependent
study. With no evident physiological benefit,1-3 this toxin can have severe detrimental
effects on cells and organisms, altering the homeostatic balance and ultimately leading to cell
death.

4.3.6  Concentration-Dependent Effects of Cd**on Cellular Viability

Since acute Cd** lead to more cell loss and higher overall membrane permeability, it
was important to assess the cellular viability (Figure 4.6). Once again, the untreated T24
cells were considered to be the control sample, assuming 100 % viability. When treated with

1.0 and 2.5 mM Cd**, the T24 cells showed an increase in proliferation (Figure 4.6). From
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our previous work, where acute Cd®* was injected into the electrolyte solutions and
membrane permeability was detected every 5 mins up to 45 mins, the membrane
permeability was more resistant to changes at these low concentrations.8 In both the
previous® and present work, during these low acute concentration exposures, we had
observed no significant morphological changes as a result of Cd** cytotoxicity. Within the
low end of the acute Cd?* concentration range (1-4 mM), the hydrophilic redox mediators
remained mostly impermeable to the cell membrane, possibly correlating to the increased
proliferation. However, once surpassing this concentration range (greater than 4 mM Cd*"),
the membrane permeability to these mediators significantly increased (approximately
2 x 10" m/s), which corresponded to higher cellular death (68 % after 7.5 mM treatment for

1 hour) as confirmed by the MTT assay.
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Figure 4.6. Cell viability of T24 cells treated with acute Cd** concentrations for 1 hour
was measured by the MTT assay. The mean = RSD of 3 separate experiments

(6 replicates per experiment) is shown.

4.3.7 Comparison of the Time-Dependent vs. Concentration-
Dependent Studies
The membrane permeability to the three hydrophilic redox mediators was higher after
acute exposure than in the time-dependent study, approximately 2 x 10 vs. 7 x 10™ m/s,
respectively. The lower membrane permeability in the time-dependent study could be
explained by two possibilities: (1) the cells are capable of resisting or combating the
cytotoxic effects of the low 25 pM Cd** dosage or (2) the membrane permeability could be

increased further. If the second possibility holds true, the T24 cells were able to resist the
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cytotoxic effects between hours 4-6 and longer treatment is required to induce permeability

to match those found after acute Cd?* treatment.8

The cell viability of T24 cells appeared to be unaffected when treated with 25 uyM
Cd?* up to 6 hours, whereas significant cell death occurred within 1 hour when treated with
acute concentrations. Since higher membrane permeability is indicative of membrane
integrity loss, the increase in membrane permeability (concentration vs. time dependent
studies) correlates well with cellular death. Whether Cd** is inducing membrane integrity
loss through pore formation, structural collapse or the allowing available, yet unwanted ions
and molecules into the cell through non-specific diffusion channels, hydrophilic redox probes

are ideal candidates in toxin testing.

4.3.8 Effects on Flux/Membrane Permeability

The dominating factor contributing to increased membrane permeability detectable by
SECM is the result of the redox mediator’s diffusion into the cell.52 There are, of course,
other contributing factors such as redox mediated processes (both extra- and intra- cellular)

which can affect the rate of the mediator flux into the cell.5!

When FcCH,0OH has diffused into a living cell, it is known to promote intracellular
regeneration of the antioxidant, glutathione (GSH).37-38 69 GSH can be reduced from

glutathione disulfide, GS-SG by the following reaction:
GS-SG = 2GSH + 2H" + 2¢”

Upon the increase in intracellular regeneration of GSH, the homeostatic balance is disrupted
such that an enhanced GSH efflux from the cell was initiated.37-38 The extracellular GSH
present can reduce the oxidized Fc"CH,OH back to its reduced FcCH,OH form, leading to

enhanced electrochemical feedback near the cell membrane.37-38

Charged and hydrophilic species behave differently from the neutral FcCH,OH
sensing agent since these species may only enter the cell once sufficient membrane integrity
is lost. While initially the charge effect on the influx of the agents into the cell is complex,

our results indicate minor influence besides the static interactions between the electrode and



95

the molecular probe, as well as that between the molecular probe and the negatively charged
cell membrane. In the time-dependent experiments, after 6 hours of 25 pM Cd** treatment,
the membrane permeability to the redox mediators plateaued at approximately 7 x 10° m/s,
while after a short treatment period of 1 hour with acute Cd®* concentrations, the membrane
permeability increased to approximately 2 x 10 m/s. It is evident that once the membrane
integrity is sufficiently lost, the membrane does not discriminate charge species entering. It
is also possible that once the hydrophilic mediators have entered the cell, intracellular redox
proteins are interacting with the charged redox species. If these intracellular redox processes
are occurring, activation or complications on other biological pathways are also possible,
causing disruptions in homeostasis. This can lead to further detrimental oxidative stress or
damage of the cells.

4.4 Conclusions

SECM depth scan mode was used to demonstrate hydrophilic redox mediators are
ideal molecular probes in the testing of toxins since increased membrane permeability is
indicative of membrane integrity loss. Species that are charged, polar or hydrophilic, such as
FcCOO", Fc(CO0),”, and Ru(NHs)s**, are not favorable in crossing healthy membranes
through passive diffusion. However, upon sufficient Cd**-treatment, the membrane integrity
in T24 cells is weakened, allowing these foreign redox mediators to enter into the cell
through non-specific diffusion channels, pore formations or the structural collapse of the cell

membrane.

After long Cd?* incubation treatments (25 UM, up to 6 hours), all hydrophilic redox
mediators entered the cell at the same average membrane permeability coefficient,
approximately 7 x 10 m/s. While Cd** and the hydrophilic mediators had entered T24 cells,
the viability of the cells remains unaffected: the only morphological change observed was the
localized swelling (blebs) in the center of cells. However when the cells were treated with
acute Cd®* concentrations for 1 hour, both the viability and permeability become greatly
affected. The membrane permeability was found to increase to 2 x 10™ m/s after exposure to
5 mM Cd?*, while the viability of the cells decreased as Cd** concentration increased (68 %).

Long durations of low Cd*" treatment or a short exposure to acute Cd** leads to a similar
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outcome: the membrane permeability was augmented sufficiently to allow the entry of these
foreign hydrophilic species into the cells. In both these studies, beside the static interaction
between the electrode and the redox mediator, the membrane permeability to the mediators
reached similar maxima, which suggested that the effect of the molecular charge may not
influence the rate of its flux into the cell. This would support their influx into the cell is
through non-specific diffusion channels, pore formation or the structural collapse of the
membrane. The use of hydrophilic redox mediators in SECM may lead to insight into

potential drug interactions and testing in single live cells.
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Chapter 5

5  Zn**-Induced Apoptosis in Single Human Bladder Cancer
Cells Interrogated by Scanning Electrochemical
Microscopy

(A version of this work has been prepared for publication
Li, M.S.M.; Filice, F.P.; Ding, Z. Zn**-Induced Apoptosis in Single Human Bladder Cancer

Cells Interrogated by Scanning Electrochemical Microscopy, 2017. Upon Submission.)

5.1 Introduction

Zn is one of the most important and abundant trace elements found in the body.*® It
is known to be an essential component of many metalloenzymes, metalloproteins and
transcription factors. Its biological role in the body is widespread, including but not limited
to, structural and catalytic roles in various metalloenzymes, facilitating protein function,

maturation and degradation, as well as playing a role in DNA transcription and regulation.®

As a trace essential element, it is important that homeostatic levels of Zn** are
maintained. When deviations from safe levels of Zn** occurs, either by an increase or
decrease in cellular concentrations, disruptions in biological processes can occur, potentially
leading to disease or death.>* For instance, VVazquez et al. reported the effects of Zn®* on
human Burkitt lymphoma B cells were concentration-dependent: low Zn®* (<50 pM)
inhibited caspase-3 activation and apoptosis, while higher concentrations appeared to induce
apoptosis.* Han et al. reported similar Zn®* effects in mouse embryonic stem cells, where
moderate concentrations of Zn** (>4 uM) increased cellular proliferation, while higher Zn*
concentrations (>200 uM) blocked this effect.!

Upon metal overloading (excess), essential trace elements are known to become toxic
to the organism. This can contribute to the disturbance of cellular redox homeostasis, either
through the induction of oxidative stress or the metals interacting with proteins involved in
cellular redox regulation.” Disrupting the homeostatic redox levels can lead to additional

oxidative stress (reactive oxygen and nitrogen species generation). This damage can lead to
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lipid peroxidation of the cell membrane and eventual membrane integrity loss, allowing
increased permeation to chemical agents. Furthermore, Zn** is now well recognized as an
important cofactor in regulation of apoptosis®’ and is known to have an anticancer effect by

inducing apoptosis in prostate and bladder cancer cells.?

Scanning electrochemical microscopy (SECM) has emerged as a powerful tool in the
investigation of biological cells.**®> A large number of these studies have focused on the
analysis of the cell membrane properties, such as membrane integrity, through the
permeability of redox mediators in and out of the cell. Redox mediators that are hydrophilic
and charged, e.g. hexaamineruthenium(l11) (Ru(NHs)s>"),*® ferrocenecarboxylate (FcCOO")Y’
and ferrocyanide (Fe(CN)s"),"®™ have been confirmed to be impermeable to healthy and
intact cells through several modes in SECM (insulator, negative feedback).'®*® 2% The
permeation of these hydrophilic and charged species by SECM (partial positive feedback)
signifies substantial membrane integrity loss, such as pore formation or structural collapse of
the cell membrane.’® On the other hand, water soluble mediators exhibiting more oleophilic
properties (membrane-permeable), such as 1,2-napthaquinone (CioHsO-),"” menadione
(CeH4(CO),C,H(CH3))'" % and ferrocenemethanol (FCCH,OH),'® 2> 2* can be used to
monitor the more subtle changes in the cell membrane than that of the hydrophilic and

charged redox mediators.

Using a membrane permeable and an impermeable redox mediator (FcCH,OH and
Ru(NH3)63+, respectively), herein we investigate the effects of various Zn** concentration on
single live human bladder cancer (T24) cells for the first time. Since it is known that a
correlation between membrane permeability and cellular viability exists, this study focuses
on how SECM can be used to assist in the identification of the Zn**-induced cellular death
mechanism (apoptosis or necrosis). It is discovered that Zn** exposure increases the
membrane permeability to the redox mediators detected by SECM and causes the subsequent
morphological and biological changes which lead to cellular apoptosis. This SECM
membrane permeability study gives insight into physiology and pathology of the single live
cell model.
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5.2 Experimental

The experimental details discussed here are the project-specific details briefly summarized.

A more detailed report of the Experimental is included in Chapter 2.

5.2.1 Materials

Zinc chloride (anhydrous, >97%), FcCH,0OH (97%), Ru(NHs)s-Cls (98%) and sodium
dodecyl sulfate (SDS, 99+%) were acquired from Sigma-Aldrich (Mississauga, ON) and
used as received. Stock solutions of 0.9 mM FcCH,OH or 1 mM Ru(NHs)s®* were prepared
in 1x phosphate buffered saline (PBS, 10 mM, pH 7.4). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was acquired from R&D Systems Inc. (Minneapolis,
MN) in the TACS® MTT Cell Proliferation Assay Kit. Dimethyl sulfoxide (DMSO,
spectroscopic grade, Caledon Laboratory Ltd, Georgetown, ON) was used to dissolve the
formazan crystals in the MTT assays. The PE Annexin V Apoptosis Detection Kit with
7-AAD was purchased from BiolLegend® (San Diego, CA). All ReadyProbes™ and
CellEvent™ Caspase-3/7 were purchased from ThermoFisher Scientific (Burlington, ON)

5.2.2 Electrode Fabrication

Pt ultramicroelectrodes (UMES) were fabricated in-house using a P-2000 laser-based
micropipette puller system (Sutter Instrument, Novato, CA).>*® Briefly, a 25 pm Pt wire
(Goodfellow Metals, Cambridge, U.K.) was heat-sealed and pulled within a quartz capillary,
producing two Pt tips sheathed in quartz.”® Following internal electrical connections and
reinforcement of the quartz capillary, manual polishing of the tip ensured a flat, smooth Pt
surface was exposed. The tip was polished to have a Pt diameter of 4.4 um with an RG
(glass to wire ratio) of 3. The quality of the UME was optically assessed and
electrochemically tested using 0.9 mM FcCH,OH and 1 mM Ru(NHs)s®" in PBS via cyclic

voltammetry.

5.2.3 Cell Culture

T24 cells (ATCC® HTB-4™) were acquired from American Type Culture Collection
(ATCC, Manassas, VA) and maintained in accordance to their protocol. All culture solutions
and serums were acquired from Invitrogen (Burlington, ON) with the exception of McCoy’s
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5A medium (ATCC). For the SECM experiments, T24 cells were plated on glass bottom
petri dishes (P35G-0-20C, MatTek Corporation, Ashland, MA) and allowed to adhere
overnight. The culture medium was then replaced with new medium supplemented with
Zn**. Following 24 hr treatment, the cells were washed 3x with PBS and replaced with PBS
containing 0.9 mM FcCH,OH and 1 mM Ru(NHs)e>* for SECM analysis.

5.2.4 SECM Instrumentation and Experimentation

SECM experiments were performed on an Alpha-SNOM instrument (WITec, Ulm,
Germany) adapted with a custom-made electrode mount. A 4.4 um Pt UME was used as the
SECM probe (working electrode) and a Ag/AgCl wire was used as a combined
auxiliary/reference electrode. All electrochemical experiments were performed using a CHI
800B with a CHI 200 Picoamp Booster (CH Instruments, Austin, TX), which current signals
were fed into one data acquisition channel of the Alpha-SNOM instrument. The details of
this SECM instrumentation and operation procedure has been described elsewhere in great
detail.**?° Briefly, SECM measurements were obtained by mounting the petri dishes onto
the scanning stage (P-517K064, Polytec Pl, Germany) of the Alpha-SNOM instrument,
maintained at 37.0 £ 0.2 °C (Bioscience Tools, San Diego, CA). Individual T24 cells and the
Pt UME were located using the inverted Nikon objective lens (50x, N.A. = 0.55, Japan) of
the instrument. Using the confocal setting within the WITec software, SECM depth scan
experiments were conducted. This allowed the biased UME to perform a 2D (X, z) sweep
over the cells, performing a horizontal line scan at each vertical stepping upon approach.
Each SECM depth scan image has 128 x 64 pixels, scan width and depth of 60 um and 40
pum respectively, and an integration time of 0.03 s. All petri dishes and cells were discarded

within 1.5 hours of experiments.

5.2.5 SECM Data Analysis

Probe approach curves (PACs) were obtained by extracting the vertical cross-sections
above the center of the cells from their respective SECM depth scan images. To quantify the
membrane permeability coefficients, Py, experimental PACs were overlapped onto simulated
curves generated by COMSOL Multiphysics v.5.0, a finite element analysis software.?" *

For the purpose of the simulated PAC data sets, the simulation model is representative of the
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SECM experiments and was designed in 2D axial symmetry, with the symmetry plane
through the center of the cell and electrode. Detailed descriptions of the model geometry,
simulation parameters, and post-processing steps have been previously reported in great
detail.® 3t All P,, values reported here are the averages of 2-6 individual cell measurements,
unless otherwise stated. In each average membrane permeability plot, the error bars
represent the mean + standard error (SE, SE=6/\N, where ¢ is the standard deviation and N is

the number of individual cell measurements).

5.2.6 Optical Imaging

Methanol-fixed, Zn**-treated T24 cells were optically imaged with a Zeiss LSM 510
META multiphoton confocal laser scanning microscope. For these images, a 63x Nikon

objective (N.A. = 0.75, Japan) was used.

5.2.7 Immunofluorescence

The Countess Il FL Automated Cell Counter (ThermoFisher Scientific) was used to
monitor cellular viability in Zn**-treated T24 cells. For insight into the membrane integrity
of the Zn®*-treated T24 cells, ReadyProbes® NucGreen (membrane-impermeable) was used.
To identify apoptotic and necrotic cells, CellEvent™ Caspase-3/7Green ReadyProbes®
reagent and ReadyProbes® NucRed (propidium iodide), respectively were used as their
indicators. For all immunofluorescence experiments, ReadyProbes® NucBlue (Hoechst
33342, membrane-permeable) was used to identify the total number of cells per sample.

These reagents were used according to supplier’s protocol (ThermoFisher Scientific).

5.2.8 MTT Cell Proliferation Assay

Cellular viability of Zn**-treated T24 cells were assessed using the MTT cell
proliferation assay.®* Briefly, 2 x 10* cells/well were seeded onto Corning Scientific
Costar™ 96-well polystyrol flat bottom plates. After 24 hours, the growth medium was
aspirated and replaced with new media containing Zn?* or SDS (0.05, 0.10, 0.15, or 0.20
mg/mL), which was used as the positive control.  After treatment, the media was carefully
aspirated and replaced with 100 pL of fresh media (absent of phenol red) and 10 pL of the

MTT reagent. After 6 hours, the MTT solution was carefully removed and the formazan
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crystals were dissolved with 50 uL DMSO. The absorbance at 540 nm was read by a M1000
PRO plate reader (Tecan Switzerland) following 1 s of shaking at 2 mm amp and 654 rpm.
To remove the background media effects, empty (blank) wells were also treated in

accordance to the MTT protocol.*

5.2.9 Flow Cytometry

Apoptosis, as the primary death mechanism, was confirmed using the Biolegend® PE
Annexin V Apoptosis Detection Kit with 7-AAD. Briefly, 3 x 10° T24 cells were plated into
individual wells of a 6-well plate (0-75 pM Zn**-treatment) or 9 x 10° T24 cells in T25 flasks
for the acute concentrations (100-400 pM Zn?**, with 1 control sample at 0 uM). After 24
hours, the growth medium was aspirated and replaced with new growth medium containing
Zn?* for 24 hours, paralleling the SECM and cell viability experiments. Another set of T24
cells were exposed to 12 hours of Zn** treatment, which was prepared similarly to the acute

treatment previously mentioned.

For flow cytometry experiments, the cells were trypsinized to detach the Zn?*-treated
T24 cells from their dishes and resuspended in cold cell staining buffer and centrifuged at
800 rpm for 5 mins. The cell staining buffer was decanted and resuspended in Annexin V
binding buffer. 7-AAD and Annexin V PE were added to the cell samples, followed by
incubation at room temperature for 15 mins in the dark. Annexin V buffer was then added to
each tube according to Biolegend® protocol. The only exception to their protocol was half
the volumes of Annexin V PE and 7-AAD were used. Cells were gently vortexed prior to
testing on a FACSCanto (BD Biosciences, USA) and data was analyzed with the software
FlowJo VX (FlowJo, LLC, USA). 50,000 cell events were targeted for Zn* -treated T24
cells (0-400 uM for 24 hours); however approximately 36,000 and 30,100 cell events could
be reached after 200 uM and 400 pM Zn?*-treatment. For the 12 hour Zn?**-treatment,

20,000 cell events were analyzed.
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5.3 Results and Discussion
5.3.1 Zn** Effects on Cell Membrane Permeability

5.3.1.1 SECM with Ferrocenemethanol (Permeable)

SECM depth scans,? 2 33 where the UME is scanned repeatedly in the horizontal
plane (x-axis, image width) at various z positions upon approach to the substrate (image
depth), were carried out on single Zn**-treated T24 cells. Using this SECM mode, the cell

Pm to FcCH,OH, a partially permeable electrochemical mediator, was quantified (Figures
5.1A and B).
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Figure 5.1. Typical SECM depth scan images of single T24 cells treated with (A) 10 uM
and (B) 400 pM Zn?** using FcCH,OH as the redox mediator. The scale bar in each
image represents 10 um. The arrows in (A) and (B) indicate where the PACs were

extracted for Pm quantification along with simulated ones in (C) and (D), respectively.

The colors of the arrows in the depth images (A-B) match the obtained PACs
(diamonds in C-D).
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Vertical cross-sections (current vs. tip-to-sample distance) were extracted from the SECM
depth scan images. The UME tip current was normalized against the steady state (bulk)
current and the tip-to-sample distances were normalized against the electrode radius to obtain
the so-called PACs. This allows the quantification of cellular properties, such as membrane
permeability*® and cell height,* when overlaid onto simulated curves generated with defined

geometry and permeability coefficients.

From Figure 5.1A, the experimental PAC to a T24 cell treated with 10 pM Zn?* (red
arrow) revealed a P, of 7.5 x 10° m/s (red, Figure 5.1C), similar to that of the untreated
(control) T24 cells.* 2 This confirms that FcCH,OH can passively diffuse across the cell
membrane, entering and leaving the cell on its own. Passive diffusion of the redox mediator
from the cell interior, across the membrane, returns the redox species back into solution.
This contributes to an increased tip current relative to an ideally insulating (no flux) surface
of the same geometry (region of decreased feedback, yellow, Figures 5.1A and B). When the
SECM tip is scanned horizontally across the cell the increase in redox species provides a
noticeable response in the form of a reduced tip current. When T24 cells were treated with
increasing Zn** concentrations, the membrane permeability to FcCH,OH was also observed
to increase. For example, a PAC to a T24 cell treated with 400 uM Zn?* (orange arrow,
Figure 5.1B) revealed an experimental Py, value of 2.0 x 10 m/s (orange, Figure 5.1D). This
increase in membrane permeability coefficient indicates a higher efflux of the redox species
from the cell to the SECM tip (higher tip current, Figures 5.1C vs. 5.1D), therefore a higher

degree of passive diffusion across the membrane.

Overall, SECM revealed a trend that Zn** altered the membrane permeability to
FcCH,OH (N = 2-6 cells) in a two-stage manner (Figure 5.2A).
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Figure 5.2. Average membrane permeability to (A) FcCH,OH and (B) Ru(NH3)63+ in
T24 cells treated with Zn?** between the ranges of 0-400 pM for 24 hours. The inset in
(A) includes two optical micrographs of methanol-fixed T24 cells treated with 0 uM
Zn?* (left) and 400 pM Zn** (right) and (B) the zoomed in view of the P, changes in
100-400 pM Zn*". The scale bar in the optical images represents 20 pm.
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Firstly, in the absence of Zn*'-treatment, T24 cells had an average P, of 5.0 x 10° m/s

(Figure 5.2A), the same as our previously reported values™ 2

and similar to the permeability
coefficient in single algal protoplast reported by Matsue et al.*® (i) With low Zn**-treatment
(10-75 uM), the average membrane permeability to FCCH,OH resisted significant change,
holding an average Py, between 5.0 x 10° m/s and 1.3 x 10 m/s. In this concentration range,
Zn** appeared to have minimal to no adverse effects on membrane permeability or the
observed cell viability. This agrees very closely with the cellular behavior and gene
expression results presented in Zhu et al.’s study on human smooth muscle cells treated with
low concentrations of Zn** (<80 pM).¥" In their case, low zZn** did not induce any adverse
effects in the smooth muscle cells, however, the additional Zn?* acted therapeutically,
promoting cellular adhesion, spreading and viability.*” (i) In this study, after high Zn*-
treatment (>75 uM), the membrane permeability trend increased in a dose-dependent
manner, where the average P, was found between 2.3 x 10 (100 pM) and 5.9 x 10 m/s
(400 pM). It is possible this increase is due to the Zn®* inducing biological and
morphological changes within the cell (insets, Figure 5.2A). For example, if Zn?* induces
the generation of reactive oxygen species,®® the antioxidant defense system may become
overwhelmed and lead to subsequent oxidative damage.® One possible consequence is the
lipid peroxidation of the cell membrane.! Ultimately, this can lead to membrane integrity

loss and therefore, increased permeation to chemical species. **

It is also likely in this
concentration range, Zn** no longer behaves therapeutically but rather toxically since cellular
viability was observed to decrease as Zn** concentrations increased (>75 pM, see zZn**

Effects on Cellular Viability).

5.3.1.2 SECM with Hexaamineruthenium(lll) (Impermeable)

The membrane integrity of Zn®*-treated T24 cells were assessed using Ru(NHs)s** as
the SECM mediator (Figure 5.2B).}"*% 21 Ru(NHs)¢*" is a highly charged (3+) and
hydrophilic species which is excluded by healthy and intact cells.*® It was discovered that
Ru(NHs)¢>* remains impermeable (0 m/s) to the cell between 0-100 pM Zn**-treatment
(Figure 5.2B). Exceeding this concentration, higher tip current was detected as Ru(NHz)e>*
permeated across the cell through passive diffusion. The observed higher current
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corresponded to increased membrane permeability coefficients: 1.67 x 10”° m/s (200 uM) and
2.5 x 10™° m/s (400 pM).

The membrane permeability trend to FcCH,OH at these Zn?* concentrations followed
a similar profile, where greater dosages leads to higher permeability. The increase in
membrane permeability to both FcCH,OH and Ru(NH3)s>* at the high Zn** concentrations
(Figure 5.2) confirmed a weakening of the membrane integrity, which may lead to the

18,2021 It has been noted that intra- or extra- cellular redox

eventual death of T24 cells.
reactions can occur between the oxidized FcCH,OH in other cell lines,” *° however it does
not appear to contribute significantly to the membrane permeability change detected in these

Zn**-treated T24 cells.

5.3.2 Zn** Effects on Cellular Viability

T24 cells required 24 hours of exposure to high Zn** concentration levels (>75 pM)
to initiate membrane integrity loss and overpermeabilization (Figure 5.2). This differed from
previous SECM heavy metal studies, where T24 cells exposed to toxic Cd** or Cr,0;*, at
much lower concentrations, suffered from induced membrane changes within 1 hour of
expsoure.?t 284142 |n 3 similar manner, Koley and Bard were able to monitor the membrane
response in HelLa cells almost immediately after their exposure to Triton X-100, a known

nonionic surfactant that can be used to permeabilize cells.'®

The weakening of the membrane integrity after high Zn**-treatment correlated well
with the observed morphological changes (insets, Figure 5.2A) and cellular loss as a result of
the Zn?*-treatment. Membrane integrity loss was confirmed through two additional methods:
(i) immunofluorescence via the permeation of a normally membrane impermeable
fluorochrome against a membrane permeable fluorochrome (ReadyProbes™ NucGreen and
NucBlue, respectively, Figure 5.3) and (ii) the MTT proliferation assay (Figure S5.1 in
Appendix V).
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Figure 5.3. Cellular viability of Zn**-treated T24 cells using ReadyProbes® NucBlue
and NucGreen. NucBlue is membrane permeable which therefore allows measurement
of total cell count while NucGreen can only permeate a cell with a compromised cell
membrane. The ratio of cells expressing NucGreen to NucBlue is compared to that of

the control cells and is used to indicate cellular viability.

After low Zn?*-treatment (10-100 pM), there was minimal effect on cellular viability relative
to the control T24 cells (approximately 100 % viability). T24 cells were identified through
the expression of ReadyProbes® NucBlue (Hoescht 33342), while NucGreen expression
signified those Zn**-treated cells that had a compromised cell membrane. Higher Zn?-
treatment allowed the permeation of NucGreen into the cell, confirming a loss in cellular
viability: 25% and 33% after 200 pM and 400 uM Zn**-treatment, respectively (Figure 5.3).
Similarly, the results of the MTT proliferation assay mirrored those of the
immunofluorescence experiments, where significant cell death occurred at the higher Zn**
concentrations (>100 uM, Figure S5.1). This concentration is in close agreement with the

accepted Zn?* toxicity concentration in most cell types (100 uM, in vitro)." 3" %

5.3.2.1 Correlation to Membrane Permeability

The observed increase in Zn**-induced cellular death after high Zn?* treatments
(>100 puM) correlated well with the membrane permeability trend observed in SECM.
Therefore, it is likely, those T24 cells exposed to high Zn?* concentrations in the SECM
membrane permeability experiments were also undergoing cellular death, possibly through

the necrotic or apoptotic mechanisms. However, since necrosis is closely linked to severe
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%47 \we suspect that Zn®*-induced necrosis

and acute injuries (environmentally-induced),
would likely occur shortly after the introduction of Zn**. If this is the case, the experimental
preparation should remove these cells, leaving primarily healthy or apoptotic cells to be
tested via SECM. In this concentration range, the membrane integrity of Zn* -treated T24
cells was confirmed to be weakened, allowing permeation of a hydrophilic and charged
species (Ru(NHs)e>) that is normally impermeable to cells. The results also indicated T24
cells maintained a near-to-intact cell membrane since these permeability changes were minor
(Figure 5.2B). Therefore, we hypothesized that our SECM membrane permeability study are

to Zn**-induced apoptotic cells.

5.3.3 Confirmation of Apoptosis
5.3.3.1 Flow Cytometry

Flow cytometry was used to investigate Zn**-induced apoptosis in T24 cells using the
fluorescent stains, Annexin V Phycoerythrin (Annexin V PE) and 7-aminoactinomycin

(7-AAD, Figure 5.4; the complete concentration series is shown in Figure S5.2).
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Figure 5.4. Statistical validation of T24 cells treated with (A) 0 (control), (B) 100,
(C) 200 and (D) 400 uM Zn*" undergoing apoptosis. The externalized PS is visible by
the fluorocrome PE of Annexin V PE, while the fluorochrome 7-AAD indicates those

cells with compromised cell membranes.

Figures 5.4A and S5.2A shows the majority of non-treated T24 cells are viable (82.4%),
since these cells do not express externalized phosphatidylserine (PS, an early indicator of
apoptosis) nor a compromised cell ~membrane (bottom left quadrant,
Annexin V PE/7-AAD’). 3.0% of the control cells displayed signs of early apoptosis,
however their membrane integrity was maintained (bottom right quadrant,
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Annexin V PE'/7-AAD). Additionally, 14.0% of the control cells expressed both
externalized PS and compromised cell membranes, indicating these cells are dead or
nonviable (Annexin V PE'/7-AAD"). We correlate these early apoptotic and nonviable T24

cells to normal cellular loss which occurs in culturing and experimental preparation.

From Figures 5.4B and S5.2B-H, it can be seen that the majority of T24 cells treated
with 10-100 pM Zn?* were found to be healthy and intact (~80%). Approximately 15% of
cells were nonviable, while a smaller population of Zn* -treated T24 cells were found to
display signs of early apoptosis (~3%). Since these populations of cells were similar to the
control sample (Figures 5.4A and S5.2A), we correlate the early apoptotic and nonviable

cells to sample preparation rather than Zn?* exposure.

Higher Zn* -treatment lead to a significant decrease in the population of viable and
intact cells: 35.1% and 10.1% for 200 and 400 UM Zn?*-treatment, respectively (Figures
5.4C-D and S5.2I-J). More T24 cells began to display signs of early apoptosis (PS
externalization), which appeared to be concentration-dependent: 11.4% (200 pM) and 14.5%
(400 puM). Similarly, the percentage of nonviable cells significantly increased: 50.5% (200
uM) and 70.3% (400 uM). From Figures 5.4B-D, the migration of viable cells (lower left
quadrant) towards cellular death (lower right quadrant and upper quadrant) is visible as the

concentration of Zn?* increases.

During sample preparation for the SECM experiments, we had observed lower
cellular confluency as the concentration of Zn*" increased. Therefore, higher seeding
densities of the T24 cells (3x) were used for the flow cytometry experiments in attempt to
maintain the same number of cell events for characterization. For T24 cells treated between
0 and 100 pM Zn** (24 hours), 50,000 cell events were easily analyzed (Figure 5.4). As the
Zn** concentration increased, it became evident that cellular viability decreased in a dose-
dependent manner since the acquisition time per sample lengthened. However, the higher
seeding densities used for Zn** concentrations greater than 100 pM were unable to
compensate for the significant cell death that occurred and the targeted cell events were not
reached. Instead 36,000 cells and 30,100 cells were analyzed for 200 and 400 uM Zn*-
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treated T24 cells, respectively. This confirmed the toxicity power of Zn®* in the high

concentration ranges (Figures 5.4 and S5.2).

5.3.3.2 Correlation to Membrane Permeability and Cellular Viability

The concentration at which Zn?* toxicity occurred was identified in the flow
cytometry experiments to be greater than 100 puM (Figure 5.4). This was similar to the
concentration identified in our SECM study, where Ru(NH;)¢>* became permeable (Figure
5.2B) and in the cell viability experiments (Figures 5.3 and S5.1). Furthermore, flow
cytometry experiments identified apoptosis as the primary cellular death mechanism through
the externalization of PS in the T24 cells (Annexin V PE"). Since membrane asymmetry in
apoptotic cells occurs prior to membrane integrity loss,* it is possible membrane asymmetry
began earlier in the 24 hour treatment period. This was confirmed through the fluorescent
stains of Zn?*-treated T24 cells (0, 100, 200, and 400 pM) for 12 hours (Figure S5.3). The
membrane integrity loss can subsequently lead to an increase in the passive transport of the
redox mediators across the membrane and an increased membrane permeability trend
detectable by SECM.

5.3.3.3 Immunofluorescence

Immunofluorescence was used to further confirm the apoptotic and necrotic
tendencies of Zn* -treated T24 cells (Figure 5.5). It can be seen that as the concentration of
Zn** increased, T24 cells expressed higher caspase-3/7 cleavage (Figure 5.5A). These
caspases are apoptotic effectors that can drive apoptosis in human cells.®**° Activation of
these caspases can distinguish between apoptosis and other forms of cell death.*” While a
small percentage of control T24 cells appear to have undergone apoptosis (approximately
10%), 40% of the T24 cells have undergone apoptosis after treatment with 400 pM Zn*".

This further reiterated the correlation between Zn** exposure and apoptosis.
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Figure 5.5. Percentage of T24 cells undergoing (A) apoptosis and (B) necrosis after
treatment with Zn**. Apoptotic cells were identified through the expression of
CellEvent™ Caspase-3/7, while necrotic cells were identified through the expression of
ReadyProbes® NucRed (propidium iodide). ReadyProbes® NucBlue (Hoescht 33342)
was used to identify the cells (nuclei).

In addition, the fluorescent dye propidium iodide was unable to permeate the membranes of
control T24 cells (Figure 5.5B). This indicates that none of the control cells were undergoing
necrosis. As the concentration of Zn*" increased towards 400 uM, the percentage of T24
cells that had undergone necrosis increased to 10.1%. The only exception to this was the T24
cells treated with 20 uM, which had indicated 8.9% of the cells to be necrotic. In these
immunofluorescence experiments, ReadyProbes® NucBlue (Hoescht 33342, membrane
permeable) was used to identify the total number of cells through fluorescence labelling of
their nuclei.
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5.3.3.4 Correlation to Membrane Permeability and Cellular Viability

Overall, the total number of T24 cells treated with 0-75 pM Zn®* that are undergoing
cell death appeared minimal, mirroring the cellular viability experiments. The majority of
the apoptotic or necrotic cells were found after treatment with high Zn?* (>100 uM). There
was a higher population of Zn**-treated T24 cells expressing caspase 3/7 cleavage than
propidium iodide expression. This reiterates that our SECM study on the high Zn**-treated
T24 cells are performed to apoptotic cells rather than necrotic cells. The greater population
of cells expressing caspase 3/7 cleavage (apoptosis) is also in agreement with our flow
cytometry results. The proteolytic cleavage of caspase 3 and 7 can lead to distinctive
morphological changes associated with apoptosis, which includes membrane blebbing
(bulging), PS externalization and cytoplasmic condensation.”® *>** These can lead to the
morphological changes observed in Zn**-treated T24 cells (inset, Figure 5.2A). It is possible,
as a result of Zn**-induced apoptosis, membrane integrity loss contributes to the increased

membrane permeability trend detected by SECM.

5.4 Conclusions

Here, SECM depth scan mode was used to investigate the effects of Zn** exposure on
apoptosis in single live T24 cells. Utilizing membrane permeable (FcCH,OH) and
membrane-impermeable (Ru(NHs)s>") redox mediators, SECM provided insight into the
membrane integrity of these Zn®*-treated cells. Low Zn**-treatment (10-75 pM) brought no
significant changes in membrane permeability, while the acute concentration range (100-
400 puM) increased the passive diffusion of the redox mediators across the cell membrane.
The apoptosis-induced morphological changes led to the weakening of the membrane
integrity, which was confirmed by the permeation surge to Ru(NH3)s** after exposure to
acute Zn** concentrations.  These SECM findings correlated with the observed

morphological variations and decreases in cellular viability.

Unlike the effects of toxic heavy metal exposures, the permeability changes in T24
cells occurred after 24 hour treatment, and overpermeabilization only occurred in those cells
exposed to the acute Zn** concentrations (>75 uM). Therefore, it was hypothesized that the

acute Zn**-treated T24 cells studied by SECM primarily underwent the apoptotic death route.
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Flow cytometry and immunofluorescence experiments confirmed this pathway through the

externalization of PS and cleavage of caspase-3/7, respectively, which are early signs of

apoptosis. These results indicate that although Zn** is critical to biological systems and while

some concentrations may be therapeutic, prolonged exposure to high concentrations can be

toxic to cells.
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Chapter 6

6  Scanning Electrochemical Microscopy with Laser-Pulled
Submicron Pt Probes

(Part of this work has been prepared for publication
Li, M.S.M.; Filice, F.P.; Ding, Z. Electrochemical Functionality of Microband Electrodes
Imaged by Scanning Electrochemical Microscopy with Submicron Probes, 2017.
Upon Submission.

Part of this work has been published in the Journal of Electroanalytical Chemistry
Li, M.S.M.; Filice, F.P.; Ding, Z. J. Electroanal. Chem. 2016, 781, 126-135.)

6.1 Introduction

Scanning probe microscopy is a family of techniques that utilizes a physical probe to
scan above a sample, characterizing its topography and physicochemical features. Scanning
electrochemical microscopy (SECM) is a member of this family.1¢ Since its emergence,
SECM has been used in a wide range of applications, including but not limited to
microfabrication,’-8 kinetic studies,®10 and chemical imaging.11-1> SECM utilizes a biased
electrode (less than 25 um in diameter) that is scanned over a sample that is submerged in an
electrolyte solution (containing a redox mediator) with extreme precision.2 13. 16 The
relationship between the electrode position and tip current is observed and can be represented

as single line scans or multi axes current maps (images).

As a result of the potential bias, the redox mediator is converted to its oxidized or
reduced form at the electrode tip in an electrochemically-driven process. When the biased
SECM probe is far from the sample, the resulting faradaic current will be constant since it is
diffusion-controlled. However, when the probe approaches a conductive sample, the current
will be amplified due to the cyclic regeneration of the mediator at the sample-electrolyte
interface (positive feedback). If the sample is insulating, the current will decay due to the
depletion of the mediator at the electrode tip (diffusion-limited, negative feedback).
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The two most common imaging modes of SECM are collected using the constant
height or constant distance modes.23. 17 As their names suggest, the constant height mode
entails that the electrode is scanned above a sample at a constant height (fixed z position),
while the constant distance mode entails a constant tip-to-sample distance throughout the
scan, which is achieved by moving the electrode up or down to maintain a constant current.
Other modes have since emerged over the years, such as Schuhmann’s 4D shearforce-based
constant distance mode,8 where the retractions of the tip (shearforce-based) generate a
comprehensive 4D data set and images, and the depth scan mode, established in the Ding
Research Group, which reports the current vs. tip-to-sample distances as a single 2D

image'19-21

The biased electrode in SECM depth scan mode performs multiple horizontal line
scans above the sample, where with each consecutive scan the electrode takes a downward
step in the z-direction. As a result of the real-time generation of the depth scan image, we are
able to monitor the electrode’s approach towards the sample, avoiding collisions that can
potentially harm the electrode and/or sample. Another advantage to this mode is that since
each pixel in the SECM image is comprised of both the tip current and its coordinates, a
single depth scan image can provide several hundreds of probe approach curves (PACs) and
horizontal line scans. Combined with finite elemental analysis simulations, simulated curves
allow researchers to quantitatively analyze sample traits, such as physical properties and

reaction Kkinetics, which cannot be obtained directly from the SECM experiments.22

Since the resolution of the SECM image is directly dependent on electrode size, the
attractiveness of nanoelectrodes (NEs) as probes are becoming increasingly popular.23 By
using NEs as opposed to ultramicroelectrodes (UMEs, micron scale) in SECM imaging,
submicron size structures are no longer lost. Many research groups have developed their
own NE fabrication methods,2# including laser pulling,25>-26 chemical vapor deposition,27-28
and focus-ion-beam (FIB) milling2® techniques. While each method holds its own
advantages and disadvantages, the NEs used in this Chapter for SECM analysis were
prepared by the laser pulling method. Some of the NEs were used as prepared, while others
were exposed to a secondary step of either FIB-milling or manual polishing. As SECM

utilizes the redox cycling principle, where the probe acts as the generator and the sample, the
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collector, coupling SECM with microstructure arrays, such as independently addressable
microband electrodes (IAMES) or electrode arrays30 can lead to high amplification of the
oxidative/reductive current at the electrode tip.31-35 In the case of a reversible redox reaction,
the amplification of the current is only dependent on the dimensions of the electrodes in the

array and interdigit (glass) space between them.

The SECM probe selected to image a sample must be smaller than the individual
features that require resolving (for instance, the conductive and glass microbands of the
IAMESs). An SECM probe that is much larger than the area(s) of interest (on the sample) will
average out the finer features and display either mostly conductive or insulating properties,
depending on the nature of the sample. Choosing IAMEs and SECM probes that are close in
size, exploration of the redox cycling phenomena can be anticipated. Utilizing an unbiased
IAME (sample), the effects of redox cycling should be noticeable when a PAC is extracted to
the insulating glass between the two Pt microbands. A comparison between the effects of
redox cycling detected by a Pt UME will be compared against a Pt NE that is significantly
smaller in size to the microbands of the IAME. Variation between the tip-to-sample
distances can cause discrepancies in the tip feedback current. Therefore, the presence of a
tilted IAME sample can lead to inconsistent results. These inconsistencies become greater as
the tip diameter decreases. Herein, we also explore the use of simulation models to quantify
the sample tilt in three different methods: 1) the traditional PAC extraction approach; 2) an
experimentally tilted horizontal line scan against a non-tilted simulated depth scan map; and

3) simulated tilted sample depth scan maps against non-tilted experimental data.

6.2 Experimental Section

The experimental details discussed here are the project-specific details briefly summarized.

A more detailed report of the Experimental is included in Chapter 2.

6.2.1 Materials

Ferrocenemethanol (FCCH,OH, 97%) and hexaamineruthenium(lll) chloride (Ru(NH3)s-Cls,
98%) were acquired from Sigma-Aldrich (Mississauga, ON), while potassium chloride (KCI,
99%) was obtained from Alfa Aesar (Ward Hill, MA). Stock solutions of 0.9 mM FcCH,0OH
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or 10 mM Ru(NH3)¢>* with 0.1 M KCI as the supporting electrolyte were prepared in
deionized water (18 MQ.cm, MilliQ water, Etobicoke, ON). The Pt IAME was purchased
from ABTECH Scientific, Inc. (IAME 0504-Pt, Richmond, VA). The IAME has 4
alternating independently addressable Pt and glass microbands, each 5 pum in width. The
10 nm Formvar and 1 nm carbon-coated 400 mesh Ni TEM grids were obtained from

Electron Microscopy Sciences (Hatfield, PA).

6.2.2 Electrode Fabrication

The electrodes were fabricated in-house using a procedure adapted from the
Mauzeroll Group3¢ on a P-2000 laser-based micropipette puller system (Sutter Instrument,
Novato, CA). The two modifications from their established procedure include:3¢ two single
line heat settings were used in place of their single line setting. The first of the two is a
partial quartz seal program using a line setting of Heat: 580, Filament: 003, Velocity: 140,
Delay: 060, Pull: 000, followed by the complete quartz seal at Heat: 580, Filament: 002,
Velocity: 140, Delay: 060, Pull: 000. These line settings were found to improve the integrity

of the Pt wire for our experimental configuration.

Freshly pulled Pt NEs were first checked optically (under a microscope) for obvious
breakage(s) in Pt wire, followed by extension of the internal electrical connections.
Following successful visual inspection, these electrodes were tested for electrical connection
and Pt size through the use of cyclic voltammetry (CV). Pt NEs were tested using 10 mM
Ru(NH3)s®" with 0.1 M KCI and used as pulled (unpolished) or polished. FIB-milling and
scanning electron microscopy (SEM) images were conducted using a LEO Zeiss 1540 XB
(Zeiss, Oberkochen, Germany). For NEs that were manually polished, the tip of the NEs
were removed by polishing of the tip surface on a homemade polishing wheel attached with
abrasive alumina-coated polishing pads (3.0, 0.3, and 0.05 um, Buehler, Whitby, ON). Due
to its size, the 4.4 um Pt UME was optically characterize for its Pt tip diameter and geometry
(RG 3). UMEs were electrochemically tested using 0.9 mM FcCH,OH with 0.1 M KCI in
deionized water (CV).
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6.2.3 Electrochemical Measurements

Electrochemical experiments were performed using an electrochemical analyzer
(CHI 800B, CH Instruments, Austin, TX) with a CHI 200 Picoamp Booster to reduce noise
(CH Instruments), which was recorded by the Alpha-SNOM instrument (WITec, Ulm,
Germany).*® ¥ For this Chapter, the Pt NEs or UME were used as the SECM probe
(working electrode) and a Ag/AgCl electrode was used as a combined auxiliary/reference
electrode. The details of this SECM instrumentation and operation procedure have been

described elsewhere in great detail.20.37-39

6.2.4 SECM Experiments

The details of this SECM instrumentation and operation procedure has been described
elsewhere in great detail20 3739 and is described in Chapter 2. Briefly, SECM
measurements were performed on the TEM grid or IAME adhered with 3M double-sided
tape (conductive side exposed) onto a glass bottom petri dish (P35G-0-20C, MatTek
Corporation, Ashland, MA). The petri dish was mounted onto the scanning stage
(P-517K064, Polytec PI, Germany) of the microscope. Utilizing the Alpha-SNOM
positioning system along with an inverted objective lens (Nikon objective, 50x lens, N.A.:
0.55, Japan), the electrode’s approach to the sample was made. The biased electrodes
(0.300 V for FcCH,OH or -0.350 V for Ru(NHs)s®*) approached the samples using the
confocal mode setting within the WITec software, resulting in the generation of 2D SECM

images (current vs. probe coordinates).

For the 250 nm Pt NE SECM experiments, the constant height images includes 512 x
512 pixels, a scan width and height of 20 um each, and an integration time of 0.01 s on each
pixel. The depth scan image comprised of 512 x 200 pixels, a scan width and depth of 20 pum
and 10 um, respectively and an integration time of 0.01 s for each pixel. SECM depth scan
images with the 4.4 um Pt UME were obtained with an image resolution of 256 x 256 pixels,
a scan scale of 60 um in width and 30 um of depth, as well as an integration time of 0.05 s on
each pixel. The constant height SECM images have the same parameters as the depth scan
images with the following exceptions: the scan width and height were set to 60 um each.

These experiments were all carried out at ambient lab conditions (23 + 1 °C).
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6.3 Theory and Simulation

6.3.1  Simulation geometry

The simulation model was designed in full 3D geometry in COMSOL Multiphysics
v.5.2 (COMSOL, Boston, MA) to represent the system under study (Figures 6.1A and B).
For example, the UME was configured to have a Pt tip size of 4.4 um (diameter) and an
RG of 3. The IAME substrate consisted of 4 sets of alternating Pt and glass microbands,
5 um in width each, on a glass plane (Figure 6.1C). The IAME model was simplified to
idealized flat microbands to reduce the complexity of the simulation model. A plane was
designed to intersect the solution domain, allowing the tilting of the IAME sample, with the
axis of rotation positioned at the center of the IAME parallel to the microbands (Figures 6.1A
and B).
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Figure 6.1. The model geometries of the SECM analysis of an IAME sample (A) parallel
to the UME tip and (B) at a 10° tilt relative to the electrode. (C) A zoomed in and
labelled model of the Pt and glass microband electrodes of the IAME. (D) The 3D
perspective view illustrating the symmetry plane in the simulation model. (E) The

tetrahedrally-meshed simulation model with further refinement at the electrode tip and

the IAME microbands to improve the accuracy of the simulation. (F) An example of a

simulated concentration map of the IAME with the SECM probe positioned in bulk

solution.



131

A symmetry plane exists in the 3D model through the electrode center, perpendicular to the
Pt microbands of the IAME sample (Figure 6.1D). As a result, it was possible to reduce the
size of the model geometry by half and employ a symmetric physics boundary. This allows
for the flux of the solution across the symmetry boundary into the symmetrical region

opposite the boundary (Figure 6.1D).

The IAME sample was configured as a thin impermeable boundary, effectively
separating the solution in the upper region of the domain from the lower region (Figures 6.1A
and B). The conductive Pt microbands on the IAME were set to regenerate the initial bulk
solution concentration of FCCH,OH, behaving as an ideal conductive boundary. The lower
region of the model geometry was created to facilitate the impermeable tilting substrate that
has no interaction with the upper region under study (Figure 6.1B).

The initial solution concentration of FcCH,OH was set at 0.9 mM to match the stock
solution concentration used in the physical experiment. The diffusion coefficient for
FCCH,OH was set to 7.6 x 10™° m?/s.1.22.40 At the UME biased at 0.300 V, the one-electron
oxidation of FcCH,OH to Fc'CH,OH is a diffusion-controlled process that follows Fick’s
second law of diffusion (egn 6.1):

G0 (G SR TE) el
The boundaries interfacing with the bulk solution were set to match the initial concentration
of FcCH,OH to simulate a relatively infinite solution containing 0.9 mM FcCH,OH. The
glass microbands, glass slide and SECM probe sheathing (quartz) were set as no flux
boundaries to simulate the insulating characteristics of these substrates. The Pt disk of the
SECM tip was set to remove FCCH,OH from solution, generating a concentration of 0 M at

the disk surface.

A tetrahedral mesh was utilized to mesh the 3D simulation model (Figure 6.1E). An
element scale size of 0.2x was set at the UME tip, while the Pt microbands were set to 0.4x.
Further refinement in the mesh at the areas of greatest concentration variations was

completed. A maximum element growth rate of 1.2x was set to ensure a fine mesh in



132

proximity to these areas, up to a maximum element size of 10 um from a minimum of
0.05 pm.

For the 250 nm Pt NE-IAME simulations, the geometry of the electrode was modified
to represent a Pt tip diameter of 250 nm with an RG of 10 and the IAME dimensions
remained the same. The RG of the 250 nm Pt NE was simplified from 30 to 10 due to
minimal effects on feedback current at RG values greater than 10.** The concentration and
diffusion coefficient were changed from FcCH,OH to Ru(NHs)s**, 10 mM and 6.7 x 10

m/s,* respectively which was used in these experiments.

6.3.2  Simulation Methodology

The electrode’s x and z positions, as well as the substrate angle were set as
parameterized variables in the creation of the model geometry. This allows the automated
movement of these parameters over the course of numerous simulations. All simulations
specified in the parametric sweeps were performed sequentially, generating large sets of data
rapidly. By nesting the parametric sweeps of these parameters, simulations with
combinations of all three parameters can be obtained simultaneously. Concentration maps of
FcCH,OH were generated for all combinations of parameters specified.

A post processing surface integration is performed on the resulting simulated
concentration data (Figure 6.1F) to calculate the electrochemical current feedback obtained at
the circular electrode tip surface. Due to the symmetry plane, the integration of the
semicircular electrode tip boundary has to be doubled to obtain the total electrode tip current.

The surface integration follows egn 6.2:

. a [dc(r,z)
i =2mnFD | r[ - ] dr [6.2]
In this formula, a is the radius of the Pt disk, n is the number of electrons transferred in the
redox reaction (1), F is the Faraday constant (96,485 C/mol), and D is the diffusion
coefficient of the redox mediator. The resulting tip current for all electrode tip locations
were normalized with respect to the tip current at a distance far away from the substrate, i,

yielding:



133
I(x,z) = &2 [6.3]

I in this case represents the normalized current. PACs were obtained by plotting the

normalized tip current (egn 6.3) versus the normalized distance, L (egn 6.4):

tip—to—sample distance,d

L= [6.4]

electrode radius ,a

6.4 Results and Discussion

6.4.1 Laser-pulled Pt Nanoelectrodes

NEs are extremely advantageous in SECM since the image resolution is directly
dependent on the probe size. With the larger UMESs, nanometer-sized surface features can be
overlooked or averaged out due to the loss in resolution. Utilizing a laser micropipette puller
to heat seal and pull a Pt wire sheathed in a quartz capillary, the diameter of the Pt wire can
be greatly reduced.3¢ Taking advantage of this fabrication method, we were able to able to
pull 25 um Pt wire to nm-sized Pt electrodes and test them for immediate electrochemical use

after extension of the internal electrical connections.

6.4.1.1 Unpolished Laser-pulled Nanoelectrodes

Here, the Pt tips of the NEs were immediately exposed as a result of the electrode
fabrication process. The 2 electrode set-up (Pt NE and a Ag/AgCI reference electrode) was
immersed in 10 mM Ru(NHs)s>* with 0.1 M KCI (supporting electrolyte) in ultrapure
deionized water. For these CVs, the potential was cathodically scanned to -0.40 V (vs.
Ag/AgCl), achieving a steady state current (~ 20 pA) for the reduction of Ru(NHs)s** to
Ru(NHs)s** at applied potentials greater than -0.30 V (Figure 6.2A).
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Figure 6.2. (A) The CV obtained in 10 mM Ru(NHs)¢>" and 0.1 M KCl as the supporting
electrolyte in ultrapure deionized water testing for electrode conductivity. (B) A
horizontal line scan obtained across 1 grid square, where the first 30 um is over the Ni
portion of the grid and the second half of the scan (30-60 um) is over the “hole” portion
of the grid. The inset is an optical image of the TEM grid with the scan path of the

SECM probe identified in red arrow. The blue scale bar in the image represents 40 um.

Assuming the NE has an RG>10, the equivalent Pt disk diameter can be estimated based on
the measured reductive steady state (bulk) current, using the following equation:**

io = 4nFDac [6.5]

where i, is the steady state current, n is the number of electrons reduced in the reaction (1), D
is the diffusion coefficient for Ru(NHs)e>* (6.7 x 10™° m/s).42 From eqn 6.5 and Figure 6.2A,
this Pt NE has a Pt diameter of approximately 15 nm. Repetitive CV testing of the Pt NEs
did not show a significant change in faradaic current (high reproducibility), leading us to
conclude this electrode has good stability in solution.

Utilizing a Formvar and carbon-coated square Ni-mesh TEM grid as a sample, a
horizontal line scan was taken over part of the Ni grid and hole (red arrow, inset in Figure
6.2B) using the above NE. For the first 30 um of the scan, higher feedback current was
detected over the grid portion of the sample (I = 5.2), followed by lower feedback current
over the hole (I = 4.6, electrode position 30-60 pm). Over the conductive grid, higher
feedback current was detected since this substrate is capable of accepting an electron from

the reduced Ru(NHs)s>* species, regenerating the reactant Ru(NHs)s®* required to drive the
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electrochemical reaction at the biased electrode tip forward. The reduced conductivity
observed over the hole, results in a decrease in feedback current. In addition, due to the
height variation provided by the Ni mesh, stronger electrochemical feedback will be seen
over the grid since lower tip-to-sample distances will be reached (Figure 6.2B). Variations in
sample topography can become more problematic as the electrode tip size is reduced, since
smaller tip-to-sample distances are required for NEs to detect changes in electrochemical
feedback (L < 2). The fragility of the NE tip can lead to higher degrees of tip damage if

collision is made.

6.4.1.2 Polished Nanoelectrodes

SEM imaging of the laser-pulled Pt NEs confirmed a significant reduction in the Pt
diameter occurred as a result of this particular fabrication method (1000 times less, Figure
6.3A). SEM also revealed these laser-pulled Pt NEs have the reduced Pt wire receded within
the quartz capillary tip. This indicates that an additional step is required to expose the Pt
surface. If these laser-pulled electrodes are fabricated with a recessed Pt tip, it is possible the
tip diameter of the NE used to report the SECM current feedback of the TEM grid (Figure
6.2) is underestimated using eqgn 6.5.

UWO CrossBeam
Mag = 50.00 K X
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Figure 6.3. (A) An SEM image of a freshly pulled NE. The 25 nm diameter Pt wire can
be seen to be recessed 7 um within the pulled quartz capillary tip. (B) A SEM image of a
FIB-milled laser-pulled Pt NE with Pt tip exposed by FIB-milling. The indicated area
in (B) provides an estimate of ~25 nm for the diameter of the Pt wire with an RG > 30.
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One method to expose the Pt tips is to use FIB-milling in conjunction with SEM imaging to
remove the excess quartz capillary (Figure 6.3). This produced NEs with Pt tip diameters of
25 nm (or greater), while having RG ratios greater than 25 (Figure 6.3B). In these cases
(RG > 10), eqn 6.5 provides a good estimation of the steady state current for the NEs.?
Therefore, when coupled with CV, eqgn 6.5 can be used to estimate the radius of the Pt disk of
the laser-pulled and FIB-milled electrodes. In addition, the modeling of these NEs in finite

elemental analysis simulations can be simplified to an RG of 10 (when RG > 10).2*

The above method of using SEM and FIB-milling to expose the Pt tip of the NEs is
an effective means of preparing probes with small electrode diameters. However, there are a
few limitations that must be considered when preparing these NEs. If the SECM instrument
does not provide sufficiently small stepping in the x and z directions, the resolution
advantage of these NEs becomes lost. For example, the SECM instrument used throughout
this dissertation is equipped with a z piezo actuator that is limited to 50 nm step sizes, which
is too large for these FIB-milled NEs (strongest feedback current detected at L < 2). As NEs
are considerably fragile, the likelihood of damaging the tips also increases when approaching
the sample at these distances. When the cost of fabricating the FIB-milled NEs is also
considered, an alternative approach to the fabrication and implementation of the NEs must be
used. In addition, FIB-milling of the NEs does not reduce the size of the glass sheathing
surrounding the exposed Pt tip, yielding NEs with overall dimensions in the high nanometer

to low micron range.

6.4.2 SECM Imaging of an IAME by a 250 nm Diameter Pt NE
(RG30)

To prepare a greater number of NEs in a more cost-effective manner, it was necessary
to use alternative techniques to FIB-milling. Manual polishing of the nanoelectrodes
becomes a viable alternative as it can expose the Pt tips similar to the UME fabrication
method. While manual polishing may result in larger Pt tip diameters than through FIB-
milling, it is still significantly smaller than the commercially obtained Pt wires used in the
fabrications of UMEs (Chapters 2-4).
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As a demonstration of the effectiveness of this fabrication method, a manually
polished 250 nm diameter Pt NE (RG30) was used as an SECM probe to electrochemically
image 2 pairs of alternating 5 um glass and Pt microbands of an IAME sample. Figure 6.4A
shows the 2D (x,y) current map of the microbands, where the Pt microbands are represented
in the bright white-yellow to orange-red colors and the glass microbands by the dark blue-
black colors, when the Pt NE is scanned at a constant height in the z plane above the sample.
A 3D representation of the 2D image is shown in Figure 6.4B for better visualization of the
alternating natures of the microbands (insulating and conductive).
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Figure 6.4. (A) and (B) are the constant height SECM images of two alternating pairs of
Pt and glass microbands collected in 10 mM Ru(NHs)s** solution with 0.1 M KClI as the
supporting electrolyte by a 250 nm diameter Pt NE with RG 30. (A) is the 2D current

map view and (B) is a 3D view of (A), providing stronger visualization of the
electrochemical behavior of the Pt and glass microbands. The scale bars in the images
represent 4 um and the current scale bar in (A) is been normalized against the steady
state current. (C)-(E) are the horizontal line scans taken at the locations specified in
(A), that are overlaid over simulated curves generated at 0.50, 0.75, 1.00, 2.00 and 3.00
pm above the sample. From successful overlays, the 250 nm Pt NE was scanned
approximately 0.75 um above the sample. The simulation geometry of the working
electrode was simplified to a 250 nm Pt NE with an RG of 10.
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From this constant height image, one can see that the feedback response of the first Pt
microband is slightly wider than its surrounding glass microbands. This is observed despite
the physical dimensions of the IAME as specified by the manufacturer, which dictated that
the Pt and glass microbands are equal in widths (5 um). The increase in feedback is a
cumulative effect of the increased signal strength of conductive substrates over insulators, the
electrochemical cycling between the probe and adjacent Pt microbands, and the height
difference between the Pt microbands and interdigit glass space (110 nm). Therefore, a
broader band of electrochemical feedback will be detected as the 250 nm Pt NE scans over
the Pt microbands (smaller tip-so-sample distance achieved). The simulation of the IAME
accounts for relative signal intensities of the two substrates and the diffusion-limited cycling
of the mediator and species to the defined geometry. The simulation model however, does
not account for the height differences between the Pt and glass microbands. This
corresponds to a tip-to-glass distance which has to be offset by an additional 0.110 pm.
Higher feedback current was also observed as the 250 nm Pt NE is scanned over the first
(left) Pt microband as opposed to the second Pt microband. This signifies that the second Pt
microband had a larger tip-to-sample distance as the scan progressed, indicating the IAME

sample or electrode is likely tilted relative to each other (Figures 6.4A and B).

Horizontal line scans extracted in three locations (start, middle and end of the image
in Figure 6.4A) were overlaid onto simulated horizontal sweep curves to quantify the tip-to-
sample distances (Figures 6.4C, D and E, respectively). For these curves, the tip current was
normalized against the steady state current in the bulk solution (egn. 6.3). At the start of the
image (line 1 (green), Figure 6.4A), the 250 nm Pt NE scans over the first glass microband of
5 um width, which shows its insulating properties through a decrease in normalized tip
current (I = 0.90 (negative feedback), green circles, Figure 6.4C). Following this glass
microband, the NE scans over the first of the two Pt microbands, where the normalized tip
current increased to 1.08 (positive feedback). As the NE continues its horizontal scan, the
adjacent insulating glass microband causes another decrease in electrochemical feedback
(I = 0.94), followed by increased electrochemical feedback at the second Pt microband

(1 =1.04). However, the feedback current from the second Pt microband is less than that of
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the first Pt microband (1.04 vs 1.08), which reinforces the conclusion that either the sample

or electrode is tilted.

This tilt can be confirmed through the successful overlay of the experimental
horizontal curve onto the simulated curves (Figure 6.4C). A tip-to-sample distance of
approximately 0.60 um was reached over the first Pt and glass microbands, while the scan
over the second Pt microband revealed a tip-to-sample distance of 1 micron. This indicates
there is a 1.53° tilt across the sample, without considering the tilting of the other plane, which
is significant relative to the size of this NE. Horizontal line scans taken midway (line 2,
blue) and at the end of the SECM constant height image (line 3, black) also confirms that
sample or electrode tilt occurs (Figure 6.4A). Therefore, for the collection of this constant
height image, the 250 nm Pt NE was scanned approximately 0.75 pum above the IAME

sample.

Following the constant height image collection, the NE was raised by the z piezo
actuator to perform SECM depth scan imaging of the microbands, where the final horizontal
scan of the depth scan image mirrored the tip-to-sample distance maintained in the constant
height scan (Figure 6.5). From the SECM depth scan, the electrochemical influence from the
Pt and glass microbands can be seen as the NE approaches the IAME from above.
Specifically, the strong feedback current from the conductive Pt microbands onto the NE is
observed (minimal insulating or negative feedback from the glass microbands). As
previously mentioned, this is partially due to the height difference between the Pt and glass

microbands (110 nm, equivalent to L = 0.88).
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Figure 6.5. (A) SECM depth scan image towards the glass and Pt microbands of the
IAME with a 250 nm Pt probe (RG30). A horizontal line scan (red pentagons) is
extracted near the end of the scan. (B) The experimental horizontal scan is overlaid

onto theoretical curves to quantify tip-to-sample distance.

A horizontal line scan extracted near the bottom of the SECM depth scan image (red line,
Figure 6.5A) reveals a tip-to-sample distance of 0.75 um when overlaid onto the simulated
horizontal curves (Figure 6.5B). This is tip-to-sample distance is comparable to the tip-to-
sample distance maintained in the collection of the constant height image. The immediate
horizontal line scan extracted below this red line indicates that the NE tip collided with the
microbands (Figure 6.5A). Since the RG of this NE is quite large (30), the diameter of the

glass sheathing prevents the exposed Pt tip from approaching the bands closer.

While achieving tip-to-sample distances of approximately 0.75 pum may be ideal for
larger UMEs, for an electrode with an effective Pt diameter of 250 nm, this would equate to
normalized distances greater than 6 for the Pt bands and 7 for the glass microbands
(accounting the height differences between the microbands). At these normalized distances,
the fitting of experimental PACs onto simulated curves would not hold much accuracy.
However, the normalized feedback currents from the SECM depth scan can be used to
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determine their tip-to-sample distances using the simulated PACs to the center of the glass
and Pt microbands (Figure 6.6)." ** For example, from the SECM depth scan (Figure 6.5A),
the highest normalized current towards a Pt microband was identified as 1.07. From
Figure 6.6, the corresponding normalized distance can be identified as 5.10. Similarly, the
lowest normalized current towards a glass microband was identified as 0.95 (Figure 6.5A)
and its corresponding normalized distance was identified as 6.10. The difference between
these normalized distances is therefore 1.00 or 125 nm unnormalized (eqn 6.4). This height
discrepancy is in close agreement with manufacturer specification of 110 nm Pt microbands.
This also gives a tilt angle of 1.43° across the x plane of the SECM depth scan, which was

similar to the tilt angle of the constant height scan (1.53°).
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Figure 6.6. Theoretical PACs of a 250 nm Pt NE’s approach to the Pt and glass
microbands (red and black) of the IAME.

While NEs may provide higher SECM image resolution, the exact tip geometry of
these probes are unknown without the use of high resolution microscopy. Researchers have
demonstrated the effects of the tip sheathing (relative to the electrode size) on the faradaic
current, especially in SECM#43-44 and we have confirmed these effects through simulations as
well.21 In order to simulate the theoretical curves, the exact geometry of the probe is needed,
as recessed, conical or disk shape will affect the PACs.1. 617, 4547 Therefore, to investigate
the effects of redox cycling and sample tilt, a SECM probe closer in size to the individual

microbands was used.
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6.4.3 SECM Imaging of an IAME by a 4.4 um Pt UME (RG3)

Firstly, the microbands of the IAME were located using the inverted objective lens of
the Alpha-SNOM instrument (Figure 6.7A), followed by the SECM experiments (Figure
6.7B). In SECM images, each pixel embedded into the image represents both the probe’s
coordinates and its corresponding current. The experimental SECM (x,y) image obtained at a
constant height illustrates the conductive and insulating nature of the Pt and glass
microbands, respectively (Figure 6.7B). When the 4.4 pum Pt UME is above the Pt
microbands, the current increases due to the cyclic regeneration of the FcCH,OH species at
the solid-liquid interface (darker current, Figure 6.7B). However, when the electrode is
above any insulating glass surface, the current becomes reduced (yellow current, Figure
6.7B).

-0.2812 nA

-0.486 nA

Figure 6.7. An optical micrograph of the (A) Pt and glass microbands of an IAME
sample with a scale bar of 40 um. (B) The corresponding SECM constant height image
taken above the IAME collected using a 4.4 um Pt UME (RG3) with FcCH,OH as the

redox mediator. The scale bar in the image represents 10 pm.

Note, our SECM instrument moves the electrode from right to left, resulting in an

inverted SECM image (with respect to the optical micrograph).

While the alternating microbands are actually equal in width, the SECM image would
suggest otherwise (Figure 6.7B), specifically when the SECM tip is over the insulating glass
microbands. When the electrode is over these regions, diffusion of the reduced FcCH,OH
from the neighboring Pt microbands is still possible due to the size of the working electrode.
This results in the Pt microbands appearing larger than their actual size (5 um). In

comparison, the SECM image of the glass and Pt microbands obtained by the smaller 250 nm
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Pt NE reveals the microbands appear closer in size relative to one another (Figure 6.4A).
This constant height image also shows stronger electrochemical feedback at the bottom of the
SECM image (Figure 6.7) and it is evident the sample is tilted (angle > 0°).

6.4.3.1 Depth scan mode

Experimental SECM depth scans towards the IAME were also performed using the
4.4 um Pt UME, as illustrated in Figure 6.8A. In this mode, when the SECM probe is far
above the sample surface, a steady state current is detected (L > 3), as illustrated by the
orange-brown current (Figure 6.8A). When the SECM probe is in close proximity to the
IAME surface, its electrochemical influence is detected. Similar to the constant height image
(Figure 6.7B), the darker, black current represents the conductive nature of the Pt
microbands, while the insulating glass surface is represented as yellow current. Also, parallel
to the constant height SECM image (Figure 6.7B), as the UME approaches the IAME the
glass microbands appear thinner in width than their Pt microband counterparts, regardless of

the Pt and glass microbands being physically identical in width (5 um).
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Figure 6.8. (A) A horizontally-labelled SECM depth scan image taken across the IAME
surface using a 4.4 um Pt UME (RG3). The purple line is taken at the edge of the
image, while the green, blue, and red lines are taken 1.4, 5, and 10 um above the purple
line respectively. (B) and (C) are the simulated horizontal sweeps across the IAME
with the experimental SECM data overlaid on top. (B) Displays a wide range of curves
(0.5 to 30 um) while the (C) is magnified from (B), focused on the normalized current
range between 1.00 and 1.20 and the electrode position between 80 and 120 pum. From
this plot, the purple and green experimental horizontal scans are removed for improved

clarity.
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6.4.3.2 Horizontal Cross Sections

After performing horizontal cross sections across the SECM depth scan image, we
can determine the tip-to-sample distances by overlaying these experimental curves onto
simulated ones generated by COMSOL (Figure 6.8B). However, the current must be first
normalized against the steady state current (L > 10, eqn 6.3) to allow proper fitting. For
example, a horizontal cross section obtained at the bottom of the SECM image (purple line,
Figure 6.8A) overlaps the theoretical curve generated 0.3 um above the IAME (purple
circles, Figure 6.8B). This quantifies the closest distance the UME achieves in this particular
SECM depth scan. In this experiment, the detected current is in close agreement to the
simulated curve 0.3 pum above the sample when the electrode scans over the first three Pt
microbands but deviates for the fourth microband (left to right in Figure 6.8A). Since
stronger positive feedback is observed, this indicates that the probe reaches a smaller tip-to-

sample distance than 0.3 um.

When a horizontal cross section is taken 1.4 um above the edge of the image (green
line, Figure 6.8A), it can be seen to overlap closely with a generated horizontal scan 1.5 pm
above the sample. Horizontal cross sections obtained 5 and 10 um above the scan window
(blue and red lines, Figure 6.8A) also yields successful overlay with their corresponding
simulated curves at the same distances. It is evident based on the overlapping of these
experimental curves, as the UME passes the first two Pt bands, the tip-to-sample distance is
the smallest and in perfect agreement with the simulated curves. However, once the
electrode crosses the third and fourth bands, the normalized current begins to deviate from
the original theoretical curve and instead overlap with a curve further away from the IAME

surface (5.5 for 5 um and 11 pm for 10 pum).

The SECM probe begins to detect the feedback sooner for the first two Pt microbands
(5 and 10 um above the IAME), as opposed to the end of the scan where the fourth band
appears to be closer. This indicates that prior to the completion of this scan, physical contact
between the SECM probe and the IAME sample was made. As a result of this physical
contact, two possible outcomes could occur: the IAME or petri dish was moved to
compensate (possible tilting effect) or the electrode tip was damaged. However, since no

physical damage was observed to our electrode tip (optical and CV characterization), this
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would suggest either the sample or petri dish had sufficient clearance to compensate this
contact resulting in the tilting of either of the two objects. This tilting effect will be
addressed later in this Chapter.

6.4.3.3 PACs towards the IAME bands

Vertical PACs can also be extracted from the SECM depth scan image to provide
further insight into the electrochemical functionality of the IAME sample. To confirm the
simulation model, a PAC was first extracted to the center of the Pt microband which yielded
a PAC in close agreement to an approach towards an ideal conductor (positive feedback).
The same holds true when a PAC is extracted to the glass substrate 10 um away from the

microbands (Figure S6.1 in Appendix VI).

Experimental PACs were then obtained to the center of the Pt and glass microbands,
as well as the transition boundary between the glass and Pt microbands were taken (blue,
purple and green, respectively, Figure 6.9A). The experimental PAC towards the center of
the Pt microband agrees successfully with the theoretical curve, up to a L value of 0.15 (blue,
Figure 6.9B). Whereas when a PAC is extracted over the center of the glass microband
(purple, Figure 6.9B), the UME achieves a lower tip-to-sample distance (L < 0.11),
suggesting that the sample is once again tilted. The experimental PAC extracted towards the
Pt-glass transition boundary deviates as the UME gets in close proximity to the sample
surface (L < 0.25, green, Figure 6.9B). This is possibly due to UME detecting stronger
electrochemical influence from the neighboring Pt microbands as tip-to-sample distance is

minimized (increased redox cycling effect).



147

7.71

Theoretical PACs
— Pt microband
—— Glass microband
- Pt-glass transition

Experimental PACs

O Pt microband

O Glass microband
) Pt-glass transition

Normalized current
=
1
1

2 3 4

}
1
Normalized distance

Figure 6.9. (A) A SECM depth scan image taken across the microbands of the IAME
using a 4.4 um Pt UME with a RG value of 3, with the vertical cross-sectional lines
identified. The blue and purple cross-sections represents a PAC extracted to the center
of a Pt and glass microband respectively, while the green cross-section represents a

PAC extracted to the transition region between the two microbands

6.4.4 Redox Cycling Effect

Redox cycling can be extremely beneficial to improve the electrochemical detection
of a reversible redox active species.31. 4849 This is possible when the two electrodes are
placed in close proximity to one another. Traditionally, redox cycling consist of at least two
working electrodes that are biased at the opposing cathodic and anodic potentials required to
reduce and oxidize the redox mediator, respectively.4®¢ The working electrodes, being in
close proximity to one another, allow the products of the reduction and oxidation reactions to
diffuse from one electrode to the other, supplying the opposing electrode the reactant it

requires to drive its electrochemical reaction forward.
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In our previous study of the electrochemical functionalization of an interdigitated
array of electrodes, minor redox cycling was believed to be observed.3® The PACs to the
center of a 20 um glass band were found to deviate from a true insulator (5 um Pt UME with
RG2).39 However, the large band to electrode size made it difficult to assess if redox cycling
is truly present. Here, to confirm the contribution of redox cycling we utilized a biased
SECM probe close in size to the microbands of the IAME (4.4 vs. 5 um). In this scenario, at
narrow tip-to-sample distances, the SECM probe will act as the generator electrode while the
Pt microbands can act as the collector electrodes. As the biased SECM probe completes a
horizontal line scan across the IAME surface, it is in close proximity to several microbands
of the IAME at any given position. This allows the Fc"CH,OH formed at the electrode tip to
quickly diffuse to one of the Pt microbands to regenerate FcCH,OH, thus allowing redox

cycling to occur.

From the SECM images, the Pt microbands appear much larger than their glass
microband counterparts. Not surprisingly, it can be seen that any PAC extracted in the
region above any portion of the Pt microbands, very little electrochemical influence from the

neighboring glass microbands is detected (Figure 6.10A).
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Figure 6.10. The comparison of the experimental PACs extracted to the (A) Pt and (B)
glass microbands. In each of these figures, a PAC to the glass neighboring the IAME is

also included (pure insulator).

However, for the PACs extracted towards the direct center of a glass microband, significant
deviation from the ideal insulator is seen (green vs. red curves in Figure 6.10B). When the
SECM probe is at the exact center of a glass microband, each side of the Pt disk of the UME
is within 0.3 pum of the neighboring Pt microbands. This means that the regenerated mediator
requires less distance and therefore time to diffuse from the Pt microband back to the UME
(and the oxidized species from the UME tip to the Pt microbands, Figure 6.10A). However,
in this scenario, the electrochemical contribution of the insulating glass to the electrode is
dominating feature in the resulting PAC. The effects of redox cycling from the Pt
microbands remains strongly detectable as indicated by the theoretical PAC deviating from

displaying purely insulating characteristics (negative feedback).
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Not surprisingly, as the PAC extraction moves towards the Pt microbands, the
detected current displays increasingly positive feedback-like behavior (orange, light blue and
dark blue curves in Figure 6.10B). When the electrode is positioned within 1 pum from the
direct center of the glass microband, there is an increase in positive feedback as the L
approaches 0 (orange curve, Figure 6.10B). When the electrode is positioned 2 pum from the
center of the glass microbands, the PACs become more conductive-like (light blue curve,
Figure 6.10B). The strong redox cycling effects from the Pt microbands cause them to
appear larger than their physical dimensions in the SECM images (<5 um, schematic shown
in Figure 6.11A). The effects of redox cycling can be visualized through the simulated
concentration maps (Figures 6.11B and C). Figure 6.11B shows the concentration profile as
the biased UME is positioned over the center of a Pt microband. Here, as a result of the
oxidation of FcCH,OH at the UME tip, the concentration profile can diffuse to three
microbands of the IAME. This is further evidence of the influence that the Pt microbands
have on their neighboring glass microbands. Whereas, when the UME is positioned over the
center of a glass microband and at smaller tip-to-sample distance (Figure 6.11C), its

influence on the neighboring Pt microband is minimal.

UME (Generator)

Figure 6.11. (A) A schematic illustration of the redox cycling occurring at the IAME
when the SECM probe is over the insulating glass microband. The Pt UME acts as the
electron generator while the Pt microband acts as an electron collector. (B) and (C) are
the concentration maps of the UME over the direct center of a Pt and glass microband,

respectively.
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The presence of redox cycling should be further amplified if these individually
addressable microband electrodes were biased at varying potentials in conjunction with the
biased working electrode.3% 48-49  Upon biasing the microband electrodes (individually or
collectively), redox cycling is expected to amplify significantly, leading to multiple-fold
increases in faradaic current. To minimize the redox cycling effects, larger glass microbands
are required (while maintaining the same electrode size) or smaller SECM probes can be
used (while maintaining the same interdigit glass width), as demonstrated by the 250 nm Pt
NE (Figure 6.5). The simulated and experimental horizontal line scans show an oscillation
pattern between the insulating and conductive bands that are more uniform in widths across
the glass and Pt microbands (Figure 6.5C). This was unlike the horizontal sweep curves
generated using a UME similar in size to the microbands where the electrochemical feedback

of the Pt microbands dominated over the glass microbands.

In the constant height SECM scans, the effects of redox cycling can also be
minimized with sample tilt. If the probe is maintaining a constant z position over an uneven
sample, the tip-to-sample distance is likely to vary. When the tip-to-sample distance is
greater, the oxidized species will likely diffuse away from the electrode tip into solution,

thereby minimizing redox cycling.

6.4.5 Determining the sample tilt

The orientation of a sample in SECM is extremely important: a tilted or uneven
sample topography can result in the SECM probe making physical contact, resulting in
damage to the probe itself or causing detrimental or physical changes to the sample. Without
instrumental sample tilt compensation, tilted samples can still be studied and characterized
by SECM in conjunction with finite elemental analysis simulations. Sample tilt can be
characterized by several methods: the traditional PAC comparison approach and the analysis

of horizontal line scans with 3D simulated horizontal sweeps.

6.4.5.1 PAC extractions

Experimental PACs extracted to the glass surrounding the microbands show close
agreement with the simulated curves at the same location relative to the IAME (Figure
6.12A). From these PACs (Figure 6.12B and C), the tip-to-sample distance to the left and
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right of the IAME were determined to be 0.55 and -0.22 um respectively (Eqn 6.4). This
negative distance indicates that the sample was tilted and the electrode physically made
contact with the IAME sample. Assuming the petri dish to be fixed and flat (0°), the distance
between the two extracted PACs is 56.72 um. The height difference across the sample was
found to be 0.77 um. From here, the tilt angle can be found using trigonometry, which is
0.78°.
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Figure 6.12. (A) The SECM depth scan image of the IAME with the two vertical cross-
sections labelled as detected by a 4.4 um Pt UME (RG3). The PACs illustrated in (B)
and (C) corresponds to the vertical cross-sections taken beside the microbands (red and
blue respectively in (A)) overlaid onto theoretical curves generated at the same

distances relative to the microbands.

Figure 6.12C once again confirms the UME made physical contact with the IAME on the
right side of the scan (L < 0.17), since the current remains constant when the electrode is still
being lowered by the piezo actuator of the Alpha-SNOM instrument. This crash also
confirms the horizontal fitting which was previously shown in Figure 6.8B, where the fourth
band was found to have a tip-to-sample distance of less than 0.3 um.
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6.4.5.2 Simulated depth scan of an UME approach to the IAME

The 3D current map of an UME’s approach towards the IAME sample was also
simulated using COMSOL (Figure 6.13).
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Figure 6.13. (A) The simulated 3D current maps of a 4.4 um UME approach towards a
fixed IAME sample with the experimental horizontal sweep tilted at 0.76° overlaid
directly on top (red curve). (B) The 3D mapping of a tilted IAME sample (0.75°) with

the experimental horizontal sweep overlaid directly on top (red curve).

The simulated depth scan is reflective of the SECM depth scan experiments: the
electrochemical influence of the microbands is strongest when the UME is in close
proximity. For these simulations, the IAME sample was assumed to be perfectly flat (0°).
From here, the tilt angle of the experiment can be determined from the overlay of an
experimentally obtained horizontal cross section. From Figure 6.13A, it can be seen that in
order for the experimental scan (red curve) to be fitted successfully, it must be positioned on

a tilt. When the tilted horizontal line scan is plotted against the theoretical depth scan, the
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initial electrode position was found to fit at 0.55 um (L = 0.25). However, the final electrode
position successfully overlaid at -0.20 um (L = -0.09). This separation in the tip-to-sample

distances across the horizontal line scan (0.75 pm) confirms a sample tilt of 0.76°.

6.4.5.3 Angle tilted simulations

A series of additional simulations were performed where the center of the IAME
sample was fixed and the entire substrate was tilted by varying degrees ranging between
0° and 5°. Here, the experimental horizontal sweep is overlaid directly onto the simulated
horizontal sweep. From Figure 6.13B we can confirm when the simulated IAME is tilted
0.75°, the experimental sweep is in excellent alignment with the theoretical curve. As the
electrode sweeps across the Pt microbands, the electrochemical feedback become stronger as
seen in the oscillation amplitude of the faradaic current becomes stronger. As the tilt angle
increases (5°), the SECM probe detects very weak electrochemical influence from the
furthest band (see Figure S6.2 in Appendix VI).

6.4.5.4 Comparison of sample tilts

While a sample may appear perfectly flat to the human eye, it is still possible that the
sample is tilted. The tilt angle can be characterized by using any of the aforementioned
methods for quantification by SECM. The tilt angle of the IAME sample was found to be in
close agreement regardless of the methodology used (~0.76°). While the tilt angle of the
IAME sample was extremely small, it was still able to affect the UME’s approach such that
physical collision of the electrode and sample was made. This action can lead to the
destruction of the electrode tip or damage to the sample topography to occur. Even minor
sample tilt can become significant over large scans across the surface of a sample. In this
experiment, the early collision of the SECM probe to the IAME sample led to the sample or
dish compensation, changing the tilt angle throughout the depth scan experiment. In the case
of a tilted substrate, redox cycling will be amplified if the tip-to-sample distance becomes
minimized (constant height mode) or minimized if the tip-to-sample distance becomes larger.
In our case, the effects of redox cycling would be greatest when the UME is in close
proximity to the third and fourth Pt bands of the IAME.
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6.5 Conclusions

Here, we report the successful fabrication of laser-pulled quartz sealed Pt NEs to
improve lateral resolution of the SECM. As a result of this fabrication method, the Pt tips
were exposed within the pulled quartz capillary and were tested without the additional
polishing step. The estimated Pt disk-equivalent diameter of the NE was determined from its
steady state reductive current of Ru(NHs)s®* to Ru(NHs)e”* (found by CV) to be
approximately 15 nm in diameter (assuming RG > 10). Utilizing a Formvar/carbon-coated
Ni TEM grid, a horizontal line scan was achieved illustrating higher conductivity over the Ni
grid and lower feedback over the hole of the grid. SEM of these unpolished, laser-pulled Pt
NEs confirmed a significant reduction in the diameter of the Pt wire: from 25 um to 25 nm
(1000 times reduction). However, SEM also revealed the Pt wires of these NEs to be
recessed within the pulled quartz capillary. As a result of the recessed Pt tip, the calculated

disk size was revealed to be underestimated (than its true tip size).

Using SEM and FIB-milling, the Pt tips of the NE were exposed, however the RG of
these NEs are greater than 25. To prepare a greater number of NEs in a more cost-effective
manner, manual polishing of the NEs became a viable alternative. While manual polishing
of the NEs often result in larger exposed Pt diameter tips (than FIB-milling), it is still
significantly smaller than the commercially obtained Pt wires. A manually polished
250 nm Pt NE (RG30) was used to characterize 2 pairs of Pt and glass microbands of an
IAME sample. Even with the high RG value, the NE was still SECM compatible as the
constant height image indicated weak redox cycling between the microbands. In conjunction
with theoretical simulations completed in COMSOL Multiphysics v.5.2, the tip-to-sample
distances could be determined through fitting of the experimental horizontal line scans. This
indicated that the 250 nm Pt NE was scanned approximately 0.75 pm above the IAME
sample. In addition, the presence of either sample or electrode tilt of 1.53° was identified in
the electrodes imaging of the IAME.

The SECM depth scan image obtained over the IAME sample demonstrated strong
electrochemical feedback upon the electrode’s approach to the conductive Pt microbands due

to smaller normalized distance achieved relative to the glass microbands. The final
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horizontal line scan in the SECM depth scan was performed at the equivalent tip-to-sample
distance maintained in the collection of the constant height image. Expectedly, this
horizontal line scan revealed a tip-to-sample distance that was in close agreement to that of
the probe’s z position during the collection constant height image. Due to the large tip-to-
sample distance, experimental PACs could not be used to accurately determine tip-to-sample
distance. Instead, the normalized currents of the SECM depth scan were used to determine
their corresponding normalized distances using the theoretical conductive and insulating
PACs. This revealed a height variation of 125 nm between the Pt and glass microbands,
which is similar to manufacturer’s specifications (110 nm). The scan of the 250 nm Pt NE in
the x plane of the depth scan image was determined to have a tilt angle of 1.43°, which is
similar to that determined in the constant height scan (1.53°).

Utilizing a Pt UME of known geometry, the constant height and depth scan modes of
SECM were used to characterize the electrochemical functionality of the IAME sample. The
electrode’s size allowed the tip-to-sample distances, as well as the tilt angle of the IAME
sample to be determined from the simulated curves. The first method used to determine the
sample tilt was through the more traditional approach, comparing PACs to different locations
on the IAME. The second and third approach required more intensive 3D simulations, where
the first method assumed a fixed (0°) orientation of the simulated IAME sample, requiring
the adjustment of the experimental curves onto theoretical; while the second method varied
the tilt angle of the simulated IAME sample while maintaining the experimental horizontal
cross section. This tilt angle was found to be ~0.76° across the IAME using the three

different approaches, all within close agreement.

The use of an UME that is similar in size to the Pt and glass microbands of the IAME
(4.4 and 5 pm, respectively), the effects of redox cycling from the Pt microbands is strongly
felt by any location within the insulating glass microbands. This results in the Pt microbands
appearing much larger than their glass counterparts in the SECM images. To maximize the
effects of redox cycling, a potential bias to the IAME sample is required in order to greatly
amplify the tip current. To minimize the effects of redox cycling, larger interdigit space or
smaller SECM probes are required, which was demonstrated by the use of a 250 nm Pt NE.

A sample that is tilted can greatly affect the contribution of redox cycling since the tip-to-
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sample distance will vary depending on the electrode’s position and the tilt angle. Sample or

electrode tilt can also lead to physical damage of either object, which risks become greater as

the electrode diameter decreases.
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Chapter 7

7  Concluding Remarks and Future Work

7.1 Concluding Remarks

As highlighted in this dissertation, scanning electrochemical microscopy (SECM) is
an electroanalytical technique of the scanning probe microscopy family that has gained
applications in a variety of scientific disciplines. The research presented in this dissertation
is primarily focused on the use of SECM to non-invasively study single live cells under an in
vitro experimental environment. Specifically, SECM membrane permeability studies were
used to investigate the membrane responses of human bladder cancer (T24) cells after their

exposure to heavy metal ions at various concentrations and time durations.

Firstly, Chapter 2 focused on the use of SECM to investigate the cellular topography
in T24 cells in the absence of any heavy metal treatment. Using the membrane-impermeable
redox mediator, ferrocenecarboxylate (FcCOQ), the cellular geometry and topography was
confirmed through three approaches. The first method is the more traditional approach,
where cellular height was determined from the comparison of two different probe approach
curves (PACSs); one to the center of the cell and another to the (neighboring) petri dish, while
the second approach relied on the direct fitting of a PAC extracted to the center of the cell
onto simulated curves of varying cellular heights. A 3D simulation model was also used to
confirm the cellular topography across the cell (elliptical) based on its electrochemical
reactivity with the redox mediator. The development and success of these 3D simulations
now allow for characterization of asymmetric samples and PACs to be taken over any
vertical cross section obtained from a SECM depth scan image, which was previously limited
to a single PAC extracted to the center of a cell.

Chapters 3, 4, and 5 focused on the effects of heavy metals, Cd and Zn, on membrane
permeability in single live cancer cells. Since toxic heavy metals do not have essential
biological roles, their introduction into living organisms can lead to lifelong health
complications, such as diseases, cancers and death. Toxic heavy metals are known to
displace the essential metals in many key cellular processes, as well as structurally in
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proteins and enzymes, which can lead to their dysfunction. In humans and test animals, one
well documented effect of toxic heavy metal exposure is increased generation of reactive
oxygen species which can lead to a variety of detrimental consequences. For example, the
overwhelming of the antioxidant defense system by increased intracellular oxidative stress
can lead to lipid peroxidation of the cell membranes, followed by membrane integrity loss
and increased permeation to chemical agents. Therefore, to successfully investigate the
effects of toxic heavy metals in vitro and non-invasively by SECM poses great insight in the

biological responses of single live cells without any ethical risks.

In Chapter 3, it was shown that SECM can detect the immediate membrane
permeability changes in T24 cells after their exposure to acute concentrations of Cd*
(0-10 mM). The membrane permeability coefficient to the membrane-permeable redox
mediator, ferrocenemethanol (FcCH,OH), was quantified through SECM depth scan
experiments. In control T24 cells, the membrane permeability coefficient was found to be
4.3 x 10®° m/s. After exposure to low, but acute, Cd** (1-2.5 mM), T24 cells were able to
resist membrane permeability changes throughout these exposure durations (45 min).
However, upon the introduction of significant Cd** (7.5-10.0 mM), the membrane
permeability coefficient to FCCH,OH increased to 3.5 x 10 m/s. After high Cd** exposure,
T24 cells appeared to decrease in their cellular heights, required lowering of the SECM
probe, while increasing their occupied surface areas on the petri dish. It is possible that these
observed morphological changes and increased membrane permeability to FCCH,OH were
indicative that Cd**-induced cell death in T24 cells had begun.

Expanding on the findings of Chapter 3, both low (25 uM, t < 6 hrs) and acute
(1-5 mM, t = 1 hr) Cd*" exposure on T24 cells was investigated in Chapter 4. It is well
known that increased membrane permeability to impermeable chemical agents is an indicator
of membrane integrity loss. Therefore, membrane integrity loss in Cd**-treated T24 cells can
be confirmed by SECM through the permeation of hydrophilic and charged redox mediators,
FcCOO", 1,1’-ferrocene dicarboxylate (Fc(COO0),*) and hexaamineruthenium(lil)
(Ru(NH3)s*"). Upon low Cd*" treatment, T24 cells displayed a gradual increase in their
permeation to these redox mediators across the cell membrane (t > 2 hrs), from 0 m/s

(impermeable) to approximately 7 x 10° m/s (permeable). After confirmation of membrane
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integrity loss by SECM, it was demonstrated through the MTT cell proliferation assay, that
25 uM Cd* had minimal effect on cellular viability during these exposure periods.
However, after exposure to acute Cd®* concentrations, permeation of these redox mediators
occurred at Cd®* concentrations greater than 2.5 mM, such that their membrane permeability
coefficients increased from 0 m/s to approximately 2 x 10* m/s. This membrane integrity
loss correlated well with a decrease in cellular viability (MTT cell proliferation assay). The
findings in this Chapter confirmed the relationship between cellular viability and SECM

membrane permeability.

In Chapter 5, SECM was used to monitor the physiological changes in Zn**-treated
T24 cells. Using FcCH,OH and Ru(NHs)s** as the SECM redox mediators, the membrane
changes induced by Zn** exposure were quantified. In the case of low Zn**-treatment for 24
hours (10-75 pM), T24 cells resisted significant membrane permeability change (5.0 x 10 to
1.3 x 10 m/s for FcCH,OH and 0 m/s for Ru(NHs)s®"), while displaying no adverse effects
to Zn®**. However, after T24 cells were exposed to high Zn*" concentrations (100-400 pM),
the membrane permeability coefficients to these redox mediators increased from 2.3 x 10™ to
5.9 x 10 m/s for FcCH,OH and 0 to 2.5 x 10” m/s for Ru(NHs)s**. The increase in passive
diffusion of the redox mediators across the cell membrane suggested that the membrane
integrity of the Zn?*-treated T24 cells has weakened. It is possible this is due to lipid
peroxidation, formation of pores, or structural collapse within the cell membrane. This
correlated with the appearance of unhealthy T24 cells and a decrease in cellular viability as
Zn®* concentration increased. Since the membrane integrity and cellular viability were
maintained during low Zn**-treatment, it was predicted that T24 cells treated with high Zn*
concentrations underwent apoptotic cell death. This was confirmed though several
techniques, such as flow cytometry and immunofluorescence. The presence of externalized
phosphatidylserine residues on the outer leaflet of the cell membrane confirmed early
apoptosis, as well as the increased expression of caspase-3/7 as Zn** concentration increased.
Necrosis was excluded as the primary cell death mechanism through the confirmation of
intact cell membranes in Zn**-treated T24 cells, since 7-aminoactinomycin and propidium

iodide were mostly excluded by the cells.
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Lastly, Chapter 6 focused on the fabrication of nanometer-sized SECM probes to
improve the resolution of the SECM in the Ding Lab. Laser-pulled, quartz-sealed Pt
nanoelectrodes (NEs) decreased the Pt tip diameter from 25 um to 25 nm (thousand times
reduction), improving the spatial resolution of SECM. Successful electrochemical and
SECM characterization of a transmission electron microscopy grid and independently
addressable microband electrodes (IAMES) were obtained using these laser-pulled probes.
When the SECM probe was much smaller in size relative to these microbands (250 nm vs 5
pum), the effects of redox cycling was minor in SECM, however sample tilt posed a larger
issue (risk of tip damage) due to the size of the probe. Using a larger laser-pulled Pt SECM
probe that closer in size to the microbands (4.4 pum vs. 5 um), the effects of redox cycling
and sample tilt were easily observed. 3D finite elemental analysis simulations allowed in
depth analyses of the 2D data set obtained by the SECM depth scan method. Advancements
in this Chapter will be applied towards improvements in spatial resolution studies, targeting
smaller sample features. Concurrently, finite elemental analysis will no longer be restricted

to symmetric samples.

7.2 Future Works

The successful reduction of SECM probes from 25 um to 25 nm in Pt diameter was
developed for this dissertation; however, the ratio of the glass sheathing to the Pt wire was
quite high (RG > 25). Currently being explored in the Ding Lab is the further optimization of
the laser-pulled nanoelectrode fabrication procedure in order to reduce this value. Doing so
can show the benefit of nanoscale electrodes since the probes are less affected by electrode
tilt. The fabrication of these nanoelectrodes using other conductive materials, such as Ptlr,
Ag, Au or C, may also allow for their production to be readily prepared with smaller tip
diameters and optimal RG values, which would improve the spatial resolution of SECM.
This is of particular interest for the SECM studies on single live cells. While biological cells
may be on the micron scale overall, they are comprised of many complex organelles within a
membrane-enclosed cytoplasm that are on the sub-micron scale. Therefore, if one wishes to

probe these regions, the electrode tip must be the same size or smaller than these features.
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Using SECM, significant membrane permeability to membrane-impermeable redox
mediators was induced after treatment to the heavy metals, Cd®* and Zn?*. While weakening
of the membrane integrity was confirmed, one hypothesis for increased membrane
permeation is through pore formation or structural collapse of the cell membrane. With
improved spatial resolution, it is possible that nanometer-sized SECM probes may be able to
identify these changes and are worth exploring. It is also possible that if these changes are
organelle specific, e.g. the cell nucleus may have different effects on membrane permeability,
the improved resolution offered by these nanoprobes may become advantageous in
identifying these areas of localization. In addition, should these organelles affect membrane
permeability differently; asymmetric models can now be successfully simulated in 3D finite

elemental analysis to quantify their membrane permeability coefficients.

For this dissertation, SECM was shown to be a powerful analytical technique that can
be used to investigate the membrane responses in single live T24 cells after their exposure to
toxic heavy metal treatment. Other biological changes, such as extracellular reactive oxygen
species or ion release (or uptake) can also be monitored by SECM. It is therefore, not
surprising, that SECM may have great potential as an analytical tool in biomedical research.
In addition, SECM biological studies are not restricted to singular cells, but cell monolayers
and tissue samples can also be analyzed. The size of the SECM probes may allow higher
throughput in testing of pharmaceutical or chemical agents. Specifically, multiple locations
(spot sizes) can be tested with these agents, increasing the number of testing conditions that

can be examined.

In addition, combining SECM with other analytical techniques, such as confocal laser
scanning and/or Raman microscopy, may become advantageous. For example, using Raman
microscopy, mapping the distribution of a particular receptor over the cell’s surface may lead
to a predetermination of a drug’s effectiveness, while the membrane permeability changes
can be monitored by SECM. Simultaneous analysis is expected to provide additional insight
in the biological changes cells have after stimulation. SECM is a technique that can be used
for wide range of applications, not just limited to strictly biological studies. The non-

invasive nature of this scanning probe microscopy technique, in addition to its high spatial
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and temporal resolution, offers promise in studying the local properties, reactivity and

electrocatalytic activities of samples.
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Appendix I. Chapter 1: Introduction
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Figure S1.1. Using extracellular ROS release from T24 cells as a non-labelled SECM

redox mediator. Quantification of H,O, concentration can be determined
(A) directly from on its oxidative bias (+0.800 V) and (B-D) indirectly from the
reductive bias (-0.800 V), which reduces both O, and H,O,. This requires the

determination of O, concentration (-0.600 V) from prior to H,O; (D).
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Determining Live Cell Topography by Scanning

Electrochemical Microscopy
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Figure S2.1. The PACs extracted over the center of an ellipsoid cell with a fixed height of 8
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Figure S2.2 The PACs extracted over the center of an ellipsoid cell with a fixed diameter of
20 pm, varying cell heights using a 5 um Pt UME with RG 3. The blue PAC represents 3D
model geometry and the purple diamond PAC represents 2D-axially symmetric model

geometry.
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Figure S2.3. A meshing convergence plot of a single data point simulated using the 3D
geometric model. An error of less than 107 is observed with the mesh (previously defined in
text) applied to the model. For more information regarding simulation mesh, please see
COMSOL export.

Figure S2.4. An SECM depth scan image collected over all illustrative T24 cell. The offsets
due to the height changes across the cell. At x =0 (cell center), the UME tip is directly on
top of the cell, therefore no offset is needed. At a distance of r/2 away from the cell center,
the offset of the tip-to-cell distance is governed by the equation of an ellipse. When x =r or

>> r, the tip-to-sample distance is governed directly by the height of the cell.
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Figure S2.5. Theoretical PACs of a 5 um Pt UME towards a flat and elliptical cell of 8 um
height by 20 um diameter. The curvature of the flat cell is more pronounced as the UME

approaches the cell.
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Figure S2.6. Cell viability of T24 cells treated with 0.5 MM FcCOO™ was measured by the
MTT assay. The mean £ RSD of 4 experiments (8 replicates of each condition/experiment)

is shown. The viability remains constant over the experiment time.
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Figure S2.8. The 3D horizontal sweeps of a UME over the petri dish and cell with a height
of 8 um by 20 pum diameter using a 5 um Pt UME with RG 3. The bottommost sweep
corresponds to 0.5 to 10.0 um above the cell (0.5 um incremental steps, pink), followed by

15 to 60 um (5 um incremental steps, purple) as the curves go upwards.
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COMSOL 0
MULTIPHYSICS

A detailed COMSOL report on a 3D simulation model has been included below. This model

is representative of the 3D models used to complete various sets of theoretical data for this
work. The model includes a 5 um electrode with an RG of 3 approaching an elliptical cell

with a height of 8 um and a radius of 10 um. In this model, the electrode position is swept in
the z and x axis through the nesting of parametric sweeps. The electrode is swept through a

range of z coordinates from a tip to cell distance of 5 um to 0.5 pm with 0.5 pm steps.

Within each z sweep, a range of x coordinates is also investigated. The x coordinates in this

model range from 0 pum (centered over the cell) to 40 um in an interval of 0.5 pm.
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1 Global Definitions

Date | Dec 17, 2015 6:02:20 PM

Global settings
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Name 5.1SECM3D SymmetricalXZ v4.mph

Path /home/fraser/Desktop/toBeSorted/5.1SECM3D_SymmetricalXZ_v4.mph
COMSOL version COMSOL 5.1 (Build: 180)

Unit system Sl

Used products

COMSOL Multiphysics

1.1 Parameters 1

Parameters

Name Expression Value Description

elecPt 2.5[um] 2.5E-6 m Electrode disk radius

RG 3 3 Electrode RG

elecGlass | elecPt*RG 7.5E-6 m Electrode Glass Radius

solnSize 100*elecPt 2.5E-4m

cellz 8[um] 8E-6 m Cell Z Dimension

cellX 10[um] 1E-5m Cell X Dimension

celly 10[um] 1E-5m Cell Y Dimension

elecZ 60[um] 6E-5m Electrode Z Position

elecX O[um] Om Electrode X Position

initC 0.5[mmol/L] 0.5 mol/m3 Initial concentration FcCOOH

D 5.7e-10[m”2/s] | 5.7E-10 m?/s | diffusion coefficient for FcCOOH
n 1 1 Number of Electrons Transferred
F 96485[C/mol] 96485 C/mol | Faraday’s Constant




2 Component1

Date | Dec 7,201511:12:38 PM

Component settings

Unit system

S|

Geometry shape order

automatic

2.1  Definitions

211

Coordinate Systems

7.2.1.1

Boundary System 1

Coordinate system type

Boundary system

Tag

sysl

Coordinate names

First (t1)

Second (t2)

Third (n)

tl

t2

n

2.2  Geometry 1

Y\%Vx

Figure 1. Geometry 1

Units

Length unit | um

Angular unit | deg

Geometry statistics
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Settings

Description Value
Create first tangent direction Global
from Cartesian

Description

Value

Space dimension

Number of domains

Number of boundaries

11




Description Value
Number of edges 28
Number of vertices 19

2.2.1  soln (cyll)

Size and shape
Description | Value
Radius solnSize
Height solnSize
Size and shape
Description | Value
Radius 100
Height 100
Size

Description | Value
Radius solnSize
Size

Description | Value
Radius 200
Size

Description | Value
Radius 200
Layers

Description | Value
Layers

Position AXis

Description | Value Description | Value

Position {0, 0, 0} Axis type Z - axis
Layers

2.2.2  soln_inner (cyl3)

Position AXis

Description | Value Description | Value

Position {0, 0, 0} Axis type Z - axis
Layers

2.2.3  soln_sph (sphl)

Position AXis

Description | Value Description | Value

Position {0, 0, 0} Axis type Z - axis
Layers

2.2.4  solninner_sph (sph2)

Position AXIis

Description | Value Description | Value

Position {0, 0, 0} Axis type Z - axis
Layers

2.25 solninner_sph 1 (sph3)

Position AXis

Description | Value Description | Value

Position {0, 0, 0} Axis type Z - axis
Layers

2.2.6  base (blk2)

Position

Description | Value

Position {-solnSize, -solnSize, -solnSize}

AXxis Size and shape

Description | Value Description | Value

Axis type Z - axis Width 2*solnSize
Depth 2*solnSize
Height solnSize

2.2.7  top (blk3)

Position

Description | Value

Position {-soInSize, -
solnSize,

solnSize-10}
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AXis

Description | Value

Axis type z - axis

2.2.8  elecGlass (cyl2)

Position

Description | Value

Position {elecX, 0, elecZ
+ cellz}

2.2.9 cell (elpl)

Position

Description | Value

Position {0, 0, 0}

AXis

2.2.10 Work Plane 1 (wp1l)

Unite objects

Description

Value

Unite objects

On

7.2.1.2  Plane Geometry (wpl)
7.2.1.2.1elecPt (c1)

Position

Description | Value

Position {elecX, 0}
Layers

2.2.11 Block 1 (blk1)
Position

Description | Value

Position {-solnSize, 0, 0}
AXis

Description | Value

Axis type z - axis
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Size and shape Layers
Description | Value Description | Value
Width solnSize*2 Layers
Depth solnSize*2
Height 20
AXxis Size and shape
Description | Value Description | Value
Axis type Z - axis Radius elecGlass
Layers Height solnSize-(elecZ +
cellz)
Description | Value Description | Value
Axis type Z - axis a-semiaxis | cellX
Layers b-semiaxis | cellY
c-semiaxis cellz
Size
| Description | Value |
Size and shape
Description | Value
Radius elecPt
Size and shape Layers
Description | Value Description | Value
Width solnSize*2 Layers
Depth solnSize
Height solnSize




2.3 Transport of Diluted Species

Used products
| COMSOL Multiphysics |

-100 >
RS

Y.f,x
Figure 2.
Figure 3. Transport of Diluted Species
Selection
Geometric entity level | Domain
Selection Domain 1
Equations

V- |::_ D,‘?C,':l +u- vC,' =R
N, =-0;Ve, 4+ uc;

Settings

Description Value
Concentration Linear
Compute boundary fluxes On
Apply smoothing to boundary fluxes On
Value type when using splitting of complex variables Real
Adsorption in porous media Off
Dispersion in porous media Off
Volatilization in partially saturated porous media Off
Convection On
Migration in electric field Off
Streamline diffusion On
Crosswind diffusion On

Crosswind diffusion type for free flow

Do Carmo and Galedo

Equation residual

Approximate residual

Isotropic diffusion

Off

Convective term

Non - conservative form
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Variables
Name Expression Unit Description Selection
domflux.FcMeOHx tds.dflux_FcMeOHXx mol/(m?2* | Domain flux, x Domain 1
s) component
domflux.FcMeOHy tds.dflux_FcMeOHy mol/(m?2* | Domain flux, y Domain 1
s) component
domflux.FcMeOHz tds.dflux_FcMeOHz mol/(m?2* | Domain flux, z Domain 1
s) component
tds.R_FcMeOH 0 mol/(m”3* | Total rate Domain 1
s) expression
tds.epsilon_p 1 1 Porosity Domain 1
tds.theta tds.epsilon_p 1 Liquid volume Domain 1
fraction
tds.av 0 1 Gas volume Domain 1
fraction
tds.nx dnx 1 Normal vector, x Boundaries
component 1-11
tds.ny dny 1 Normal vector, y Boundaries
component 1-11
tds.nz dnz 1 Normal vector, z Boundaries
component 1-11
tds.nxmesh root.dnxmesh 1 Normal vector Boundaries
(mesh), x 1-11
component
tds.nymesh root.dnymesh 1 Normal vector Boundaries
(mesh), y 1-11
component
tds.nzmesh root.dnzmesh 1 Normal vector Boundaries
(mesh), z 1-11
component
tds.nxc root.nxc/sqrt(root.nxcA2+root.ny | 1 Normal vector, x Boundaries
c 2+root.nzc 2+eps) component 1-11
tds.nyc root.nyc/sqrt(root.nxcA2+root.ny | 1 Normal vector, y Boundaries
c 2+root.nzc2+eps) component 1-11
tds.nzc root.nzc/sqrt(root.nxc”2+root.ny | 1 Normal vector, z Boundaries
c2+root.nzcM2+eps) component 1-11
tds.ndflux_FcMeOH tds.bndFlux_FcMeOH mol/(m?2* | Normal diffusive Boundaries
s) flux 1-11
tds.ncflux_FcMeOH tds.cflux_FcMeOHx*tds.nxc+tds.c | mol/(m”2* | Normal Boundaries
flux_FcMeOHy*tds.nyc+tds.cflux_ | s) convective flux 1-11
FcMeOHz*tds.nzc
tds.ntflux_FcMeOH tds.bndFlux_FcMeOH+tds.cflux_F | mol/(m”2* | Normal total flux | Boundaries
cMeOHx*tds.nxc+tds.cflux_FcMe | s) 1-11
OHy*tds.nyc+tds.cflux_FcMeOHz
*tds.nzc
tds.bndFlux_FcMeO | -dflux_spatial(FcMeQOH) mol/(m?2* | Boundary flux Boundaries
H 5) 1-11




2.3.1

Transport Properties 1

Figure 4. Transport Properties 1

Selection

Geometric entity level | Domain
Selection Domain 1
Equations

V--DiVc)+u- Vg =R

N, =-0;Ve, 4+ uc;

Settings

Description Value

Velocity field User defined

Velocity field {0, 0, 0}

Material None

Diffusion coefficient | User defined

Diffusion coefficient | {{D, 0, 0}, {0, D, 0}, {0, O, D}}
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7.2.1.3  \Variables
Name Expression Unit Description Selection
tds.cbf FcMeOH | O mol/(m~2*s) Convective Boundaries
boundary flux 1-11
tds.D_FcMeOHx | D mA2/s Diffusion Domain 1
X coefficient, xx
component
tds.D_FcMeOHy | O mA”2/s Diffusion Domain 1
X coefficient, yx
component
tds.D_FcMeOHzx | O m~2/s Diffusion Domain 1
coefficient, zx
component
tds.D_FcMeOHx | O mA2/s Diffusion Domain 1

y

coefficient, xy
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Name Expression Unit Description Selection
component
tds.D_FcMeOHy | D mA”2/s Diffusion Domain 1
y coefficient, yy
component
tds.D_FcMeOHzy | O mA”2/s Diffusion Domain 1
coefficient, zy
component
tds.D_FcMeOHxz | O m~2/s Diffusion Domain 1
coefficient, xz
component
tds.D_FcMeOHyz | O mA”2/s Diffusion Domain 1
coefficient, yz
component
tds.D_FcMeOHzz | D m~2/s Diffusion Domain 1
coefficient, zz
component
tds.Dav_FcMeO (tds.D_FcMeOHxx+tds.D_FcMeO | m”2/s Average diffusion | Domain 1
H Hyy+tds.D_FcMeOHzz)/3 coefficient
tds.tflux_FcMeO | tds.dflux_FcMeOHx+tds.cflux_Fc | mol/(m~2*s) Total flux, x Domain 1
Hx MeOHx component
tds.tflux_FcMeO | tds.dflux_FcMeOHy+tds.cflux_Fc | mol/(m~2*s) Total flux, y Domain 1
Hy MeOHy component
tds.tflux_FcMeO | tds.dflux_FcMeOHz+tds.cflux_Fc | mol/(m~2*s) Total flux, z Domain 1
Hz MeOHz component
tds.dfluxMag_Fc | sqrt(tds.dflux_FcMeOHx"2+tds.d | mol/(mA2*s) Diffusive flux Domain 1
MeOH flux_FcMeOHy”2+tds.dflux_FcM magnitude
eOHz"2)
tds.tfluxMag_Fc | sqrt(tds.tflux_FcMeOHxA2+tds.tfl | mol/(mA2*s) Total flux Domain 1
MeOH ux_FcMeOHyA2+tds.tflux_FcMeO magnitude
Hz"2)
tds.dflux_FcMeO | -tds.D_FcMeOHxx*FcMeOHx- mol/(mA~2%*s) Diffusive flux, x Domain 1
Hx tds.D_FcMeOHxy*FcMeOHy- component
tds.D_FcMeOHxz*FcMeOHz
tds.dflux_FcMeO | -tds.D_FcMeOHyx*FcMeOHx- mol/(m~2*s) Diffusive flux, y Domain 1
Hy tds.D_FcMeOHyy*FcMeOHy- component
tds.D_FcMeOHyz*FcMeOHz
tds.dflux_FcMeO | -tds.D_FcMeOHzx*FcMeOHx- mol/(m~2*s) Diffusive flux, z Domain 1
Hz tds.D_FcMeOHzy*FcMeOHy- component
tds.D_FcMeOHzz*FcMeOHz
tds.grad_FcMeO | FcMeOHx mol/mA4 Concentration Domain 1
Hx gradient, x
component
tds.grad_FcMeO | FcMeOHy mol/m~4 Concentration Domain 1
Hy gradient, y
component
tds.grad_FcMeO | FcMeOHz mol/m~4 Concentration Domain 1
Hz gradient, z
component
tds.u model.input.ul m/s Velocity field, x Domain 1
component
tds.v model.input.u2 m/s Velocity field, y Domain 1
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Name Expression Unit Description Selection
component

tds.w model.input.u3 m/s Velocity field, z Domain 1
component

tds.cflux_FcMeO | FcMeOH*model.input.ul mol/(m~2%*s) Convective flux, x | Domain 1

Hx component

tds.cflux_FcMeO | FcMeOH*model.input.u2 mol/(m?2*s) Convective flux,y | Domain 1

Hy component

tds.cflux_FcMeO | FcMeOH*model.input.u3 mol/(m~2*s) Convective flux, z | Domain 1

Hz component

tds.cfluxMag_Fc | sqgrt(tds.cflux_FcMeOHx"2+tds.cf | mol/(mA2*s) Convective flux Domain 1

MeOH lux_FcMeOHy”2+tds.cflux_FcMe magnitude

OHz"2)
tds.Res_FcMeOH | tds.u*FcMeOHx+tds.v¥FcMeOHy | mol/(m~3*s) Equation residual | Domain 1
+tds.w*FcMeOHz-tds.R_FcMeOH

7.2.1.4  Shape functions

Name Shape function Unit Description Shape frame | Selection

FcMeOH | Lagrange (Linear) | mol/m”3 | Concentration | Material Domain 1

7.2.1.5  weak expressions

Weak expression Integration frame Selection

- Material Domain 1

FcMeOHt*test(FcMeOH)+tds.dflux_FcMeOHx*test(FcMeO

Hx)+tds.dflux_FcMeOHy*test(FcMeOHy)+tds.dflux_FcMeO

Hz*test(FcMeOHz)

- Material Domain 1

(tds.u*FcMeOHx+tds.v¥FcMeOHy+tds.w*FcMeOHz) *test(F

cMeOH)*(isScalingSystemDomain==0)

tds.cbf_FcMeOH*test(FcMeOH) Material Boundaries 1-11

tds.streamline*(isScalingSystemDomain==0) Material Domain 1

tds.crosswind*(isScalingSystemDomain==0) Material Domain 1

2.3.2 No Flux 1

Figure 5. No Flux 1
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Selection
Geometric entity level | Boundary
Selection Boundaries 3-7, 10-11
Equations
-n- M — O
7.2.1.6  \variables
Name Expression Unit Description Selection
tds.cbf_Fc FcMeOH*(tds.u*tds.nxmesh+tds.v*tds.n | mol/(m~2*s) Convective Boundaries 3—
MeOH ymesh+tds.w*tds.nzmesh) boundary flux 7,10-11

2.3.3 Initial Values 1

Yj,x

Figure 6. Initial Values 1

Selection

Geometric entity level | Domain
Selection Domain 1
Settings

Description Value
Concentration | initC




2.3.4  Symmetry 1

Figure 7. Symmetry 1
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Selection
Geometric entity level | Boundary
Selection Boundary 1
Equations
-n- N — D
7.2.1.7  \variables
Name Expression Unit Description Selection
tds.cbf_Fc FcMeOH*(tds.u*tds.nxmesh+tds.v*tds.n | mol/(m~2*s) Convective Boundary 1
MeOH ymesh+tds.w*tds.nzmesh) boundary flux

2.3.5 Concentration 1

Figure 8. Concentration 1




Selection
Geometric entity level | Boundary
Selection Boundaries 2, 9
Equations

Ci T Co
Settings
Description Value
Species FcMeOH On
Concentration initC
Apply reaction terms on | All physics (symmetric)
Use weak constraints Off
Constraint method Elemental

7.2.1.8  \variables

Name Expression | Unit

Description

Selection

tds.cO_FcMeOH | initC mol/m~3

Concentration

Boundaries 2, 9

7.2.1.9  Shape functions
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Constraint Constraint force

Shape function

Selection

-FcMeOH+tds.cO_FcMeOH test(-

FcMeOH+tds.cO_FcMeOH)

Lagrange (Linear)

Boundaries 2, 9

2.3.6  Concentration 2

Figure 9. Concentration 2

Selection
Geometric entity level | Boundary
Selection Boundary 8

Equations




Settings

Description Value
Species FcMeOH On
Concentration 0

Apply reaction terms on

All physics (symmetric)

Use weak constraints

Off

Constraint method Elemental

7.2.1.10 variables

Name Expression | Unit Description Selection
tds.cO_FcMeOH | 0 mol/mA3 | Concentration | Boundary 8

7.2.1.11 shape functions
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Constraint Constraint force Shape function Selection
-FcMeOH+tds.cO_FcMeOH test(- Lagrange (Linear) Boundary
FcMeOH+tds.cO_FcMeOH) 8

24  Mesh1

Mesh statistics

Description Value
Minimum element quality | 0.1468
Average element quality 0.7626
Tetrahedral elements 227013
Triangular elements 14106
Edge elements 625
Vertex elements 19




Y. %/,x
Figure 10. Mesh 1

24.1  Size (size)

Settings

Description Value
Maximum element size 50
Curvature factor 0.4
Resolution of narrow regions 0.4
Maximum element growth rate | 1.15
Custom element size Custom
2.4.2  Scale 1 (scal)

Selection

Geometric entity level | Boundary

Selection

Boundary 8
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Figure 11.

Figure 12. Scale 1
Settings

Description Value

Element size scale | 0.2

Scale 2 (sca2)

Selection

Geometric entity level

Boundary

Selection

Boundaries 5, 10

Figure 13. Scale 2
Settings

Description Value

Element size scale | 0.4

2.4.3  Free Tetrahedral 2 (ftet2)

Selection

Geometric entity level

Domain

Selection

Remaining
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3 Study1

3.1  Parametric Sweep

Parameter name

Parameter value list

elecz

range(5,-0.5,0.5)

elecX

range(0,0.5,40)

3.2  Stationary

Study settings

Description Value
Include geometric Off
nonlinearity

3.3 Solver Configurations

3.3.1

Solution 1

Physics and variables

189

selection Mesh selection

Physics Discretization Geometry Mesh
interface Geometry 1 (geom1) | meshl
Transport of physics

Diluted

Species (tds)

7.2.1.12 compile Equations: Stationary (st1)

Study and step
Description Value

Use study Study 1
Use study step | Stationary

7.2.1.13 Dependent Variables 1 (v1)
Initial values of variables

General
Description Value
Defined by study | Stationary

step

7.2.1.131

General

Concentration (compl.FcMeOH) (compl_FcMeOH)

solved for
Description | Value
Solution Zero

Description

Value

Field components

compl.FcMeOH

7.2.1.14 Stationary Solver 1 (s1)

General

Description

Value

Defined by study

step | Stationary

Results while solving

Description

Value

Probes

None

Values of variables not

solved for
Description | Value
Solution Zero
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4 Results
41 Data Sets
4.1.1  Study 1/Solution 1

Solution
Description | Value
Solution Solution 1

Component | Save Point Geometry 1

Y_f/x
Figure 14. Data set: Study 1/Solution 1

4.1.2  Study 1/Parametric Solutions 1

Solution
Description | Value
Solution Parametric Solutions 1

Component | Save Point Geometry 1

Y.f/x

Figure 15. Data set: Study 1/Parametric Solutions 1



4.2 Derived Values

Surface Integration 1

Selection

Geometric entity level | Boundary

Selection Boundary 10

Data

Description | Value

Data set Study 1/Parametric Solutions 1
Expression

Description | Value

Expression | tds.ndflux_FcMeOH*F*n*2
Unit A

Description | tds.ndflux_FcMeOH*F*n*2

4.3  Plot Groups

4.3.1  Concentration (tds)

Figure 16. elecZ=5, elecX=13 Slice: Concentration (mol/m°)

elecZ=5, elecX=13 Slice: Concentration (mol/m?)

Yi,x

A 05

0.49

0.48

0.47

0.46

0.45

¥ 0.444
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4.3.2  Concentration (tds) 1

elecZ=5, elecX=13 Surface: Concentration (mol/m?)

AO05

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

vo

Y\i,x

Figure 17. elecZ=5, elecX=13 Surface: Concentration (mol/m®)

Figure 18.
4.3.3  Concentration (tds) 2

Slice: Concentration (mol/m?)

0.49

¥ 0.483

Figure 19. Slice: Concentration (mol/m®)
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4.3.4  Concentration (tds) 3

Surface: Concentration (mol/m?)

A0S

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Figure 20. Surface: Concentration (mol/m?)
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Appendix Il11. Chapter 3: A Time Course Study of Cadmium Effect on Membrane
Permeability of Single Human Bladder Cancer Cells Using Scanning Electrochemical
Microscopy

Figure S3.1. Optical micrographs of T24 cells (A) unexposed to Cd** and (B) exposed to 10
mM Cd** for 45 min. The nucleus of the studied T24 cell is more easily observable optically
after Cd?* treatment (circled).
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Membrane Permeability Simulations - COMSOL Model Report

1. Table of Contents
e Title - COMSOL Model Report
o Table of Contents
e Model Properties
o Constants
o Geometry
e Geoml
o Solver Settings
e Postprocessing
e Variables

2. Model Properties

Property Value

Model name

Author

Company

Department

Reference

URL

Saved date Sep 29, 2013 9:20:26 PM

Creation date Sep 26, 2013 4:37:34 PM

COMSOL version| COMSOL 3.5.0.494

File name: G:\\SECM P1en4\SECM Eins P1en4 D12.mph
Application modes and modules used in this model:

e Geoml (Axial symmetry (2D))
o Diffusion (Chemical Engineering Module)
o Diffusion (Chemical Engineering Module)


http://www.comsol.com/
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3. Constants

Name| Expression| Value |Description

n 1 1 Number of electrons

96485 96485 | Faraday's constant

F
D 7.6e-10 7.6e-10| Diffusion coefficient of FcCH,OH
P le-4 le-4 Cell membrane permeability

4. Geometry
Number of geometries: 1

4.1. Geoml

4.1.1. Point mode
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4.1.2. Boundary mode

4.1.3. Subdomain mode

5. Geoml
Space dimensions: Axial symmetry (2D)

Independent variables: r, phi, z

5.1. Mesh
5.1.1. Mesh Statistics

Number of degrees of freedom| 343041

Number of mesh points 83896
Number of elements 167315
Triangular 167315
Quadrilateral 0

Number of boundary elements | 4442

Number of vertex elements 9

Minimum element quality 0.668

Element area ratio 0
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5.2. Application Mode: Diffusion (chdi)
Application mode type: Diffusion (Chemical Engineering Module)

Application mode name: chdi

5.2.1. Application Mode Properties

Property Value

Default element type [ Lagrange - Quadratic
Analysis type Transient
Equilibrium assumption| Off

Frame Frame (ref)

Weak constraints Off

Constraint type Ideal

5.2.2. Variables
Dependent variables: R

Shape functions: shlag(2,'R")

Interior boundaries not active

5.2.3. Boundary Settings

Boundary 3 4-6, 8 7,9

Type Axial symmetry/| Insulation/Symmetry| Concentration
Mass transfer coefficient (kc)| m/s 0 0 0

Bulk concentration (cb) mol/m3|0 0 0
Concentration (c0) mol/m®|0 0 0.45
Boundary 10

Type Flux

Mass transfer coefficient (kc)| m/s P

Bulk concentration (cb) mol/m3| R1

Concentration (c0) mol/m3|0

5.2.4. Subdomain Settings
| Subdomain | |2]




Diffusion coefficient (D

| m?/s| D

Subdomain initial value

2

Concentration, R (R)

mol/m?| 0.45

5.3. Application Mode: Diffusion (chdi2)

Application mode type: Diffusion (Chemical Engineering Module)
Application mode name: chdi2

5.3.1. Application M

ode Properties

Property Value
Default element type [ Lagrange - Quadratic
Analysis type Transient

Equilibrium assumption

Off

Frame Frame (ref)
Weak constraints Off
Constraint type Ideal

5.3.2. Variables

Dependent variables: R1
Shape functions: shlag(2,'R1")
Interior boundaries not active

5.3.3. Boundary Settings

Boundary 1 2 10
Type Axial symmetry| Insulation/Symmetry| Flux
Mass transfer coefficient (kc)| m/s 0 0 P
Bulk concentration (cb) mol/m3| 0 0 R

5.3.4. Subdomain Settings

Subdomain 1

Diffusion coefficient (D)| m%/s| D

6. Solver Settings

Solve using a script: off

Analysis type Transient

Auto select solver On

Solver Time dependent
Solution form Automatic
Symmetric auto

Adaptive mesh refinement| Off

Optimization/Sensitivity

Off

Plot while solving

Off

6.1. Direct (UMFPACK)
Solver type: Linear system solver

| Parameter

|Value|
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Pivot threshold 0.1

Memory allocation factor|0.7

6.2. Time Stepping

Parameter Value

Times 0:1:600
Relative tolerance le-9

Absolute tolerance 1le-10

Times to store in output Specified times
Time steps taken by solver Free

Maximum BDF order 5

Singular mass matrix Maybe

Consistent initialization of DAE systems| Backward Euler

Error estimation strategy Include algebraic

Allow complex numbers Off

6.3. Advanced

Parameter Value
Constraint handling method Elimination
Null-space function Automatic
Automatic assembly block size On
Assembly block size 1000

Use Hermitian transpose of constraint matrix and in symmetry detection| Off

Use complex functions with real input Off

Stop if error due to undefined operation On

Store solution on file Off

Type of scaling Automatic
Manual scaling

Row equilibration On
Manual control of reassembly Off

Load constant On
Constraint constant On

Mass constant On
Damping (mass) constant On
Jacobian constant On
Constraint Jacobian constant On
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7. Postprocessing

8. Variables

8.1. Boundary

8.1.1. Boundary 1-2

Name Description Unit Expression

ndflux_R_chdi

Normal diffusive flux,
R

mol/(m”2*s)

ndflux_R1_chdi2

Normal diffusive flux,
R1

mol/(m”2*s)

nr_chdi2 * dflux_R1 r_chdi2+nz_chdi2 *
dflux_R1 z chdi2

8.1.2. Boundary 3-9
Name Description Unit Expression
ndflux_R_chdi | Normal diffusive flux, R | mol/(m~2*s)| nr_chdi * dflux_R_r_chdi+nz_chdi *

dflux_R_z_chdi

ndflux_R1_chdi2

Normal diffusive flux,
R1

mol/(m”2*s)

8.1.3. Boundary 10
Description Unit Expression
Name
ndflux_R_chdi | Normal diffusive flux, | mol/(m~2*s)|nr_chdi * dflux_R_r_chdi+nz_chdi * dflux_R_z_chdi

R

ndflux_R1 chdi2

Normal diffusive flux,
R1

mol/(m”2*s)

nr_chdi2 * dflux_R1 r_chdi2+nz_chdi2 *
dflux_R1 z chdi2




8.2. Subdomain
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8.2.1. Subdomain 1

Name Description Unit Expression

grad_R _r_chdi Concentration gradient, R, r | mol/m”4
component

dflux_R_r_chdi |Diffusive flux, R, r mol/(m”2*s)
component

grad_R_z_chdi Concentration gradient, R, z | mol/m”4
component

dflux_R_z chdi |Diffusive flux, R, z mol/(m"2*s)
component

grad_R_chdi Concentration gradient, R | mol/m”™4

dflux_R_chdi Diffusive flux, R mol/(m”2*s)

grad_R1_r_chdi2 |Concentration gradient, R1, | mol/m”™4 R1r

r component

dflux_R1 r chdi2

Diffusive flux, R1, r
component

mol/(m"2*s)

-Drr_R1 chdi2 * R1r-Drz_R1 chdi2 * R1z

grad_R1_z_chdi2

Concentration gradient, R1,
z component

mol/m™4

Ri1z

dflux_R1 z chdi2

Diffusive flux, R1, z
component

mol/(m”2*s)

-Dzr_R1_chdi2 * R1r-Dzz_R1_chdi2 * R1z

grad_R1_chdi2

Concentration gradient, R1

mol/m~4

sqrt(grad_R1 r_chdi2~2+grad R1 z chdi2"2)

dflux_R1_chdi2

Diffusive flux, R1

mol/(m"2*s)

sgrt(dflux_R1_r_chdi2"2+dflux_R1_z chdi2”2)

8.2.2. Subdomain 2
Name Description Unit Expression
grad_R _r_chdi Concentration gradient, R, r mol/m~4 Rr

component
dflux_R_r_chdi |Diffusive flux, R, r component | mol/(m"2*s)|-Drr_R_chdi * Rr-Drz_R_chdi * Rz
grad_R_z_chdi Concentration gradient, R, z mol/m™4 Rz

component
dflux_R_z chdi |Diffusive flux, R, zcomponent | mol/(m~2*s)|-Dzr_R_chdi * Rr-Dzz_R_chdi * Rz
grad_R_chdi Concentration gradient, R mol/m~4 sqrt(grad_R_r_chdi*2+grad_R_z_chdi"2)
dflux_R_chdi Diffusive flux, R mol/(m”2*s)| sqrt(dflux_R_r_chdi*2+dflux_R_z_chdi*2)

grad_R1_r_chdi2

Concentration gradient, R1, r
component

mol/m"4

dflux_R1_r_chdi2

Diffusive flux, R1, r component

mol/(m”2*s)

grad_R1 z chdi2

Concentration gradient, R1, z
component

mol/m"4

dflux_R1 z chdi2

Diffusive flux, R1, z component

mol/(m”2*s)

grad_R1_chdi2

Concentration gradient, R1

mol/m"4

dflux_R1_chdi2

Diffusive flux, R1

mol/(m”2*s)
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This Supplementary Material contains the COMSOL Model Report, as generated internally
by the software, for the electrode approach to the surface of the cell described in the main
text.

1. Table of Contents
e Title - COMSOL Model Report
Table of Contents
Model Properties
Constants
Geometry
Geoml
Solver Settings
Postprocessing
Variables

2. Model Properties

Property Value

Model name

Author

Company

Department

Reference

URL

Saved date Jan 8, 2014 2:17:48 PM

Creation date Sep 26, 2013 4:37:34 PM

COMSOL version| COMSOL 3.5.0.603

File name: D:\2013-2014 School Year\Chem4491\Comsol\Michelle Paper\SECM Pcond\SECM Eon Pcond
D2.mph
Application modes and modules used in this model:

e  Geoml (Axial symmetry (2D))
o Diffusion (Chemical Engineering Module)
o Diffusion (Chemical Engineering Module)

3. Constants


http://www.comsol.com/
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Name| Expression| Value |Description

n 1 1 Number of electrons

96485 96485 | Faraday's constant

F
D 7.6e-10 7.6e-10| Diffusion coefficient of FcCH,OH
P

le-4 le-4 Cell membrane permeability
4. Geometry
Number of geometries: 1
4.1. Geoml

4.1.1. Point mode
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4.1.2. Boundary mode

4.1.3. Subdomain mode

5. Geoml
Space dimensions: Axial symmetry (2D)
Independent variables: r, phi, z

5.1. Mesh
5.1.1. Mesh Statistics

Number of degrees of freedom| 341427

Number of mesh points 83489
Number of elements 166515
Triangular 166515
Quadrilateral 0

Number of boundary elements | 4428

Number of vertex elements 9

Minimum element quality 0.668

Element area ratio 0




5.2. Application Mode: Diffusion (chdi)

Application mode type: Diffusion (Chemical Engineering Module)

Application mode name: chdi

5.2.1. Application Mode Properties

Property Value

Default element type [ Lagrange - Quadratic
Analysis type Stationary
Equilibrium assumption| Off

Frame Frame (ref)

Weak constraints Off

Constraint type Ideal

5.2.2. Variables

Dependent variables: R
Shape functions: shlag(2,'R")
Interior boundaries not active

5.2.3. Boundary Settings

Boundary 3 5-6, 8 7,9

Type Axial symmetry| Insulation/Symmetry| Concentration
Mass transfer coefficient (kc)| m/s 0 0 0

Bulk concentration (cb) mol/m3|0 0 0
Concentration (c0) mol/m®|0 0 0.45
Boundary 10 |4

Type Flux| Concentration

Mass transfer coefficient (kc)| m/s P (O

Bulk concentration (cb)

mol/m®|R1 |0

Concentration (c0)

mol/m®[0 |0
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5.2.4. Subdomain Settings

Subdomain 2
Shape functions (shape) shlag(2,'R")
Integration order (gporder) 4
Constraint order (cporder) 2
Diffusion coefficient (D) |[m?s|D

Subdomain initial value

2

Concentration, R (R) | mol/m?

0.45

5.3. Application Mode: Diffusion (chdi2)
Application mode type: Diffusion (Chemical Engineering Module)
Application mode name: chdi2

5.3.1. Application Mode Properties

Property Value
Default element type [ Lagrange - Quadratic
Analysis type Stationary

Equilibrium assumption| Off

Frame Frame (ref)
Weak constraints Off
Constraint type Ideal

5.3.2. Variables

Dependent variables: R1

Shape functions: shlag(2,'R1")
Interior boundaries not active

5.3.3. Boundary Settings

Boundary 1 2 10
Type Axial symmetry| Insulation/Symmetry| Flux
Mass transfer coefficient (kc)| m/s 0 0 P
Bulk concentration (cb) mol/m3| 0 0 R

5.3.4. Subdomain Settings

Subdomain 1
Shape functions (shape) shlag(2,'R1")
Integration order (gporder) 4
Constraint order (cporder) 2
Diffusion coefficient (D) |m?s|D
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6. Solver Settings

Solve using a script: off

Analysis type Stationary
Auto select solver On

Solver Stationary
Solution form Automatic
Symmetric auto

Adaptive mesh refinement| Off

Optimization/Sensitivity | Off

Plot while solving Off

6.1. Direct (UMFPACK)
Solver type: Linear system solver

Parameter Value

Pivot threshold 0.1

Memory allocation factor|0.7

6.2. Stationary

Parameter Value
Linearity Automatic
Relative tolerance 1.0E-6
Maximum number of iterations 25
Manual tuning of damping parameters| Off
Highly nonlinear problem Off

Initial damping factor 1.0
Minimum damping factor 1.0E-4
Restriction for step size update 10.0

6.3. Advanced

Parameter Value
Constraint handling method Elimination
Null-space function Automatic
Automatic assembly block size On
Assembly block size 1000

Use Hermitian transpose of constraint matrix and in symmetry detection| Off

Use complex functions with real input Off

Stop if error due to undefined operation On

Store solution on file Off

Type of scaling Automatic
Manual scaling

Row equilibration On
Manual control of reassembly Off

Load constant On

Constraint constant

On
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Mass constant On
Damping (mass) constant On
Jacobian constant On
Constraint Jacobian constant On

7. Postprocessing

Surtace: Concentration, R fmoim |

Mas: 0450
0.45

8. Variables

8.1. Boundary

8.1.1. Boundary 1-2
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Name

Description

Unit

Expression

ndflux_R_chdi

Normal diffusive flux,
R

mol/(m”2*s)

ndflux_R1_chdi2

Normal diffusive flux,
R1

mol/(m”2*s)| nr_chdi2 * dflux_R1_r_chdi2+nz_chdi2 *

dflux_R1 z chdi2

8.1.2. Boundary 3-9
Name Description Unit Expression
ndflux_R_chdi | Normal diffusive flux, R | mol/(m~2*s)| nr_chdi * dflux_R_r_chdi+nz_chdi *

dflux_R_z_chdi

ndflux_R1 chdi2

Normal diffusive flux,
R1

mol/(m”2*s)

8.1.3. Boundary 10
Name Description Unit Expression
ndflux_R_chdi | Normal diffusive flux, | mol/(m”~2*s)|nr_chdi * dflux_R_r_chdi+nz_chdi * dflux_R_z_chdi

R

ndflux_R1 chdi2

Normal diffusive flux,

R1

mol/(m”2*s)| nr_chdi2 * dflux_R1_r_chdi2+nz_chdi2 *

dflux_R1 z chdi2

8.2. Subdomain
8.2.1. Subdomain 1

Name

Description

Unit

Expression

grad_R_r_chdi

Concentration gradient,

R, r [ mol/m™4
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component

dflux_R_r _chdi |Diffusive flux, R, r mol/(m"2*s)
component

grad_R_z_chdi Concentration gradient, R, z | mol/m”4
component

dflux_R_z chdi |Diffusive flux, R, z mol/(m”2*s)
component

grad_R_chdi Concentration gradient, R | mol/m”4

dflux_R_chdi Diffusive flux, R mol/(m"2*s)

grad_R1 r_chdi2 |Concentration gradient, R1, | mol/m”™4 R1r

r component

dflux_R1_r_chdi2

Diffusive flux, R1, r
component

mol/(m”2*s)

-Drr_R1 chdi2 * R1r-Drz_R1_chdi2 * R1z

grad_R1 z chdi2

Concentration gradient, R1,
z component

mol/m~4

R1z

dflux_R1 z chdi2

Diffusive flux, R1, z
component

mol/(m"2*s)

-Dzr_R1 chdi2 * R1r-Dzz_R1 chdi2 * R1z

grad_R1_chdi2

Concentration gradient, R1

mol/m™4

sqrt(grad_R1 r_chdi2~2+grad_R1_z chdi2”"2)

dflux_R1_chdi2

Diffusive flux, R1

mol/(m”2*s)

sqrt(dflux_R1_r_chdi2"2+dflux_R1 z chdi2"2)

8.2.2. Subdomain 2
Name Description Unit Expression
grad_R_r_chdi Concentration gradient, R, r mol/m™4 Rr

component
dflux_R_r_chdi |Diffusive flux, R, r component | mol/(m~2*s)|-Drr_R_chdi * Rr-Drz_R_chdi * Rz
grad_R_z chdi Concentration gradient, R, z mol/m~4 Rz

component
dflux_R_z_chdi |Diffusive flux, R, z component | mol/(m"2*s)|-Dzr_R_chdi * Rr-Dzz_R_chdi * Rz
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dflux_R_chdi Diffusive flux, R mol/(m”2*s)|sqrt(dflux_R_r_chdi*2+dflux_R_z_chdi*2)
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mol/(m”2*s)
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mol/m"4
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mol/(m”2*s)
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mol/m"4
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Appendix V. Chapter 4: Probing Cd**-Stressed Live Cell Membrane Permeability with
Various Redox Mediators in Scanning Electrochemical Microscopy

To find the diffusion coefficient of Fc(COOH),, we utilized the steady state voltammogram

(Figure S4.1).

___________________ - 0
O

- 200 €
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- -400 g
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: : : # -600
0.6 05 04 0.3

Potential vs. Ag/AgCI/ V

Figure S4.1. Typical CV of 0.5 mM Fc(COO),* in 0.1 M KCI (supporting electrolyte) using
a 10 pm Pt UME, at a scan rate of 0.02 V/s and sensitivity of 1 x 10%° A/V. The steady state
current (i) is identified in the CV.

The steady state current (i,,) was determined among 5 CVs to have an average current of
507.4 pA (Table S4.1).

Table S4.1. The i,, obtained from 5 CV’s of 0.5 mM Fc(COO),* in 0.1 M KCl

Trial oo [pa)
1 483.6
2 499.1
3 524.9
4 512.7
5 516.5
Average 507.4

Standard deviation +16.2
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To determine the diffusion coefficient, the average steady state current was placed into the

following equation,
I, =4nFDac (S4.1)

where, n is the number of electrons transferred in the oxidation reaction of Fc(COO),” to
Fc(COO0), (1), F is Faraday’s constant (96,485 C/mol), D is the diffusion coefficient, a is the
electrode radius, and c is the concentration of redox mediator in solution. This gave an

average diffusion coefficient + standard deviation of (5.3 +1.7) x 10°m?s.

- 0
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+ -200 £
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T400 g
Simulated
: : : - -600
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Figure S4.2. Simulated CV of 0.5 mM Fc(COO),> in 0.1 M KCI (supporting electrolyte)
using a 10 pm Pt UME, a scan rate of 0.02 V/s and D of 5.3 x 10"° m%s. The simulated CV
had a steady state oxidative current as 571 pA, while the experimental CVs had an average

steady state current of 507 pA.

Theory and Simulation

Simulation Geometry. The electrodes modelled in the simulation reflect the fabricated UME
used in these experiments (Figure S4.3): a 5 or 10 um diameter Pt wire surrounded by a
glass sheathing of either 15 or 30 um diameter respectively (RG 3). The T24 cell was
represented as a nominal semi-oblate ellipsoid with 9 um in height and 10 um in radius — a

model of the average cell geometry experimentally observed (see Figure S4.4 & S4.5).
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Figure S4.3. An illustration of the 2D axial geometry simulated for a T24 cell in COMSOL

Multiphysics 4.4. ¢s and ¢ are the bulk concentrations outside and inside the cell,

respectively. At the cell membrane, the membrane flux, f, is defined as: fi, = P, (¢s— ¢.) and

fout = Pm(Cc— Cs).
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Figure S4.4. Distribution of cell diameters among T24 cells in this SECM study. The

average cell diameter of T24 cells was determined through optical micrographs to be 21.7 +

3.5 um for N = 127 cells.
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Figure S4.5. Distribution of cellular heights among control T24 cells. The average cell
height of T24 cells was determined to be 8.68 + 2.69 um (N = 54 cells) through PAC
comparison of T24 cells using the hydrophilic sensing agents.

Simulation Methodology. The interior of the cell and the solution are defined as two separate
domains with their own physics and initial concentrations. The two domains interact with
each other through a shared flux boundary. The diffusion coefficient, D, of the redox

mediators were assumed to be the same both inside and outside of the cell (Table 4.1).

The diffusion of the mediator in both domains followed Fick’s Second Law, eqns S4.2 and
S4.3:

dcs(rz) _ ~ ,0%cs(r,2) 1 (9cs(r,2) 0%c(r,2)

ot B D( or2 + r( or ) + 0z2 ) (84'2)
dce(r,z) _ . ,0%c.(rz) . 1(dcc(r,2) 9%c.(r,2)

o Dot ?( or ) t =z ) (S4.3)

where ¢ and c. represent the mediator’s concentration in the solution and cell respectively, r

and z are the cylindrical coordinates used in 2D axially symmetric modelling, and t, time.

The concentration of the redox mediators in bulk were defined to match the experimental
conditions (Table 4.1), while the cell interior is initially defined as 0 mM. The two domains
are both subjected to a two-step simulation process, similar to those previously demonstrated
by Koley and Bard, and then our group.®* 2 The first study step was a time-dependent fixed

geometry simulation. The cell was soaked for 600 s to allow the exterior and interior
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mediator concentrations to equilibrate. During this step, the electrode was kept in an off state
(no potential bias applied), where it behaves as a no flux boundary and current flow is
assumed to be 0 A. The solution of this first study step is then stored by COMSOL to be
used as the initial concentration for the second study step. The second study step consisted of
a stationary phase (steady state) simulation. The electrode tip boundary is then turned on,

consuming the mediator at the tip, generating a concentration of 0 M.

The bulk solution boundaries (Figure S4.3) were set to generate the initial bulk solution
concentration.  Since the glass electrode sheathing and petri dish have insulating
characteristics, they were set as no flux boundaries. Biasing the electrode at its oxidizing
(ferrocene-based compounds) or reducing (Ru(NHs)s®") potentials results in a one electron
transfer (diffusion controlled) at the UME surface (Table 4.1).

The boundary between the cell interior and the solution domains were set as a flux boundary,

which was controlled by the permeability coefficient parameter, Pp, eqns S4.4 and S4.5:
fin = Pm (Cs— Cc) (844)
fout = Pm(CC - Cs) (845)

The entire model geometry (Figure S4.2) is then finely meshed (Figure S4.6A) prior to
computation, with further refinement at the regions of interest (electrode tip and cell

membrane boundary) to provide greater accuracy and precision.
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Figure S4.6. (A) A typical meshed 2D SECM model, with finer meshing located in the areas
of interest (Pt tip and cell membrane). (B) A simulated concentration map of the SECM
probe positioned 5 pum above the T24 cell with a fixed membrane permeability coefficient,
Pm, of 0m/s, and (C) a full set of simulated curves for Fc(COO),* with Py, values ranged
from 0 to 1.0 x 10 m/s.

As described elsewhere,® a post-processing surface integration is performed on the resulting

simulation concentration distribution map (Figure S4.6B) to calculate the current over the Pt
disk surface, eqn S4.6:

i = nDF foar [%] dr  (54.6)

Where n is the number of electrons transferred in the oxidation or reduction reaction (n=1 for

all redox mediators used in this project) and F is Faraday’s constant.
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To generate the full set of (unnormalized) theoretical PACs, the UME’s z position and
membrane permeability coefficients were parameterized and varied using the COMSOL
parametric sweep function. The tip-to-cell distance was varied between 0.2 and 60 um, and
the permeability coefficient was varied between 0 and 1.0 x 10° m/s. The parameterized
electrode z-positions allow for the automated movement of the electrode tip, while the
parameterized membrane permeability coefficient allows for the automated configuration of
membrane permeability. Note that as a result of parametric sweeps, numerous PACs can be

generated from a single simulation.

To normalize the PACs, the resulting tip currents were normalized against the faradaic
current in bulk solution and the distance was normalized against the electrode size. A sample
set of normalized theoretical PACs is simulated and illustrated in Figure S4.6C, using the
redox mediator, Fc(COO),>. As the permeability coefficient increases from 0 m/s
(insulating), the curvature of the PACs display less negative feedback characteristics in

nature.
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Figure S4.7 Simulated PACs towards a cell of fixed height with varying diameters around
the average diameter + standard deviation (21.7 £ 3.5 um): minimal effect on PACs is

observed. The greatest effect occurs when the diameter is much smaller.
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Figure S4.8. Simulated PACs towards a cell of fixed diameter with varying heights around
the average height + standard deviation (8.68 £ 2.69 um): minimal effect on PACs is

observed.
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Appendix V. Chapter 5: Zn**-Induced Apoptosis in Single Human Bladder Cancer
Cells Interrogated by Scanning Electrochemical Microscopy
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Figure S5.1. Cellular viability of Zn**-treated T24 cells using the MTT proliferation assay.
The MTT assays were replicated in four sets of experiments, each containing 8 replicates per
trial. Student t-test, **p < 0.0001.
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Figure S5.2. Statistical validation of T24 cells treated with (A) 0 (control), (B) 10, (C) 20,
(D) 30, (E) 40, (F) 50, (G) 75, (H) 100, (1) 200, and (J) 400 pM Zn?* for 24 hours undergoing
apoptosis-induced cellular death. 50,000 Zn**-treated T24 cells (0-100 pM) were analyzed
7-AAD and Annexin V PE expression, while 35,908 and 30,823 cells were analyzed after
200 and 400 pM Zn?*-treatment, respectively. Higher seeding density (8x) were used in the
higher Zn?*-treatments to accommodate for cellular loss due to Zn** overburden.
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Figure S5.3. Statistical validation of T24 cells treated with (A) 0 (control), (B) 100, (C) 200,
and (D) 400 uM Zn** for 12 hours undergoing apoptosis-induced cellular death. 20,000
Zn**-treated T24 cells were analyzed for 7-AAD and Annexin V PE expression.
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Appendix VI. Chapter 6: Scanning Electrochemical Microscopy with Laser-Pulled

Submicron Pt Probes
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Figure S6.1. A comparison of the PACs extracted to (A) an ideal conductor and the center of

a Pt microband from the IAME, and (B) an ideal insulator and the glass substrate, 10 um

away from the IAME.

Figure S6.2. Simulated 5° tilt SECM depth scans as viewed from (A) closest approach, (B)

three-quarter angle and (C) top perspective views.
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