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Abstract

Multidrug resistance can impede chemotherapeutic treatment and reduce cancer patient sur-
vival rates. Active transport of drugs out of cancerous cells is one way cancer cells protect
themselves. Multidrug resistance-associated protein 1 (MRP1) is a transmembrane trans-
porter that is expressed in most tissues. Its overexpression in cancerous cells can contribute
to this detrimental drug eflux and measuring its transport activity remains challenging.
Sound evaluation of MRP1 transport activity can improve the assessment of multidrug re-
sistance modulators in living systems. Here, scanning electrochemical microscopy (SECM)

is used to tackle this problem due to its noninvasiveness and high sensitivity.

This thesis discusses the validity of previously reported SECM feedback mode analytical
approximations when negative and intermediate feedback behaviours are deconvoluted. Ex-
perimentally, this is the case when a reactive feature is surrounded by an insulating region or
when a dual-mediator system is used, which is when one mediator probes substrate reactiv-
ity and the other probes tip-to-substrate distance. Dual-mediator systems are advantageous
as they eliminate the need of more complicated experimental setups. Alternatively, the
microelectrode can be intentionally crashed into the substrate to calibrate tip-to-substrate
distance. However, this is not always possible for biological or fragile samples. Furthermore,
dual-mediator systems can be used to fit SECM parameters in the horizontal plane from cur-

rent images as opposed to standard approach curve experiments. The extraction of kinetic



parameters in the horizontal plane requires fitting a series of single point to the analyti-

cal approximations.

The validity of the analytical approximations while using a dual-mediator system is studied
using numerically simulated reference data. For low RGSs, a geometric electrode parameter,
the dual-mediator method outperforms fitting to the true tip-to-substrate distance, for en-
tire approach curves. The accuracy of the single-point fitting was found to be excellent for
small to moderate tip-to-substrate distances over flat substrates. Accurate kinetic fitting is
also possible for curved substrates, albeit with a smaller range of substrate reactivity. A
dual-mediator system was applied HEK293 and HEKMRP1 cells to assess MRP1 transport

activity.
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Resumé

La multi-résistance peut entraver le traitement chimiothérapeutique et réduire les taux de
survie des patients atteints de cancer. Le transport actif des médicaments hors des cellules
cancéreuses est un moyen pour ces cellules de se protéger. MRP1 est I'un des contributeurs
a cet efflux de médicament préjudiciable. Mesurer son activité de transport reste difficile.
Une meilleure évaluation de 'activité de transport de MRP1 peut améliorer I’évaluation des
modulateurs de la résistance multiple aux médicaments dans les systemes vivants. Ici, la
microscopie ~ electrochimique * a balayage (SECM) est utilisée pour résoudre ce probleme

en raison de son caractere non invasif et de sa grande sensibilité.

Cette these discute de la validité des approximations analytiques SECM précédemment rap-
portées lorsque les comportements de rétroaction négatifs et intermédiaires sont découplés.
Expérimentalement, c’est le cas lorsqu’une caractéristique réactive est entourée d’une région
isolante ou lorsqu’un systeme a double médiateur est utilisé, c¢’est-a-dire lorsqu’un médiateur
sonde la réactivité de surface et 'autre sonde la distance de la pointe par rapport au sub-
strat. Ces systemes a double médiateurs sont avantageux car ils éliminent le besoin de
trouver la distance pointe-substrat par d’autres moyens, ce qui nécessite des configurations
expérimentales plus complexes. Alternativement, la microélectrode peut étre mise en contact
avec le substrat pour calibrer la distance pointe-substrat, ce qui n’est pas toujours possible
pour des échantillons biologiques ou fragiles. De plus, les systemes a double médiateur peu-

vent étre utilisés pour ajuster les parametres SECM dans le plan horizontal, par opposition

xil



aux expériences de courbe d’approche standard. L’ajustement d’une série de points uniques

aux approximations analytiques est alors requis.

La validité de 1'utilisation des approximations analytiques est étudiée a I'aide de données de
référence simulées numériquement. Pour des faibles RG, un parametre d’électrode géométrique,
la méthode a double médiateurs est plus performante que 'adaptation a la distance réelle
entre la pointe et le substrat lors de I’ajustement des courbes d’approche. Pour les substrats
plats, la précision de 'ajustement en un point s’est révélée excellente pour des distances
pointe-substrat faibles a modérées. Un ajustement cinétique précis est également possible
pour les substrats incurvés, mais avec une fenétre de réactivité plus petite. Un systeme a
double médiateurs a été appliqué aux cellules HEK293 et HEKMRP1 pour évaluer I'activité

de transport de la protéine 1 associée a la multi-résistance aux médicaments.
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Chapter 1

Introduction

1.1 The Role of MRP1 in Multidrug Resistance

Multidrug resistance (MDR) occurs when cancer cells exhibit resistance towards chemother-
apeutic treatment. Three major mechanisms for multidrug resistance have been identified:
reduced drug uptake, lowered drug efficacy, and increased drug efflux.! Active transport
of hydrophilic compounds into cells can decrease, e.g. cisplatin.?? For intracellular drugs,
several mechanisms reduce their efficacy, including cell cycle changes, upregulated DNA re-
pair and increased drug metabolism.™* The intracellular drug concentration is reduced by
enhanced efflux via ATP-binding cassette (ABC)-transporters®S such as P-glycoprotein 1
(P-gp),” breast cancer resistance protein (BCRP)® and the multidrug resistance-associated

protein (MRP) family member, MRP1.?

MRP1 is a 190kD transmembrane transporter encoded by the ABCC1 gene. It was first
cloned in 1992 from the doxorubicin-selected lung cancer cell line, H69AR,!® a multidrug
resistant cell line that does not overexpress P-gp. MRP1 confers resistance to doxorubicin,
danorubicin, epirubicin, mitixantrone, flutamide, and methotrexate.!* MRP1 has three mem-

brane spanning domains (MSDs) for substrate binding and two nucleotide binding domains



Figure 1.1: Scheme of the structure of MRP1. N and C denotes N- and C-terminus.

(NBDs, Figure 1.1).12 Substrate binding to the MSD produces a conformational change that
enables the two NBDs to dimerize and hydrolize ATP, which expels the substrate to the
extracellular environment. The broad substrate scope of MRP1 stems from multiple bind-
ing configurations for both hydrophilic and hydrophobic substrate moieties. Furthermore,
rearrangement at the binding site further aid the binding of diverse substrates.!® MRP1
protects critical sites in the body from xenobiotics (e.g. the blood-cerebrospinal fluid and
blood-placental barrier). ABBC1(-/-) knock-out mice show hypersensitivity to etoposide (a
good MRP1 substrate) These mice also show reduced inflammatory response!, although the

role of MRP1 in inflammation remains unclear, as discussed in Section 1.2.

In contrast to P-gp and BCRP, MRP1-mediated eflux has a complicated relationship to
glutathione (GSH). GSH is the most abundant intracellular non-protein thiol. It is present
in concentrations ranging from 0.5-10 mM and is present in both the cytosol and organells.'®
It is a tripeptide composed of glutamate, cystein and glycin, where the glutamate and cys-
tein is bound by a ~ linkage. GSH serves many physiological roles. Arguably, it is most
famous for it antioxidative properties that protects cells from oxidative stress by sacrificially

being oxidized to GSSG (Figure 1.2A)). The GSH/GSSG-ratio is consequently indicative of



oxidative stress. GSH also serves as a fist step in the detoxification of xenobiotics through its
conjugation. For instance, conjugation to menadione yielding thioidione. This process can be
catalyzed by glutathione transferases or occur spontaneously'® (Figure 1.2B). GSH chelates

to heavy metals like cadmium as the first step its detoxification process'” (Figure 1.2C).

The different transport mechanisms of MRP1 are shown in Figure 1.3. For instance, conjuga-
tion to GSH is sometimes necessary for transport, some compounds are only transported in
the presence of GSH, and others are co-transported with GSH*® (Figure 1.3). The mechanis-
tic explanations for the varying transport mechanisms are not clear. However, the stimulation

of release of GSH is essential to this thesis as it is the mechanism for the measurements of

A B
H
0 o) S o) O O
J\/\/U\ H\)J\ GT GS
Sy QO OO
NH, H o +GSH
glutathione (GSH) o) 2e o)
menadione -2H thiodione

-GSH || +GSH
+2 e 2e
+2H || -2H*

0
NH
HO 2 H{ +2GSH
H o) OH -2 H*
5 N NF c  —————  CdGSy
d I\S/S o 2GSH
HN Nw +2 H*
HO O H
77) OH
0

glutathione disulfide (GSSG)

Figure 1.2: A: Oxidation of GSH to GSSG. B: GT-catalyzed GSH conjugation to xenobiotics.
C: Chelation of GSH to cadmium.



MRP1 transport activity, as discussed in Section 1.6. Another difference between MRP1 and
the other ABC-transporters involved in MDR is its preference towards transporting organic
anions like GSH-, glucuronate-, and sulfate-conjugates, giving MRP1 a broad substrate scope

(Figure 1.3).

Extracellular space

‘ UCOA l ‘

Bilirubin Methotrexate LTC, EA-SG IneriEng NNALG:Glue Verapany!
VitaminB12  Grepafloxacin 4-HNE-SG AFB,-SG Doxorubicin Estrone 350, Nelfinavir
Folic acid Ciprofloxacin GSSG Metolachlor-SG Epitiiaiein AoSE Ind.inav.ir
GSH Atorvastatin ElfrlsElhe pHAA-SG Etoposide Etoposide-Gluc Apllgemr.]
S-1-p PesuEEERT E,17pG As(SG)5 Daunorubicin Naringenin
LPI Flutamide GS-NO Atrazine-SG Mitoxantrone
PGA,-SG
PGJ,-SG

Figure 1.3: Transport mechanisms of multidrug resistance protein 1 (MRP1). Shown are
representative examples of the endo- and xenobiotics (and organic anion metabolites) ef-
fluxed from cells by MRP1 in either a glutathione (GSH)-independent or GSH-dependent
manner. Shown also on the far right is a diagram of MRP1-mediated transport of GSH that
is stimulated by xenobiotics that are not themselves transported. Abbreviations: 4-HNE-
SG, GSH conjugate of 4-hydroxy-2,3-trans-nonenal; AFB;-SG, GSH conjugate of aflatoxin
Bi-epoxide; COA, conjugated organic anion; Fy175G, 175-estradiol 17-(5-D-glucuronide);
EA-SG, GSH conjugate of ethacrynic acid; GS-NO, S-nitrosoglutathione; GSSG, glu-
tathione disulfide; LPI, lysophosphatidylinositol; LTCy, leukotriene C4;NNAL-O-Gluc, (-
O-glucuronide conjugate of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol; PGA,-SG, GSH
conjugate of prostaglandin A,; PGJ,-SG, GSH conjugate of 15-deoxy-A'?-prostaglandin
Jo; pHAA-SG, GSH conjugate of acetaminophen; QO-SG, GSH conjugate of 4-nitroquinoline
1-oxide; S-1-P, sphingosine 1-phosphate; S-MeGSH, S-methyl GSH; UCOA, unconjugated
organic anion.(C)2014, with permission from Annual Reviews [11].



The prognostic significance of MRP1 expression in cancer patient survival is unclear. For
instance, two reverse transcription polymerase chain reaction studies on the relationship be-
tween MRP1 mRNA expression and lymphoblastic-leukemia prognosis found no prognostic

1920 while another study came to the opposite conclusion.?! There are also con-

significance,
flicting results regarding whether relapsing lymphoblastic-leukemia patients show increased
MRP1 expression in cancerous tissue.'®?2 Although MRP1 expression has in some cases been

correlated to cancer patient prognosis, transport activity measurements are underdeveloped

and therefore will be the focus of this thesis.

1.2 Measuring MRP1 Transport

1.2.1 Vesicles

The uptake of radiolabeled substrates into membrane vesicles is one of the primary ways
of studying MDR proteins. The intravesicular concentration is determined by scintilation
counting of filters with captured vesicles. These vesicles are produced from cell lines overex-
pressing MDR proteins by nitrogen cavitation cell lysis.?® Early studies found an increased
uptake of drugs like vinblastine in membrane vesicles from multidrug-resisistant cell lines.?*25
Vesicular uptake studies lead to the discovery of many MRP1 substrates.?%2” When it was
found that several leukotrienes (particularly LTCy4) and the GSH-conjugated prostaglandins
Ay and A, were substrates of MRP1,2?3! it was proposed that MRP1 plays a role in inflam-
matory response.’? By studying the uptake of the inflammatory mediator [*HJLTCy in the

presence and absence of ATP, it was found that MRP1 is an ATP-dependent transporter.30:3!

Leukotriene [*H]LTC,,%*30 [*H]173-glucuronide estradiol,>7 and [*H]estrone 3-sulfate®®3"
are well established MRP1 model substrates, enabling the measurement of the inhibition of

MRP1 in membrane vesicles. As a result, MRP1 inhibitors like MK571,3%3® verapamil,®* cy-



closporin A,*! and tricyclic isoxazoles3”3% 4! were identified. MRP1 inhibitors are clinically
relevant due to their potential for reversing MDR. Most of these inhibitors are, unfortu-
nately, non-specific to MRP1. Prior to the discovery of MRP1, MK571 was found to be

t*2 and to alleviate bronchoconstriction.*>** It also

a high-affinity LTC, receptor antagonis
inhibits MRP2,%546 MRP4*" and OATP1B3.45 Although MK571 has been shown to reverse
MPR1-mediated MDR. in vitro,*® the lack of specificity might be the reason why no single-

target MRP1 modulator has made it to clinical trials.!?

1.2.2 Live Cells

Vesicular uptake studies have provided valuable information about the kinetics of MRP1
transport and inhibition. However, such measurements are not necessarily representative of
cultured cells, and even less so for humans. The efflux of Calcein-AM, a fluorescent MRP1
substrate, is used to measure MRP1 transport activity.***° Low dye retention indicates high
efflux, and therefore high MRP1 transport activtiy. This assay is not specific to MRP1;
Calcein-AM is a substrate of P-gp and BCRP as well.*!

Akin to the calcein-AM assay, retention of radiolabeled substrates in live cells can repre-
sent their efflux. In the case of [*H]verapamil, no active transport by MRP1 was found.?3
The uptake of etoposide decrease for MRP1- and P-glycoprotein-overexpressing leukemic
cells.”® The relationship between cell death and drug exposure is typically measured using

dose-response methods where cell viability is measured colorimetrically.

1.2.3 GSH as an MRP1 Substrate

Despite finding that MRP1 transports some GSH-conjugated inflammatory mediators, the
physiological role of MRP1 remains unclear due to the lack of specific mechanistic ex-
planations. The physiological role of MRP1 in GSH transport and regulation has been

evaluated ABCC1 (-/-) knock-out mice. These studies found lower GSH levels in several



MRP1-expressing tissues (e.g. lung, kidney, heart and testes) in control mice relative to
ABCC1 (-/-) knock-out mice.”** Lowered GSH levels can also be found in transfected
MRP1-overexpressing HeLa cells,® but no clear trend is found for drug-selected MRP1-

overexpressing cell lines.?%57 59

Even though MRP1 expression affects the intracellular concentration of GSH in tissues
and cultured cells, GSH was found in vesicular uptake studies to be a poor MRP1 sub-
strate.?33%60 However, MRP1-mediated vesicular uptake of GSH is induced by the cardio-
vascular drug verapamil,®® chemotheraputic drug vincristine®® and flavon apigenin.®* When
MRP1-overexpressing baby hamster kidney-21 cells are treated with verapamil, GSH de-
pletion is induced through MRP1-efflux.?* This opens up the possibility that there is an

endogeneous species that regulates MRP1-mediated GSH transport in vivo.

Since the intracellular concentration of GSH is high and its MRP1-mediated eflux can be
induced by external stimuli, the extracellular GSH concentration could provide a basis for
evaluating MRP1 activity. In fact, MRP1-transfected non-small cell lung cancer cells have
been shown to release twice the amount of GSH into the extracellular environment as the

t.92 SECM is a well suited technique for studying localized processes,

non-transfected varian
and is emerging as a useful tool in live cell studies, due to its noninvasive nature.®® The small
probe size allows for single-cell analysis and could identify cancer heterogeneity, something

that is challenging with the previously discussed methods.

1.3 Scanning Electrochemical Microscopy

SECM was introduced by Bard® and Engstrom® in 1989. SECM is a scanning probe
method—a technique in which a probe moves across a surface of interest, measuring a local

property—that allows for electrochemical measurements with high spatial resolution by us-



ing a microelectrode and a position control system.% Typical investigated systems include

solid-liquid interfaces such as metals submerged in ionically conductive media.

Microelectrodes have at least one dimension < 25 um.% In a typical SECM setup, at least
one working electrode (usually a microelectrode), one reference electrode and one counter
electrode is connected to a potentiostat (Figure 1.4). At the working electrode, the electro-
chemical reaction occurs. The reference electrode has a poised potential consistent with the
Nernst equation. The counter electrode balances current flow in the electrochemical cell.
The potentiostat and position control system are connected through a data acquisition sys-
tem. In certain SECM instruments, an optical microscope is integrated to facilitate electrode

positioning and surface visualization.%3:67

When a large overpotential is applied, the current recorded at the microelectrode (i) reaches a
steady state indicative of mass-transport limitations (Figure 1.5A). This steady-state current
is unique to microelectrodes and is caused by hemispherical mass transport to the electrode.

In contrast, linear mass transport is commonly seen for macroelecrodes (typically mm-sized)

Data Acquisition

System
A -
Position Bipotentiostat
Controller WEl RE Gk wes

%y

Stepper | Piezo
Motors | Motors

with
Mediator

Substrate|

Figure 1.4: Schematic of SECM instrumentation. Reprinted with permission from ref 63.
(©) 2016 American Chemical Society.



Current

Steady-state
current

Potential

Figure 1.5: A: Cyclic voltammogram obtained using a microelectrode. When a substantial
overpotential is applied, the current reaches steady state due to hemispherical mass trans-
port. B: Oxidation occurring at an electrode. R and O are the reduced and oxidized form
of the redox mediator, respectively. C: Definition of RG ,=*.

and does not yield steady-state behaviours. In the following discussion, the electrode reac-
tion is assumed to be an oxidation under steady-state conditions, as seen in Figure 1.5B.
An analytical approximation exists for the steady-state current at a disk microelectrode in

bulk solution.68:69

oo = 42DraFCLE(RG) (1.1)

Where z is the stoichiometric coefficient of the electron, Dy is the diffusion coefficient of R,
F'is Faraday’s constant, C, is the concentration of R in bulk solution and 3 is a geometric
electrode coefficient. The S-coefficient is dependent on the RG (= ), Figure 1.5C. Several

expressions for 8 have been reported.” One example is Equation 1.2, reported in 2006.

(1.2)

2 1 2 1
B(RG) =1+ 0.639 (1 — arccos (%)> —0.186 [1 — arccos (E)



1.4 SECM Feedback Mode

In SECM feedback mode, i is measured as a function of tip-to-substrate distance (d, distance
from microelectrode to surface of interest), electrode geometry and the substrates electro-
chemical activity. The relationship between ¢ and d is dependent on a. Consequently, 7 and
d are normalized to N1 (: t) and L (: g) When a microelectrode is moved towards
a surface, the current changes according to the electrochemical activity of the surface. By
recording the current with decreasing L, an approach curve is obtained. The electrochemical
activity is described by a first-order heterogeneous rate constant for the regeneration of R
by the surface (k, Figure 1.6A). Three scenarios of surface activity exit and are shown in

Figure 1.6B; negative feedback (blue), & = 0; intermediate kinetics (black), k is finite and

> 0; positive feedback (red), k = oc.

4
Approach
direction Positive feedback
= |ntermediate kinetics
= Negative feedback
N —
<2
R 0O — P ——— ——
\ K/ —
e
0 1 2

Figure 1.6: A: Microelectrode approaching a surface and electrochemical reactions for an
SECM feedback approach curve. B: Approach curves plotted with the feedback approxima-
tions (Equation 1.3, 1.4 and 1.6) for positive feedback (red line), intermediate kinetics (black
line, kK = 5 (circles), 1 (square), 0.2 (diamonds)) and negative feedback (blue line) from top
to bottom, respectively.
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1.4.1 Negative Feedback

When an electrode is approached to an insulating surface (e.g. glass and plastics) the current
decreases, resulting in negative feedback. This is owed to hindered mass transport to the
electrode and the inability of the surface to regenerate R. The newest analytical approxima-
tion, for an infinite surface, was reported in 2007.” The accuracy (Niapproximated — IV isimulated)
is £0.01 for all L and RG < 200 (Equation 1.3).

. [ 2.08 0.145

2.08 In(RG) 2 TRG\ 1"

(1.3)

Equation 1.3 is used to extract electrode parameters like a and/or RG or characterize surfaces

as insulators from experimental data.

1.4.2 Positive Feedback

When a microelectrode is approached to a conducting surface that is substantially larger
than its electroactive area, the current increases due to the regeneration of R at the surface.
This effect arises from the thermodynamical driving force of equalizing the O-to-R ratio

throughout the solution. An analytical approximation for an infinite substrate was reported

in 20067 (Equation 1.4). The accuracy (X lepprodmated Nismuated ) 5 4 () 02 for all L and RG.

Nisimulated

T 1 2
Tarctan(L)B(RG) (1 —alRG) - 25(3@) - axotan(L)
(1.4)

Ni®(L, RG) ~ a(RG) +

11



Where « is another geometric factor dependent on the RG (Equation 1.5).

2 1 2 1\’
~In2)+In(2) (1 - — — ) ) —-In2) [1—-| - — 1.
a(RG) =~ In(2) + In(2) ( — arccos (RG)) n(2) (7r arccos (RG)) (1.5)
1.4.3 Intermediate Kinetics
When a surface displays intermediate ability to regenerate R, k can be quantified as x, = %‘1.

The most recent analytical approximation for irreversible kinetics at an infinite surface was
reported in 2008 (Equation 1.6).™
. con 1 Ni™(L, RG) — 1
Ni(L, RG, k) = Ni™*(L + P RG) + (1+ 2.47 RGO31Lk)(1 + LO-00GRG+0.113,;—-0.0236RG+0.91)
(1.6)

This equation is valid for RG < 20, L > 0.1 and any x. The accuracy (Niapproximated —

: Niapprosimated—Nisi . : .
Nisimulated for £ < 1 and —peegesed—sminied for g > 1) is £0.025. Equation 1.6 is used
simulate:

to extract kinetic information from a broad range of samples, ranging from immobilized

enzymes’* to solar cell materials.”™

1.5 Finite Element Modeling

Finite element modeling (FEM) provides numerical solutions for complex physical scenarios
in engineering and physicals sciences, including heat transfer, fluid flow and electrochem-
istry.”™®™ When working at the pm-scale, the diffusion field of R to the microelectrode is
no longer linear, making FEM an indispensable tool as analytial solutions are unavailable
for most scenarios. In FEM, partial differential equations are discretized into sets of linear

equations, which are easier to solve. The equations are then solved in an iterative fashion.

Linear diffusion will be described for simplicity. The first step in building a simulation

model is to dicretize time and space to At and Az, respectively. The quality of the simu-

12



lation increases with the number of finite elements (At and Az). A concentration profile is
calculated from Fick’s second law of mass transport, which relates concentration, flux, space

and time.

_8CR(x, t) _ Of (z,t)

1.
ot Ox (L.7)
, ACg(z,t) . Af(x,t)

L VARRY- S v (18)

Where Cf is the concentration of R, x is the spatial dimension perpendicular to the electrode
surface, t is time and f is flux. The boundary condition for the reaction at the electrode is

set such that all R is immediately consumed.

Crl,g =0 (1.9)

The current is then calculated from the flux of R arriving at the electrode (z = 0) during a

time step.

i(t) = lim —2AFAx (AA(’;R) (1.10)
=0

Where A is the electroactive area of the electrode, Cg the concentration of R, ¢ is time. For
substrates displaying irreversible kinetics at the surface (Figure 1.6A), the conversion rate

at the substrate is defined as k.

0Co

substrate

When building an SECM model, the simulated space is discretized in three dimensions.
Currents are calculated in an iterative fashion, until they stabilize to steady-state currents

(Figure 1.7B). If the simulated scenario has an axis of symmetry, and 2D-axisymmetrical

13



(2Da) simplification is commonly applied, which calculates the dimensions z and R, (radius of
space in the simulation) instead of x, y, z. A 2Da model is substantially less computationally
demanding. The difference between a 3D and 2Da should be small as all currents are

normalized to bulk solution before kinetic extraction.

A B
Analytical

l Discretization
Numerical

HEEEN

Current

Xf 0 simulation

Time

Figure 1.7: A: Discretization of the concentration profile. B: Current plateau arising as the
simulation progresses.

1.6 Studies of Multidrug Resistance by SECM

The crux of studying multidrug resistance by SECM is the transport of species through the
cell membrane. One example is the export of the menadione-GSH conjugate from yeast
cells.”™ This conjugate is formed spontaneously when yeast cells are treated with menadione.
Conjugation to GSH is the first step of the detoxification process. Subsequently, thiodione is
actively exported out of the cells. The concentration of thiodione can be found through direct
electrochemical detection, and its concentration over time was used to produce a thiodione
efflux model. In this model, the eflux was set to be at least one order of magnitude higher
than the menadione uptake. The flux of thiodione was estimated to be about 5 x10~%

1

mol s~t. Similarly, hepatocytes (Hep G2 cells) were investigated,”™ and found an efflux of

1075 mol cell™! s7!. At a later time, the conversion of menadione to thiodione was studied

14



in the HeLa cell line (Figure 1.8).3% MK571 was used to inhibit MRP1 to show that the

detoxification process was hindered.

The response of living cells towards different redox mediators has been studied by SECM.5!:82
The Ding group has reported several studies of the effect of toxic heavy metal exposure on
cell membrane permeability by extracting permeability coefficients from approach curves.3 87
The oxidation of FcMeOH near cells gives higher currents than for negative feedback. Cells
appear to have reductive capabilities towards FcMeOH™. One of the main reductive com-
ponents in cells is GSH, and several studies have described its reduction of FeMeOQH™ 8889
In order to evaluate the use of FcMeOH and GSH to measure MRP1 efflux, the relationship
between exposure to FcMeOH and GSH redox state was studied with flow cytometry and
CMFDA staining.”® The study concluded that exposure to FcMeOH resulted in a tempo-
rary increase in CMFDA fluorescence for the HelLa cell line. The study proposed that the

intracellular GSH concentrations increased temporary for the HeLaR cell line, resulting in

an increased GSH efflux that could be detected in SECM feedback mode.

500pM Menadione

140 - Moot 0e%% 000
KX

120 - o
3 s 9@ e
t=5 1005 .’,’. i &
O 80- o .
(&) ﬁuu L 500uM Menadione
Q 60 Jelliia— + 50uM MK571
R T
3 'M} LT
I-E 20 1 /. Control

.0.0,
o ‘0.0'0 *0.0:0-0.5 ..0-0-C, 0. 090.6.
0 0. o 00707\ 90.50°00.,,0 C

T L) T L] T 1
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Figure 1.8: (a) Thiodione efflux from a monolayer of HeLa cells in the absence of MRP1
blocker MK571. (b) Thiodione concentration in the presence of 50 M of MK571 and 500 M
menadione. (c¢) Control experiment in the presence of MK571 blocker. All the experimental
conditions were the same except the control current was recorded without any menadione in
the solution. The figure is reprinted with permission from citation [80].
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Figure 1.9: Influence of FcMeOH incubation time on CMFDA fluorescence intensity. Hela
(a) and HeLa-R (b) HeLa cells were exposed to 1 mM FecMeOH in DMEM- for 30, 60 and
120 min (m,e) and compared to those only incubated in DMEM- (0,0). Flow cytometry
fluorescence measurements of CMFDA (2.5 uM) added to the medium after 15, 45 or 105
min of incubation. The asterisks correspond to a significant difference (n = 3; error bars
representing the confidence interval of CL 95%) between indicated groups. (C) 2011, with
permission from Elsevier. [90]

In 2013, SECM feedback mode was used to study the reduction of FcMeOH™ by HeLa
and HeLaR cells?! with the latter being the MRP1-overexpressing variant. In this study, a
FcMeOH/Ru(NH;)4Cl; (Ruhex) dual mediator system was used to study MRP1 transport
activity of GSH. First, a Ruhex current map was used to obtain a topography profile (Fig-
ure 1.10D). This topography profile was then combined with the FcMeOH map to extract
K, representing MRP1 transport activity (Figure 1.10D and F). The MRP1 activity profiles
were compared between the cell lines, and the HeLaR cell line was found to have a 2.4 times
higher £ maximum. A more recent studies with the same method found no difference be-
tween the HeLa and HeLa-R cell line, although a different HeLaR cell line was used.?? This

study, however, found that the activity factor increased upon treatment with doxorubicin.
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Figure 1.10: SECM imaging and decoupling of feedback response for a HeLLa and HeLa-R cell
coculture substrate. (A) Optical micrograph of a coculture pattern containing seven HeLa-R
cells (Left) and six HeLa cells (Right). (B) Fluorescence micrograph of the sample shown in
A, with HeLa-R cells stained green and HeLa cells stained red. (C and D) Normalized SECM
currents recorded with the same sample at 12 gm above the substrate in 1 mM [Ru(NH;)g]**
(C) and 1 mM FcMeOH (D). (E) Extracted normalized tip-to-substrate distance profile. (F)
Profile of the extracted apparent heterogeneous rate constant (cm s™!) for the sample shown
in A. (Scale bar: 50 pm.). The figure is reprinted with permission from citation [91].

1.7 Project Aims

This thesis extends SECM studies to a new cell type. It explores the effects of cell size, cell
curvature and tip-to-substrate distance on accuracy in the previously developed feedback
method, using simulated reference data. The feedback method is then used to assess the
MRP1-mediated transport activity of GSH in stable cell lines with different MRP1 expres-
sion levels. This approach focuses on developing a robust method for quantifying MRP1
transport activity in order to classify degrees of multidrug resistance in cancer patient sam-
ples. Furthermore, such a platform can study the action of MRP1 inhibitors on living cells,

which remains challenging today.
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In Chapter 2, reference data will be simulated to investigate the single-point x and L-fitting,
used to asses MRP1 transport activity. The fitting process will first be assessed over flat sub-
strates showing infinite behaviour as a reference point. Subsequently, curved finite substrates
representing living cells will be studied. Once the conditions where x can be accurately ex-

tracted has been established, the feedback method will be applied in live cell SECM studies.

In Chapter 3, the feedback method will be used to assess MRP1 transport activity of GSH
in the HEK293 and HEKMRP1 cell lines. HEKMRP1 is transfected with a pcDNA3.1(-)
expression vector in the Cole group to overexpress MRP1.9 Using a transfected cell line
would be advantageous to a resistant cell line obtained through a drug challenge, which can
have other cellular mechanisms altered, e.g reduced drug uptake.?? The MRP1 transfection
should yield a large difference in MRP1 expression, resulting in contrast between the cell
lines MRP1 transport activity. The overexpression will first be verified by western blotting.
The intracellular concentration of GSH will be quantified before the effects of MRP1 over-
expression on GSH efflux will be studied, which could be dependent on GSH concentration.
Then, cells will be patterned and imaged to investigate the MRP1 transport activity towards

glutahtione.?192:94
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Chapter 2

Evaluating the Performance of a Dual
Redox Mediator Approach in SECM
Feedback Mode: Fitting Over Flat

and Curved Substrates

2.1 Contributions

Chapter 2 was written by SS with the exception of the experimental sections on meshing
and simulation geometries, which was written by LS. Simulations were carried out by LS.

SS designed the experiments and treated all data.

Kinetic parameters in SECM feedback mode are typically extracted from fitting approach
curves. Although such scans can provide kinetic information, they offer limited spatial reso-
lution. The fitting of kinetic parameters requires knowledge of the tip-to-substrate distance.
Chapter 2 validates the use of previously reported analytical approximations to calculate the

tip-to-substrate distance from negative feedback currents. It has also been shown that it is
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possible to extract kinetic parameters from a single point. This single-point fitting allows for
the extraction of kinetic parameters from SECM line scans and images therefore taking full
advantage of the technique’s spatial resolution. The accuracy of single-point fitting methods

was evaluated for curved finite substrates.

2.2 Introduction

The feedback mode of SECM is used to characterize substrate reactivity, extract microelec-
trode geometries (most commonly RG) and to determine the tip-to-substrate distance. To
fit approach curves, a zero tip-to-substrate distance (L) is required. The lack of accuracy
in Ly greatly affects the ability to fit approach curves that are kinetically limited.?® To cir-

cumvent this problem, four solutions exist.

1) The microelectrode can be forced to contact the substrate. Upon contact, an inflec-
tion in the approach curve is observed (Figure 2.1A). This inflection is then assumed to be

Ly. Often times, no single inflection point can be ascribed, compromising x-fitting.

2) The error in tip-to-substrate distance (Err L, Figure 2.1B) can be defined as an adjustable
fitting parameter, Ni(d,/a + Err Ly, k, RG) (Figure 2.1C). Where d, is the z-position (ver-
tical) of the electrode and Err Ly is the error in Ly. This method has been suggested for a

limited s-range.”

3) The use of an external controller based on shearforce,”® % impedance,:1%0 AC-SECM!01,102
(alternating current), IC-SECM'% (intermittent contact) and SECM-AFM!%1% (atomic-
force microscopy) is known to keep track of L. Existing methods can certainly circumvent
problems arising from varying topography, but require further instrumentation and can com-

plicate experimental procedures.
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Figure 2.1: A: Approach curve example where the tip touches the substrate. B: Visual
interpretation of Err Ly. C: Translation of an approach curve from fitting for Err L.

4) Normalized negative feedback currents are only dependent on L and RG. Since RG can
easily be estimated from optical microscopy, L can be evaluated from experimental currents

by comparison with simulated data or by fitting to the analytical approximations.™

If the negative feedback current at a single point in enough to calculate L, then making
contact with the substrate is unnecessary in many cases. This approach prevents damage
to the electrode/substrate and removes the ambiguity associated with selecting Ly from the
inflection region (Figure 2.1A). For example, in live cell SECM experiments the cells are
usually adhered to a flat plastic substrate. Since plastic substrate are electrically insulating,

approach curves over such substrates give rise to negative feedback behaviour.

A redox mediator is considered to be irreversible when the reverse electron transfer reac-
tion cannot occur, for instance, due to decomposition or dimerization (Figure 2.2A). For an
irreversible redox mediator, negative feedback is observed, even over a conductor. Conse-
quently, using a non-interfering dual-mediator system—one reversible and one irreversible

redox mediator —can be used to fit approach curves without any other knowledge of L.1%7
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Figure 2.2: A: Negative feedback behaviour by an irreversible redox mediator towards a
conductor. B: Negative feedback behaviour of the cell membrane towards Ruhex. C: Inter-
mediate kinetics behaviour of the cell membrane towards FcMeOH.

This is especially critical for biological SECM studies, where its not always possible to obtain
L by bringing the microelectrode in contact with a biological sample. For instance, crashing

a microelectrode into a cell leads to electrode fouling, requiring the electrode to be repolished.

A negative feedback response is observed over cells while probing cell impermeable redox
mediators that are not regenerated, for instance, Ru(NH;)sCl; (Ruhex)®! and K,Ru(CN)4®?
(Figure 2.2B). These highly charged redox mediators do not cross the hydrophobic lipid
bilayer, and lead to negative feedback behaviour representative of cell topography.'®® A
dual-mediator system of FcMeOH/Ruhex has been used to fit surface kinetics/topography
from current maps over living cells via the analytical approximations®® (Figure 2.2B-C). The
negative feedback response of Ruhex was used to find a topography profile. The intermediate
kinetics response of FcMeOH was used to fit for k. Performing current mapping rather than
approach curves increases the area of fitting s, but the relative L between each point in
the map is lost and only a single point is used to fit topography and surface kinetics. The
accuracy of using the analytical approximations to fit L and x to a single point is yet to be

studied.
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Analytical feedback approximations are used as a basis to further theoretical development of
the feedback theory of ring microelectrodes,'% extraction of enzymatic kinetic parameters,'*’
and porous films parameters.!'1112 Better understanding of the fundamental equations can
extend the range of these applications. Chapter 2 discusses the limits of the L and s-fitting,
for flat and curved substrates (e.g. living cells). Importantly, method accuracy will be

evaluated when fitting entire approach curves, single-point fitting from approach curves, and

SECM images. Reference data will be simulated using numerical finite element modeling.

2.3 Experimental

FEM was carried out using (C) COMSOL multiphysics version 5.3a for an oxidation occurring

at the electrode surface.
R — O +ze  (at the electrode) (2.1)

Concentration profiles were simulated using ‘Transport of Diluted Species’ physics for Cgr
and Cgp, the concentrations of R and O, respectively. Mass transport to the electrode was
2

calculated according to Fick’s laws and Dy was chosen to be 6.7 x 107° m? s7!, in line with

that of FeMeOH in water at 25 °C.113

A dense mesh of triangular (2Da) or tetrahedral (3D) elements was introduced to the model
geometry. This was designed to be densest in the region where significant concentration gra-
dients would form; for the microelectrode, this is the electroactive surface; for the sample,

this is in regions where a topographical or reactive feature was present.

The 2Da model was used to simulate approach curves over curved substrates of varying
size and reactivity (Figure 2.3A). A hemispherical region of electrolyte with a radius of 100a

was simulated in total. A triangular mesh was introduced to this domain with a maximum
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Figure 2.3: A: Scheme of parameters and geometries for the 2Da approach curve simula-
tions. B: Mesh distribution example for the 2Da approach curve simulations. C: Scheme of

parameters and geometries for the 3D approach line scan simulations. D: Mesh distribution
example for the 3D line scan simulations.

element growth rate of 1.2. Further refinement was performed by applying an arthimetic
distribution to the two surfaces where reactions take place (the electroactive area of the
microelectrode and the substrate/electrolyte interface), using 75 elements and a ratio of 1.
These settings resulted in a new optimal mesh being generated for each set of parameters

(L, k, W and H); in general, each of these meshes contained in excess of 7500 finite elements

total (Figure 2.3B).

The 3D model was used to simulate line scans over conductive features embedded in an
insulator for a flat substrate with no topographical features (Figure 2.3C). Electrode move-

ment in the X and Y directions removed the previous axis of symmetry and required a switch
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from the 2Da model used previously. A tetrahedral mesh was introduced to this domain with
a maximum element growth rate of 1.4. Further refinement was performed by applying a
maximum element size of 0.075a and 0.075/ to the electroactive area of the microelectrode
and reactive line respectively. A maximum growth rate of 1.1 was applied to the remainder
of the substrate/electrolyte interface. These settings resulted in a new optimal mesh being
generated for each set of parameters (z-position, [); in general, each of these meshes con-

tained in excess of 125 000 finite elements total (Figure 2.3D).

All simulation parameters are reported in Table 2.1 and the ranges were linearly sampled.

Simulation parameters are given the label ‘true’ to indicate that they are defined values.

Table 2.1: Table over simulation parameters. The number of points in a range is given in
parentheses. All simulations were carried out with a microelectrode with a radius of 5 pm.

Model Experiment  1og Kirue Liue RG H w
2Da AC Flat [-5,5] (200) [0.1,10] (200) 2,4,10,20 0 0
k=0 [0.1,10] (990) 2,4,10,20 0 0
[-2,2] (60)  [0.1,2] (39) 2 [0.2,3] (8) [0.2,3] (8)
AC Curved k=0 [0.1,2] (39) 2 [0.2,3] (8) [0.2,3] (8)
k=0 [0.1,10] (100) 2 [0.2,2] (10) 1
Model Experiment Ktrue Liue RG [
3D Line scan 1 0.5 2 0, 0.5a, la, 2a, da, 10a

2.4 Single-Point L-Fitting over Flat Substrates

The first step in the investigation of using dual-mediator systems to deconvolute x and L is

to asses the fitting of L from negative feedback approach curves (Figure 2.4A). An approach
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curve can be described as an n X 2 matrix.

Nil Ll,true

AC = [NZ] Lj,true] - (22)

Nin Ln,true
Where n is the number of points and column 1 and 2 are Ni and L., respectively. A
least-squares fit (LSF) to the analytical approximations™ of a negative feedback approach

curve can be used to fit for an effective tip-to-substrate distance (Leg) for each point.

Single-point fitting

for j=1,2,..n (2.3)

ins LSF
Nii™(L, RG)

Lj,eff
The fitted Leg is an n x 1 vector, which represents the error in the equation for negligible

error in the simulations. The error in tip-to-substrate distance (Err L) is defined as follows.
Err L = Leg — Lirue (2.4)

The single-point topography fitting from negative feedback approach curves over flat sub-
strates is shown in Figure 2.4. Figure 2.4B shows how Leg (black, solid line) deviates from
Lire (red, dashed line). Figure 2.4C-F shows Err L as a function of L. Err L is greatly

dependent on Liye. At high Lie, (%) moves towards 0, making this region unsuited for

topography fitting experimentally. For L. < 2, [Err| < 0.1 as (4%) is a lot higher in this
region and is more suited for fitting Leg. Closer to the surface (Liyye = [0.1,0.5]), the accu-
racy is excellent (|Err L| < 0.022) and L can be accurately found and used to position
the electrode or calibrate the tip-to-substrate distance. The accuracy as a function of RG

and Lye-range is reported in Table 2.3 (appendix).
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Figure 2.4: A: Scheme of a negative feedback approach curve over a flat substrate. B: Plot
of a negative feedback approach curve (RG = 2) versus Leg and Ly, showing the effect of
single-point L-fitting on curve shape. C-F: Plots of Err L versus L, for RG = 2,4, 10, 20,
respectively

2.5 rk-Fitting over Flat Substrates

To evaluate when x can be accurately fitted, Err « is defined.

Reff

Err k = log (2.5)

Rtrue

Where ke is the simulations value and kog is the fitted value. In this work, the Err
# threshold is set to +20% to be consistent with previous studies,” which corresponds

approximately to |Err k| < 0.08. kg can be fitted in two ways. The first is when the
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negative feedback approach curve is not available, Ly, is assumed to be known. This fitting

procedure consists of fitting the set of L; tue and Nij e to obtain a single Keg.

Single-mediator method
Nij(Lyne, 5, RG) 225 kg (2.6)
The other possibility is to use Leg (found in Section 2.3) for the fitting, which is when the

negative feedback curve is available.

Dual-mediator method

Nij(Leg, 5, RG) 225 kg (2.7)
Figure 2.5A shows a scheme of an intermediate kinetics approach curve. Figure 2.5B shows
selected simulated approach curves (black, markers) and their curves fitted with the least-
squares method (black, solid lines). Positive (red, solid line) and negative (blue, solid line)
feedback curves are drawn for reference. A current plateau arises when k., becomes large

or small (Figure 2.5C). Accurate s-fitting is not expected in the plateau region due to the

rue

small ( diiv : ) To find the accuracy range, the minimum and maximum Err s are plotted
as a function of Kyye (Figure 2.5D-G) for both the single and dual-mediator method. These
results reveal an interesting quality about the analytical approximations. The dual-mediator
method increases the range from which log ks can be accurately found from about [—2, 2]
to [-4.5,2] (RG = 2). For higher RGSs, this range does not consistently increase but is
shifted towards lower kyue. All accuracy ranges are reported in the appendix (Table 2.4).
Fitting an approach curve for Ly, = [0.1-10] does not substantially increase the range from
which ke can accurately be fitted over Liy,e = [0.1,5] and [0.1, 2] (Table 2.4). Therefore, the
dual-mediator method has been shown to be successful and outperforms the single mediator

system for low ke and RG = 2, albeit lowered ability to fit for high K;ue.
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Figure 2.5: A: Scheme of an intermediate kinetics approach curves over a flat sbstrate. B:
Plot of simulated approach curves—circles: kKine = 10, squares: Kine = 2.82, diamonds:
Kirwe = 0.79, stars: Kgye = 0.32—and their curves fittet for keg (black solid lines). Red
and blue curves represents positive and negative feedback response calculated with their
respective analytical approximations.”™ C: Plot of Ni versus log ke at constant height
of Liywe = 0.5, 1.0, 1.5 for the simulated approach curves in B. D-H: Plots of Err x as a
function of K and RG.
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2.6 Single-Point x-Fitting over Flat Substrates

Being able to fit for ke from a single point could dramatically increase the area of kinetic

extraction or reduce acquisition time. When L. is known, kg can be calculated.

Single-point, Single-mediator method

for j=1,2,..n (2.8)
N’ij (Ltrue7 K, RG) ﬂ) Rj eff

The other possibility is to fit with Leg, which is when the negative feedback curve is available.

Single-point, Dual-mediator method

for j =1,2,..n (2.9)
Nij(Leg, 5, RG) 225 kg

The threshold of |Err k| < 0.08 is applied to evaluate the single-point fitting. Figure 2.6
shows logic plots where red represents an error above the limit and blue an error below.
Single-point fitting works for low L. (below ~ 2). The range Ly = [0.1,1] is used to
compare the different methods and RGs. The black inset box in Figure 2.6 shows the region
of accurate r-fitting. The dual-mediator methods outperforms the single-mediator method
for RG = 2,4, but not RG = 10,20. The dual-mediator method shifts the accurate region
towards lower K. In conclusion, keg can be accurately fitted with one point close to the
substrate. One of the implications of this work is that kinetic extraction from current maps
is possible, substantiating previously reported experimental work.?**? However, the effect of

deviations from infinite flat substrates on x-fitting is next to be investigated.
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Figure 2.6: Error plots for the single-point s-fitting from simulated intermediate kinetics
approach curves over a flat substrate. Red denotes |Err x| > 0.08 and blue denotes |Err x| <
0.08. A-D: Single mediator method (fitted with L) E-H: Dual-mediator method (fitted
with Leg). Inset boxes represents the range where |Err x| < 0.08 for Ly, = [0.1,1].

Table 2.2: Comparison between the single and dual-mediator systems for the single-point x-
fitting in the range Liy,e = [0.1, 1]. The range from which kg can be fitted with |Err x| < 0.08

is reported as [min(log Kire), max(10g Kirue)]
Method RG =2 RG =4 RG =10 RG =20
Single mediator [-0.95,0.90] [-1.40,1.25] [-1.30 1.50] [-1.00 1.55]
Dual mediator  [-1.40,1.20] [-2.50,0.75] [-1.10,0.75] [-1.10,0.80]

2.7 Applying the Single-Point x-Fitting to Line Scans

Current mapping is frequently used to locate and study regions of reactivty. Typically, these
experiments are accompanied by approach curve experiments for kinetic extraction. This
section demonstrates that x-fitting is applicable to current images and line scans (obtained
in the z-y plane). When studying localized processes, the regions used for kinetic extraction
must be larger than a certain size in order to fit to the analytical approximations. This is

because such approximations have been developed for infinite substrates. When the reactive
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Figure 2.7: A: Scheme of a line scan with varying linewidth over a line displaying intermediate
kinetics. B: Linescan currents for Li.,e = 0.5, Ktrue = 1 and [ = 10a, 5a, 2a. C: Single-point
r-fitting for the line scans in B. The current at x-position 200 pm was used to fit for Leg.

region used for kinetic extraction is too small, but the geometry is known, it is possible to
obtain kinetic information through numerical simulations.!'* Poor fits are expected if the

substrate is not large enough, and no widespread fitting quality parameter is applied.

Current plateaus in SECM experiments can help identify if infinite substrate behaviour
is observed in the scan direction. Current plateaus arise when moving the electrode further
towards the center of a reactive region does not cause a current change. The region before
the edge of the reactive region no longer contributes to the current, and the reactive region
behaves as an infinite substrate. If the surrounding region displays negative feedback be-
haviour, this region can be used to fit for Leg, which allows for s-fitting. If this is not the
case, the dual-mediator method or another method for finding the tip-to-substrate distance

is necessary.

A series of line scans over a line feature of intermediate kinetics were simulated to illus-

trate that single-point fitting can be applied to line scans and current maps (Figure 2.7A).
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The line width of the reactive region (/) was varied to find the width where the current
plateaus. Example lines scans are shown in Figure 2.7B. The current reaches a plateau for
[ > ba. Single-point fitting of the line scans found keg within the error of |Err > 0.08]
(Figure 2.7C). The x-position of 200 um was used to fit for L. Single-point x-fitting has
been shown to be accurate for kinetic fitting of line scans while simultaneously determining
if the reactive region behaves as an infinite substrate. This method could also function as a

slope correction, as k should be independent of slope (for constant accuracy).

2.8 Single-Point L-Fitting over Curved Substrates

For curved substrates, L., is defined as the normalized distance between the electrode and
the ellipse co-vertex (Figure 2.3A). Figure 2.8 A shows a scheme of a negative feedback ap-
proach curve over a curved substrate. Figure 2.8C shows how height, H, affects the approach
curve shape for width, W, = 1. The change in curvature causes substantial deviations in
Leg (Figure 2.8D). When Ly, increases, the currents converge towards the bulk value and
Err L = Err Lg, + H. It is therefore most useful to look at topography extraction at low
Lirue, where (%) is largest.

Figure 2.8D-G shows how Err L changes close to the surface (Lt = [0.1,2]) for differ-
ent H and W. Although the errors can be low at L, = 0.1, the maximum Err L for each
approach curve is > 0.23. This means that accurate L.g is unavailable for the simulated
geometries. Larger substrate geometries should be simulated to find the limit of accuracy
in future works. For negative feedback, the current is only dependent on mass transport to
the electrode. For intermediate kinetics, the regenerated species need to move back to the
electrode as well, meaning that curvature is not expected to affect negative feedback and

intermediate kinetics behaviour in the same way. Consequently, inaccurate L-fitting does

not necessarily imply inaccurate k-fitting.
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Figure 2.8: A: Scheme of a negative feedback approach curve over a curved substrate. B:
Plot of concentric negative feedback approach curves over curved substrates (W =1, a =
5 um, RG = 2). C: Plot of Err L versus Ly for the L-fitting from the curves in A. D:
Change in H. E-H: Plots of Err L versus W for the L-fitting for all curved substrates.

2.9 k-Fitting over Curved Substrates

Fitting approach curves over curved substrates with dual-mediator method improves the
accuracy compared to the single mediator method (Figure 2.9). The accuracy decreases
with height and increases with width. The fitting is most successful for L. and W > 3.
This size corresponds roughly to a HEK293 cell. The regions of accuracy for this case are

summarized in Table 2.5, in the appendix.
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Figure 2.9: A: Scheme over intermediate kinetics approach curves over the simulated ge-
ometries. B-G: Logic plots of x-fitting of simulated approach curves over curved substrates
(Ltrue = [0.1,1]). Red indicates that |Err x| > 0.08 and blue denotes |Err x| < 0.08. B-D:
Single mediator method (fitted with Liy.) E-G: Dual-mediator method (fitted with Leg)

2.10 Single-Point k-Fitting over Curved Substrates

Accurate single-point k-fitting is not possible for the curved substrate case (Figure 2.10).
The best accuracy is achieved for small H and large W, as seen in Figure 2.10J. In future
works, dimensions will be increased to find the accuracy range. Fitting with L., gives

more accurate satisfying results (Figure 2.12, appendix).
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Figure 2.10: A: Scheme over approach curves over curved substrates displaying intermediate
kinetics. B-J: Logic plots for the single-point s-fitting (with L) of simulated approach
curves over curved substrates (Lgue = [0.1,1]). Red indicates that |Err k| > 0.08 and blue
denotes |Err x| < 0.08.
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2.11 Evaluation of Extraction Methods and Simula-

tions

Analytical approximations are used by a great majority of experimentalist. To compare
the discrepancy between the simulated approach curves reported herein and the reported

accuracy of the analytical approximations, error parameters are defined. The current error

(Err Ni) is defined in line with previous studies.”™

0.05 a 0.050 B
0.025 0.025 &= - - = - =
2 2
- 0 « 0.000
(= (=
w w Iy__./.
-0.025 0025 — === - - - - -
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Figure 2.11: A: Plot of max(Err Ni7) and min(Err Ni) versus ke for simulated approach
curves (Lyye = [0.1,10] and RG = 2). B: Plot of max(Err Ni) and min(Err Ni) versus
RG for four sets of approach curves (L = [0.1,10], log Kyue = [—5, 3]) C-F: Evaluation

of the single-point x and L-fitting (Figure 2.6). The current errors were calculated with
Equation 2.10.
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Err No = Niapp — Nigim For v <1

Niapp — Nigim

Err Nv =
. ! Nisim

For xk>1 (2.10)

Where Ni,p,, is the normalized current calculated with the analytical approximations and
Nigy, is the normalized simulated current. The relative error becomes large for low Kipue
and the absolute error becomes large for high kw.. By discontiniously defining the current
error, its value represents the quality of the fit across all k. It is possible to compare the
simulations to published simulations by defining the current errors as previously done in
literature.”™ Err Ni should be below 0.025 for the intermediate kinetics case. Figure 2.11A
shows the minumum and maximum Err Ni for 200 approach curves (Lgye = [0.1,10] and
RG = 2). Figure 2.11B shows the maximum and minimum Err Ni for the approach curve
sets (Liue = [0.1,10] and log Kyue = [—5, 5]) for each RG. |Err Ni| < 0.029 for all approach
curves, a reasonable agreement with literature error ranges,” albeit slightly higher than the
reported value of 0.025.7 Only a few points for each curve as shown in Figure 2.11A exceed

this limit, which means that only a fraction of the points in a fraction of the approach

curves are above the reported error. Unfortunately, the x-region affected is where < difﬁg)
is largest and is most suited for s-fitting. The exact reason for this discrepancy is difficult
to identify, but it is probably an artifact of simulation differences; most likely, sampling
density. To determine if the s-fitting is working optimally, the k. and L.g was inserted
into the analytical approximations, as shown in Figure 2.11C-F. The |Err Ni| < 0.01 for
most regions, which means that the fitting method works as intended. It does not work

well for the extremal k..., which is expected because of the current plateau in these cases

(Figure 2.5C).
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2.12 Conclusions

In Chapter 2, it was shown that when fitting entire approach curves (or a single point) to
extract k over a flat substrate of intermediate kinetic behaviour, the range of accurate extrac-
tion is increased by simultaneously fitting with the experimental negative feedback currents
for low RGs (2 and 4). The opposite is true for high RGs. This dual-mediator method shifts
the accurate k-range towards lower k. Technically, the dual-mediator fitting can be done by
fitting negative feedback approach curves for L.g at each point. This found L is subsequently
put into the analytical appoximations for intermediate kinetics. This eliminates the need to
find the tip-to-substrate distance experimentally and removes ambiguity in s-fitting. This
method also avoids microelectrode-substrate contact and eliminates the electrode size error
in r-fitting, which can affect the L-normalization. In fact, fitting experimental approach

curves is not always straight forward and error in @ might be one of the contributors to this.

The dual-mediator method requires a preferential mediator response from a surface, neg-
ative feedback, and intermediate kinetics. Selecting an irreversible redox mediator (e.g.

anthracene or a redox mediator where the reverse reaction is unfavored will result in

107)
negative feedback behaviour. Moreover, the cell membrane shows preferential response to
different redox mediators and Ruhex can be used as a negative feedback mediator. It is also
possible to use the dual-mediator method for studying patterned enzymes by adding an extra
mediator that does not interact with the surface. It has also been shown that an approach

curve (or a single point) can be fitted over curved substrates of intermediate kinetics with

comparable dimensions to the electrode, albeit with a drastically shortened x-ranges.
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2.13 Appendix

2.13.1 Single-Point L-Fitting over Flat Substrates

Table 2.3: Overview of Err L for different ranges of Ly for single-point L-fitting from
simulated negative feedback approach curves over flat substrates.

Range RG =2 RG =4 RG =10 RG =20

0.1-10  [-0.9468,0.1005]  [-1.2573,0.1227]  [-0.2888,0.0611]  [-0.2891,-0.0029]

0.1-5  [-0.0981,0.1005]  [-0.0201,0.1227]  [-0.0282,0.0611] [-0.1166,-0.0029]

0.1-2  [-0.0079,0.0930]  [-0.0201,0.0729] [-0.0282,-0.0036] [-0.0414,-0.0029]

5 5 )

- )

]
]
]
0.1-1 0.0079,0.0249]  [-0.0201,-0.0041] [-0.0282,-0.0036] [-0.0276,-0.0029
0.1-0.5 [-0.0079,-0.0024] [-0.0196,-0.0041] [-0.0211,-0.0036] [-0.0172,-0.0029
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2.13.2 k-Fitting over Flat Substrates

Table 2.4: Overview of |Err x| < 0.08 for different ranges of Ly for fitting intermediate
kinetics approach curves over flat substrates when the experimental negative feedback curve
is available (dual-mediator method) and when it is not (single-mediator method).

Lirue Method RG =2 RG =4 RG=10 RG =20
0110 Dual mediator [-4.30,2.15] [-2.60,1.70] [-2.20,1.70] [-1.70,1.75]
Single mediator [-2.10,2.10] [-2.50,2.35] [-1.90,2.50] [-1.50,3.30]
o Dualmediator [415215] [275.170] [250,1.70] [185.175
Single mediator [-1.80,2.10] [-2.70,2.35] [-2.05,2.50] [-1.65,3.30]
010 Dual mediator [-3.55,2.15] [-2.65,1.70] [-2.75,1.70] [-2.05,1.80]
Single mediator [-2.00,2.10] [-2.00 2.35] [-2.10,2.50] [-1.85,3.30]

41



2.13.3 «k-Fitting over Curved Substrates

Table 2.5: Overview of ranges of |Err k| < 0.08 as function of H for fitting approach curves
over curved intermediate kinetics substrates for Ly, = [0.1,1] and W >3

H-range Single mediator Dual mediator

[0,0.6] -0.5,0.9] [-1.5,1.8]
[0,1.0] [-0.4,0.5] [-0.9,1.2]
[0,1.4] [-0.3,0.3] [-0.5,1.0]
[0,1.8] -0.3,0.2] -0.3,0.9]
0,2.2] [-0.3,0.1] [-0.2,0.8]
[0,3.0] -0.3,0.1] [-0.1,0.7]
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2.13.4 Single-Point x-Fitting over Curved Substrates
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Figure 2.12: A: Scheme over intermediate kinetics approach curves over curved substrates.
B-J: Logic plots for the single-point s-fitting (with L) of simulated approach curves over
curved substrates (Lyye = [0.1,1]). Red indicates that |Err x| > 0.08 and blue denotes
|Err x| < 0.08.
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Chapter 3

Quantifying MRP1 Transport
Activity of HEK293 and HEKMRP1
Cells

3.1 Contributions

Chapter 3 was written by SS. Zeonor substrates were fabricated by MG. Experimental data
was acquired by SS, with the exception of the data presented in Figure 3.5C, which was

acquired by NP and SS. Data was treated by SS.

Extraction of kinetic parameters using SECM in feedback mode remains challenging for
living cells. Chapter 2 discussed the use of analytical approximations and a dual-mediator
method (one for negative feedback and one for intermediate kinetics) to deconvolute topogra-
phy and surface kinetics, using simulated reference data. In Chapter 3, the FcMeOH /Ruhex
dual-mediator method is applied experimentally to assess MRP1 activity in HEK293 and
HEKMRP1 cells. The previously reported methodology was successfully reproduced.”2 A

crucial discrepancy in the relationship between surface reactivity and tip-to-substrate dis-
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tance was identified. A new method was then suggested, which aims towards mitigating

topography effects. No contrast between the HEK293 and HEKMRP1 cells was observed.

3.2 Introduction

The effects of protein expression is usually studied by introducing the respective gene into a
model cell line. The resulting cell line will have new properties, depending on the functions
of the protein. MRP1 overexpressing cell lines, for instance, are multidrug resistant.®!126 In
Chapter 3, the HEKMRP1 and HEK293 cell lines serve as positive and negative controls,
respectively, where HEKMRP1 is the MRP1 overexpressing variant of the parental cell line,
HEK?293. High MRP1 expression in the HEKMRP1 cell line should be ideal for maximizing
contrast in MRP1 activity. Common methods for studying protein expression include im-

115,116

munostaining methods like western blotting, immunofluorescence and flow cytometry,

and mRNA expression by PCR.

The overexpression of MRP1 can bring about different cellular changes, including changed
levels of GSH.?% As GSH is transported out of the cell by MRP1, its intracellular concentra-
tion is important for its eflux rate and its quantification is required for a simulation model

t.80

development.® The goal of such a model would consist of attempting to fit a rate constant

for the GSH efflux. Assessing the intracellular GSH concentration is therefore critical.

The GSH reductase recycling assay—reported in 1969 by Tietze!'”™serves as one of the
most used and trusted methods for GSH quantification.''® Since glutatione reductase natu-
rally reduces gluathione disulfide, this method finds the total GSH concentration, the sum of
GSH and GSH disulfide. The HEK293 and HEKMRP1 cell lines grow at different rates and
have a different sizes. Therefore, the GSH quantification needs to be normalized to inde-

pendent factor. Typical options are cell number and protein content.!'® Normalizing to cell
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number would be nonideal for different cell lines as their size typically varies. Normalizing
to protein content is a commonly used method in experimental biology /biochemistry. Two
common methods for quantifying protein in cell lysates are the bicinchoninic acid (BCA)!?°
and the Bradford assay.'?! The problem with these assays is that the response factor for the
standard is different then that of the lysate.!??7124 As a consequence, quantitative protein
quantification is difficult and was chosen to be done by dilution series to give relative protein

quantification.

In Chapter 3, the MRP1 overexpression will be verified by Western blotting and the effects of
MRP1 overexpression on intracellular gluathione levels will be quantified. The dual-mediator
feedback method discussed in Chapter 1 and 2 will be applied to assess the MRP1 activity
of the HEKMRP1 and HEK293 cell lines. The previously reported dual-mediator method
using FeMeOH /Ruhex will be used.”™?? Chapter 2 predicts that x can be accurately fitted
over a cell. Experimentally, many adverse effects can influence the results such as electrode
fouling effects, presence of interfering redox species and deviation from heterogeneous be-
haviour. An alternate approach includes comparison to numerical simulations or calibration

curves rooted in the EC’-mechanism.

The EC’ mechanism is the denotation of the reversible electron transfer at an electrode
followed by an irreversible chemical redox process by the formed species in solution, which
regenerates R. F is a heterogeneous electron transfer at the electrode surface, C' is a chemi-
cal reaction undergone by the formed species, and / denotes that this procedure is catalytic

(regenerates the reactant at the electrode).

R-—ze==0 (Equation 2.1)

O+X > R+Y (3.1)
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X and Y is a different redox couple in solution. It has been proposed that glutahtione is

oxidized by ferrocenium derivatives according to the £C’ mechanism.%’

Fc — ne — Fc©

kreg
Fc™ + GSH—%Fc + GS- + H*Y (3.2)
2GS — GSSG

Where Fc is a ferrocene derivatives, GSSG is glutathione disulfide and kg is the second order
homogeneous rate constant for the regeneration of Fe. SECM has been used to find kyeg. 212

However, it is not clear how to relate GSH concentration to current at a microelectrode.

3.3 Experimental

All materials were obtained from Sigma-Aldrich used without further purification. Data

treatment was done in MATLAB R 2016b®.

3.3.1 Western Blotting

A confluent 75 cm? flask was cooled down on ice before the cells were washed twice with
ice cold phosphate-buffered saline (PBS). Then, 400 uL of ice cold RIPA buffer was added
and the cells were detached by scraping. The cell suspension was transferred to a tube and
agitated for 30 min on ice before it was centrifuged (20 min, 14462¢). The protein concentra-
tion of the lysate was determined via the Bradford method,'?! using bovine serum albumin

(BSA) as standard.

The samples were mixed with Laemmli buffer (Bio-Rad) and boiled for 5 min before 15
ug of protein was loaded (Mini-PROTEAN TGX Precast Gel 7.5%, Bio-Rad). The SDS-
PAGE was run at 200 V for 45 min with a Mini-PROTEAN Tetra Cell (Bio-Rad) on with
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a precision plus protein dual-color standards ladder (Bio-Rad). The gel was equilibrated
for 5 min in transfer buffer before the proteins were transferred to a 0.45 um nitrocellulose

membrane (1 hr, 100 V, Bio-Rad).

The membrane was washed 3 times (5 min) with tris buffered saline with 0.1% Tween
(TBST) before it was incubated for 1 hr at room temperature (rt) in blocking solution (3.3%
BSA in TBST). The membrane was washed 3 times (5 min) with TBST and cut in half below
the 75 kD standard. The top part of the membrane was incubated at overnight in blocking
solution at 4 °C with 1:50 Anti-MRP1 antibody [MRPm5] (Abcam, ab24102). The bottom
membrane was incubated overnight in blocking solution at 4 °C with 1:500 GAPDH mouse
monoclonal antibody (ThermoFisher, 398600). Both membranes were washed 3 times (5
min) with TBST before they were incubated for 1 hr at rt in blocking solution with 1:10000
Goat Anti-Mouse IgG Fc (HRP) (abcam, 97265). The membranes were developed with a
Clarity Western ECL Substrate kit (Bio-Rad) and imaged with a ChemiDoc MP System

(Bio-Rad). Image treatment was achieved with Image Lab 6.0 (Bio-Rad).

3.3.2 GSH Quantification

Cells (1.5 x10% — 5 x 10°) were seeded 2-3 days before GSH quantification in a 6 well plate
(CELL+, SARSTEDT). The cells were washed twice with PBS before 500 pL. Trypsin/EDTA
(2.5 g/L and 1 g/L, respectively) was added. The cells were incubated at rt for 0.5-2 min
and then 1000 uL, DMEM™ was added. The cell suspensions were titurated before they were
centrifuged (5 min, 400g), washed twice with PBS and resuspended in 3% 5-sulfosalicylic
acid in water (18.2 MQ). After 3 minutes of vortexing and centrifugation (16000g, 2 min),

the supernate was immediately used for the GSH assay.

A solution of 1.68 mM 5,5-dithiobis(2-nitrobenzoic acid) was mixed (50/50) with 3.3 units/mL

glutathione reductace). The resulting solution (120 pm) was added to a 96-well plate. The
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well plate was tapped for 30 s before 60 uL of 0.8 mM S-nicotinamide adenine dinucleotide
2-phosphate was added. The plate was equilibrated at 30 °C for 2 min before the absorbance
was read at 412 nm for 2 min with 30 s intervals. The slopes from linear regression of ab-
sorbance versus time were plotted versus sample concentration to give dilution curves. The
relative GSH levels were found as the ratio of the slopes of the dilution curves; the slopes of
HEKMRP1 were divided by the slopes for HEK293. A calibration curve was generated to

ensure that all found slopes were within the linear range.

The precipitated proteins were dissolved in 1000 pL. PBS and 10 pL. 5 M NaOH (Ther-
moFisher). The relative protein contents were found using the BCA assay'?® and normalizing

the slopes of dilution series.

3.3.3 SECM Approach Curves Over Cell Layer

Zeonor 1060R slides (2.3 cm in diameter and 0.5 mm in thickness) were fabricated and
uniformly treated with oxygen plasma as described previously.”? HEK293 cells (3.5 x 10°)
were seeded on Zeonor slides 2 days before the SECM experiments. The Zeonor slides were
then washed with PBS 2 times before it was mounted in the electrochemical cell and 2 mL of
imaging solution was added (0.5 mM Ru(NH;)4Cl;, 0.5 mM FcMeOH, and 25 mM HEPES
in DMEM™). The electrode was first positioned over the cells through negative feedback of
ruhex reduction. Then, the electrode was retracted 350 pm (L ~ 100) in the z-direction,
and a 10 s chronoamperometry measurement was performed for FcMeOH at 350 mV. The
electrode was then moved down 350 um and an approach curves was preformed at 350 mV
at 0.5 pum s~' (12 pm in total). Another approach curve was performed for ruhex at -350
mV by retracting the electrode 12 pm at an approach speed of 0.5 yum s~!. The electrode
was again retracted 350 pum in the z-direction, and a 10 s chronoamperometry measurement
was performed for Ruhex at -350 mV. This procedure was repeated eight times at different

locations.
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3.3.4 Electrochemical Measurements

Electrochemical measurements were carried out in PBS, unless otherwise noted. Electrode
sizes, materials and geometries are reported in their respective captions. In-house fabricated
Ag/AgCl reference electrodes were used. SECM measurements were performed on an ELP 3
instrument (HEKA, Germany). In the cases where the electrode was positioned close to the
surface, the tip-to-substrate distance was found by two methods. The electrode was either
crashed into the substrate to find an inflection point approximating Ly, or the probe was
moved until the current reached 60% or 75% of that in bulk solution and L was calculated

during the experiment.

3.4 Effects of MRP1 Overexpression

High MRP1 expression in the HEKMRP1 cell line is ideal for maximizing contrast in MRP1
activity. The overexpression of MRP1 was verified by western blotting (Figure 3.1A). Al-
tough MRP1 is expressed to some extent in most tissue, no detectable amount of MRP1 was
found in the HEK293 cell line. The relative intracellular GSH concentration of HEKMRP1 to
HEK?293 was found to be 0.43 +0.06 (95% CL, n = 9) normalized to relative protein amount.
Figure 3.1B shows an example of a dilution curve for the GSH assay. The dilution curves
show high linearity and the calibration curve (Figure 3.1C) shows a linear range between
0.23 and 0.0096 min~!. All values used in the GSH quantification fall within this range. For
the quantification of GSH, the HEKMRP1 lysates were about double the concentration than

HEK?293 to avoid any systematic error arising from the high difference in GSH concentration.

Higher inherent efflux of GSH is expected in the HEKMRP1 cell line. If the efflux rate of
GSH is dependent on its intracellular concentration, lowered GSH levels in the HEKMRP1
cell line can reduce contrast between the cell lines for the inherent GSH efflux. Contrast be-

tween the cell lines can be increased by treatment with the cardiovascular drug, verapamil.?
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This drug preferentially causes GSH eflux by MRP1. Higher extracellular concentration can

make its electrochemical detection easier.
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Figure 3.1: A: Western blot showing the MRP1 overexpression of the HEKMRP1 cell line
relative to the parental cell line, HEK293. B: Example of dilution curves for the GSH
quantification for HEK293 (circle, R* = 0.988) and HEKMRP1 (Square, R? = 0.993).
The slope—calculated from linear regression of absorbance (412 nm) versus time in a GSH
enzymatic recycling assay—is plotted versus volume of cell lysate. C: Calibration curve of
the GSH assay (R? = 1.000), which shows a linear slope range between 0.23 and 0.0096

min !

3.5 Applying the Feedback Method

To assess the MRP1 activity of the two cell lines with the feedback method, SECM maps
were acquired with the FeMeOH/Ruhex dual-mediator method. The data processing is ex-
emplified with an image acquired =~ 20 ym over a HEKMRP1 cell. From the Ruhex current
map (Figure 3.2A), single-point topography fitting was used to obtain a topography profile
(Figure 3.2B). This topography profile was then used together with the FcMeOH current
map (Figure 3.2C) to fit for keg (Figure 3.2D). The SECM imaging and kinetic extraction

was deemed successful.
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During SECM imaging of the HEK cell lines, it was found that the cell topography var-
ied enough that a fixed imaging height could not be used. Instead, the imagning height was
determined for each case with ruhex line scans. Similarly, kg was found to vary substantially
as well. Figure 3.3 shows two example maps with high variance in the fitted kg, 0.11 and
0.39. The width of the cells were around 20 pum (W ~ 6), which falls within the accurate
range, assuming that the fitting error does not increase with increased width. The minimum
Leg in the images, corresponding to the cell apex, varied substantially too, Leg = 1.26, 0.14,
respectively. For infinite substrate behaviour, the absolute difference in L.g corresponds
to &~ 3.9 um. It is thought that differences in topography affect reg. Consequently, the

k~-L-relationship needs to be evaluated further.
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Figure 3.2: Parameter extraction from SECM current maps over a HEKMRP1 cell at a
constant height of 20 ym. The dimensions were 100x 100 pm, with an imaging time of less
that 6 min per map. The imaging solution consisted of 1 mM FcMeOH and Ru(NH;)4Cl,
(ruhex) in DMEM™. A carbon fiber microelectrode was used (a = 3.5 pm, RG = 2.8). A:
Normalized ruhex current map (acquired at -350 mV Vs. Ag/AgCl). B: Topography profile
extracted by fitting each point in A to the negative feedback analytical approximations.
C: Normalized FcMeOH current map (acquired at 300 mV Vs. Ag/AgCl). D: Extracted
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Figure 3.3: A-B: Optical micrographs of imaged HEKMRP1 cells. The red inset denotes

100 x 100 pm C-D: Extracted activity profiles from SECM current maps of FcMeOH and
ruhex. A carbon fiber microelectrode was used (a = 3.5 pm, RG = 2.8).
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3.6 Evaluating the Feedback Method

To reduce the effect of varying topography in the assessment of the x-L-relationship, a series
of approach curves were recorded with the dual-mediator system over a layer of HEK293 cells
(Figure 3.4A). A clear current difference is observed, showing the noninsulating behaviour
of the HEK293 cells towards FcMeOH™. Figure 3.4B shows Leg, found by the single-point
fitting of the ruhex approach curve, plotted versus recorded electrode position during the
experiment. The high linearity indicates accurate L-fitting. The approach curve sets were
subjected to the single-point r-fitting (Figure 3.4C). The experimental variance of kg with
Lg greatly exceeds the expected error for the flat substrate case in Chapter 2. In the case
of an ideal topography normalization, a plot of k. versus L.g would yield a straight line
with no slope and R? = 0. The clear deviation of this behaviour indicates that the irregular

topography of the HEK cell lines cannot be accurately accounted for. One of the possible
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Figure 3.4: A: Example approach curves for the oxidation of 0.5 mM FcMeOH (red, dashed
line) and the reduction of 0.5 mM ruhex (black, solid line) over a layer of HEK293 cells.
A carbon fiber electrode with @ = 3.5 yum and RG = 5 was used. The applied potentials
were 300 mV and -350 mV against Ag/AgCl, respectively. B: Plot of Leg versus arbitrary
z-position, linear regression yielded R? = 0.996. L.g was found by single-point fitting of
the ruhex approach curve in A to the negative feedback analytical approximations.” C:
Plot of ket versus Leg, for eight sets of approach curves. k. was calculated with the single-
point fitting to the first order heterogeneous kinetics analytical approximation,”™ using the
respective Leg.
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explanations for the high variance of kg could be the cell permeability of FcMeOH, which

gives a similar effect on approach curve shape.®3 A new approach is therefore needed.

3.7 The EC’" Model for GSH Detection with FcMeOH

Alternatively, the regeneration of FcMeOH can be viewed as an EC’ mechanism as previ-
ously described in Section 3.2. GSH efflux would give rise to a detectable concentration of

GSH in the extracellular environment. Previous studies of cellular flux have directly recorded
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Figure 3.5: A: Macro (2 mm glassy carbon electrode) CV of 1 mM FcMeOH with (red,
dashed line) and without (black, solid line) 3 mM GSH. The scan rate was 25 mV/s. B:
Scheme of linear mass transport. C: Micro (Pt, a = 12.5 pm) CV of ImM FcMeOH with
(red, dashed line) and without (black, solid line) 5 mM GSH. D: Scheme of hemispherical
mass transport. The scan rates were 25 mV /s and the first cycle is shown.
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the redox mediator concentration far enough from the cells to avoid topography contribu-
tions.”™ 8% To asses if this approach is feasible for the EC’-model, Cyclic voltammtery (CV)
measurements were recorded of FcMeOH in bulk solution with a macro- and micro-electrode.
A substantial increase in peak current is observed on the macro scale when the solution is
spiked with GSH (Figure 3.5A). On the contrary, no increase in steady state current is
observed on the microscale (Figure 3.5C). As mass transport is substantially faster to an
electrode of this size (Figure 3.5B and D), the regeneration process seems to the overshad-

owed. This approach is therefore not possible.

When a microelectrode is moved close to a surface, mass transport is hindered (negative
feedback). Reducing mass transport could enhance the relative current increase, occurring
when the solution is spiked with GSH. Inconsistent results were found for high GSH con-

centrations (not shown). However, for a lower concentration of both GSH and FcMeOH,
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Figure 3.6: A: Scheme of the EC" mechanism. B: Chronoamperomograms of 50 uM FcMeOH
continiously spiked with GSH. A platinum electrode was used (e = 12.5 um, RG = 3) and
positioned at a height of ~ 10.4 pum over the Zeonor substrate. C: Plot of steady state
currents from the chronoamperomograms in B versus GSH concentration and linear fit (red,
dashed line) to the linear region (R? = 0.989).
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a linear region was found with chronoamperometry (Figure 3.6). When the solutions were
not degassed, large concentrations of GSH caused substantial electrode fouling (Figure 3.9).

This could also be the reason for the lack of current increase in Figure 3.5.

3.8 Regeneration of Other Ferrocene Derivatives

The regeneration by GSH is observed for other ferrocene derivatives (Figure 3.7). FcCOOH

for instance, has an even higher capability than FcMeOH to be regenerated by GSH (Fig-
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Figure 3.7: Cyclic voltammograms of different redox mediators at 1 mM concentration before
and after being spiked with GSH to 1 mM. The electrode was a 2 mm glassy carbon electrode.
A: Ferroceneacetic acid. B: Ferrocenecarboxylic acid. C: Ferrocene methanol. D: 1,1’-
Ferrocenedicarboxylic acid. E: (Dimethylaminomethyl)ferrocene. F: Ferrocenecarboxylic
acid
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ure 3.7B). Using a ferrocene derivative that is cell impermeable would be advantageous
as no current contribution would arise from flux through the cell membrane. Charged re-
dox mediators typically have drastically reduced cell membrane permeability. FcCOOH,
Fc(COOH),, FcMeNMe, and FcMeCOOH are examples of redox mediators which would be
expected to be cell impermeable. FcCOOH was not used due to its light sensitivity, which
prevents FcMeOH oxidation and causes precipitation on the electrode surface (Figure 3.8,
appendix). Fc¢(COOH),, FcMeNMe, did not shows ideal behviour on the micro scale (not
shown). FcMeCOOH, however, was included in the application of the chronoamperometry

method.

3.9 Applying the Chronoamperometry Method

While applying the feedback method to a layer of HEK293, it was found that the cell layer
behaves approximately as a flat substrate and gives a negative feedback response. The best
way of dealing with varying topography would be to position the electrode at a constant
height over a layer of cells. The cell layer will not be completely flat, but it should be more
reproducible than trying to position it over a single cell; lateral diffusion from around the
cell contributes to the normal flux of species. To asses if the chronoamperometry method
can be used to assess MRP1-mediated GSH efflux, a response factor is defined.

Nipe
Nigy

R, (3.3)

Where Nig. and Nig, are normalized ferrocene derivative and Ruhex currents close to the
surface, respectively. This new parameter is hard to interpret quantitatively because of the

normalization; however, it should serve as a guide to see if there is contrast between the cell

HEK?293 and HEKMRP1 cell lines.
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The morphology of a cell can change drastically during the course of an SECM experiment
because of cell stress (Figure 3.10). By performing chronoamperometry instead of imaging,
experimental time is reduced from about 12 min to 1-2 min per measurement. Also, the

drastically reduced acquisition time reduces fouling effects.

The chronoamperometry method was applied to layers of HEK293 and HEKMRP1 cells.
The results can be found in Table 3.1. Three redox mediators were tested, FcMeOH, FcMe-
COOH, and Fc¢(MeOH),. No increase in Ry was found for the HEKMRP1 cells. Interestingly,
Ry is similar for the two cell lines, although slightly higher for the HEK293 cells. This might
be due to other reducing compounds on or in vicinity of the cells, which are present in higher

concentrations in the HEK293 cells. For instance, reducing proteins in the cell membrane.

Table 3.1: Ry found by performing chronoamperometry measurements over layers of HEK293
and HEKMRP1 layers at a height of ~ 6 pm . A carbon fiber electrode was used (a ~ 3.5
and RGs = 4-6). The uncertainty is reported as confidence intervals at 95% CL
Mediator ~ Concentration HEK293 HEKMRP1
Fc(MeOH), 0.5 mM 1.077 (£ 0.001, n =9) 1.069 (£ 0.001, n = 14)
FcMeCOOH 0.5 mM 1.065 (£ 0.001, n = 17) 1.062 (4 0.001, n = 9)
FcMeOH 0.5 mM 1.155 (£ 0.001, n = 20) 1.154 (£ 0.001, n = 20)
FcMeCOOH 25 M 1.119 (£ 0.001, n = 17) 1.097 (£ 0.001, n = 23)

3.10 Conclusions

The feedback method was successfully applied to the HEK cell lines. Due to the high vari-
ance found in ke, approach curve experiments were carried out to shed further light on
the k-L-relationship. It was found that the feedback method is not able to account for the

varying topography of the HEK cell lines. A new method based on the EC’-mechanism was
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developed, which did not find any higher response from the positive versus the negative con-
trol. The exact contributions to the regeneration of ferrocene derivatives remains unclear.
Other species originating from the cell or produced oxygen species might be contributors.

Other methods such as AC-SECM, SECM-AFM, IC-SECM, and shearforce could also cir-

cumvent the topography issue.

Although contrast is seen in the calcein-AM activity assay,”® it is not clear if this is the
case for GSH. The Tietze method used to find intracellular GSH concentrations can also
be used to quantify the extracellular concentration,’? which would represent the inherent
GSH efflux. A better approach could be to treat the cells with verapamil, which depletes
GSH through MRP1-mediated efflux. GSH depletion would give a much higher extracellular

concentration than observed inherently, making it’s detection easier.
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3.11 Appendix

3.11.1 Light Sensitivity of FcCOOH
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Figure 3.8: A: Cycle 1-3 of CVs of 1 mM FcCOOH with (red, dashed line) and without
(black, solid line) light on. A carbon fiber microelectrode was used (a = 3.5 um, RG = 6).
The scan rate was 25 mV/s. B-C: Optical micrographs of the carbon fiber microelectrode

before and after the CVs, respectively. Substantial electrode fouling is observed after the
CVs.
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3.11.2 Electrode Fouling in the Presence of GSH
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Figure 3.9: Cycle 1 of CVs of 1 mM FcMeOH without (black, solid line) and with 5 mM
GSH (red, dashed line). The electrode was rinsed and placed in a new solution of FeMeOH
without GSH, to ensure that the current drop is a result of electrode fouling (black, dashed
line). A platinum microelectrode was used (a = 12.5 pm, RG = 3). The scan rate was 20

mV/s.
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3.11.3 Current Stability in SECM Imaging
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Figure 3.10: A: Optical micrograph of a HEK293 cell that was continuously imaged with
SECM. The SECM imaging area was 100x100 gm and the imaging time was less that 6
min per image. Current maps were continiously recorded over the cell alternating between
FcMeCOOH (350mV vs Ag/AgCl) and ruhex (-350 mV) as redox mediator (10 maps in
total). B: Lines scans from the ruhex maps. C,D: Change is steady-state currents in bulk

solution for FcMeCOOH and ruhex, respectively.
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3.11.4 Western Blotting Solutions

RIPA buffer: 150 mM NaCl, 0.1% SDS (Bio-Rad), 1% Sodium deoxycholate, 1% Triton X-
100 (Bio-Rad), 25 mM Tris-HC1 0.5 M pH 6.8 (Bio-Rad), 1% Halt Protease and Phosphatase
Inhibitor Cocktail, EDTA-free (ThermoFisher).

Transfer buffer: 50 mM tris (Bio-Rad), 40 mM glycine (MP Biomedicals), 0.04% SDS (Bio-
Rad), 20% MeOH

Running buffer: 25 mM Tris (Bio-Rad), 0.2 M Glycine (MP Biomedicals), 0.1% SDS (Bio-
Rad)

TBST buffer: 10% 10x Tris Buffered Saline (TBS, Bio-Rad) 1 mL Tween 20 (Bio-Rad)
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Chapter 4

Conclusions and Future Work

4.1 Summary and Contributions to Original Knowl-
edge

In Chapter 2, the previously reported single-point x and L-fitting methods were validated.
Such methods improved electrode positioning, increase the spatial resolution of k-fitting
and alleviate the need to find L by external means. It has been shown that when the
substrate shows negative feedback, L can be fitted from a single point with the negative
feedback analytical approximation. This implies that in many cases ,crashing the electrode is
unnecessary when positioning the electrode because L can simply be calculated. Secondly, if
a reactive feature is surrounded by a surface displaying negative feedback, x can accurately be
fitted to the analytical approximations in the horizontal plane. The tip-to substrate distance
can be calculated on either side of the reactive feature, which can then be extrapolated to
back out the entire L-profile. Omnce this L-profile is known, the current in the reactive
region can be used to fit k. This method aims towards taking full advantage of the spatial
resolution available with SECM. Simultaneously, it can be assessed if the reactive feature is

large enough to display infinite substrate behaviour.
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More generally, it was shown through numerical simulations that the single-point x-fitting is
possible without any knowledge of L with a dual-mediator system, where one redox mediator
shows negative feedback behaviour regardless of surface kinetic. This is possible when the
surface preferentially does not regenerate one redox mediator or when the negative feedback

redox mediator behaves irreversibly (e.g. anthracene'%?).

In Chapter 3, it was shown that the HEK293 and HEKMRP1 cell lines can be patterned
and imaged with SCEM. The FcMeOH /Ruhex system in SECM feedback mode was applied
to assess MRP1 transport activity of GSH in the HEK293 and HEKMRP1 cell lines. Sur-
prisingly, a high variance in x and L was found when imaging single/small clusters of cells.
When the k-L-relationship was further investigated by approach curve experiments, issues
with the topography normalization was found. A new method rooted the EC’-mechanism
was developed; yet, no contrast was found between the HEKMRP1 and HEK293 cells. Other
contributors to the regeneration of the ferrocene derivatives could be reducing sugars, reac-

tive oxygen species in the extracellular environment, and/or uneven cell density.

4.2 Future Works

In Chapter 2, the simulation data had small associated errors and were not subject to inter-
ferences observed in physical experiments. Examples of experimental interferences include
electrode fouling effects, presence of interfering redox active species, and electrode position
errors. The effects on accuracy of the studied method is uncertain and needs to be evalu-
ated experimentally. Recently, we published a study where surface reactivity was spatially
controlled by depositing a SiO, layer over a conducting gold surface.'?” These substrates
can be fabricated with high precision and a variety of different feature shapes and sizes.
(Figure 4.1). The r-fitting of approach curves and line scans can be compared over these

substrates. Conductors with a large surface area relative to the electrode typically show pos-
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Figure 4.1: Optical micrographs of a Au/SiO, substrate. A: Circles. B: Lines. C: Numbers.
D: Intersecting lines.

itive feedback behaviour. If the kinetics of the substrates is too large, it can be dampened
by a self-assembled thiol monolayer.'?® Since a conductor behaves as a bipolar electrode, the
rate of regeneration at its surface is dependent on the exposed surface area.'*® Exposing only
one gold feature could dampen the electrochemical activity without chemically blocking it.
This can be done by punching pum-sized holes in a PDMS membrane,'® which covers the

remaining features.
As seen in Chapter 3, the irregular topography of cells can make quantitative measurements

challenging. These challenges could also be met by using constant distance measurements

such as shearforce?® ™ or AFM!% instead of the FcMeOH/Ruhex system. These methods
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keep the microelectrode at a constant distance from the cell and increased current should
be observed with higher extracelluar GSH concentrations. The lack of contrast could also
be due to low inherent transport activity of GSH by MRP1,33:3869 despite the substantially
lowered intracellular concentration of GSH in the HEKMRP1 cell line. Quantification of
extracellular glutahione levels could shed further light on the inherent GSH efflux, which is
possible with the GSH reductase recycling assay.5>!'” Treating cells with verapamil causes
MRP1-mediated GSH efflux. Inducing GSH efflux with verapamil is a promising method
for better electrochemical detection due to the higher GSH concentrations. Inhibition of
MRP1 has been shown to decrease this efflux.?® Quantifying the GSH flux can be used to
study the inhibition process. Cellular eflux has been shown to fit a constant flux model™ 8

(Figure 4.2A and B), as represented by Equation 4.1.

C(z,t) = % [(%)0'5 exp (;—;i) - g erfc (ﬁ)l (4.1)

Where C' is concentration of species of interest, x is distance from surface, f is flux from

surface, D is diffusion coefficient, ¢ is time and erfc is the complementary error function.

2 X
erfe=1- —— eV dy (4.2)
™ Jo

The degree of inhibition is described by the Hill equation.31:132

1
1050 \"
1+ (%)

Where fi.x is the flux with no inhibition, ICjy is the concentration of inhibitor causing a

f = fmax (43)

50% reduce in flux, [I] is the inhibitor concentration and n is the Hill coefficient.
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Figure 4.2: A: Scheme of linear, constant mass transport from a cell monolayer. B: Current
versus time plots for the detection of a constant flux from a cell. C: Dose-response curve for
the inhbition of cellular efflux.

Treating cells with different inhibitor concentrations—called a dose-response curve (Fig-

ure 4.2C)—can be used to extract IC5p, a common parameter in biology.

Numerous studies of the electrochemical detection of gluathione have been reported.!3® For

134,135

instance, catechols have been used instead of FcMeOH to quantify GSH. There are

many methods for the direct GSH detection: mercury®®® and mercury amalgam,” gold,?®

139-141) = Although there are ex-

and modified carbon electrodes (e.g. ferrocene derivatives
amples of GSH detection with microelectrodes,'? macroelectrodes are typically used. If the
surface of a microelectrode can be modified for GSH detection, the increased mass transport
observed on the micro scale should improve the sensitivity. Alternatively, surface confine-

ment of ferrocene moieties at the microelectrode surface will mitigate the effect of mediator

permeability in cells and reductive components in the plasma membrane.

Quantitative SECM remains challenging for substrates that are not ‘ideal’; that is, they

are not flat, infinite, or perfectly aligned with the electrode. Analytical approximations that

71-73 3

simplify data treatment of kinetic extraction are not always accurate in such cases.

Many methods have been used to tackle SECM studies over non-ideal substrates. SECM
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instruments usually have built-in methods for slope correction and certain stages can correct
electrode-substrate misalignment. For integrated slope correction, the electrode is moved
incrementally in the respective dimension that is being corrected for during the scan. No
analytical approach exits for kinetic extraction over substrates that do not show non-infinite
behaviour or steep curvature, relative to the probe size. Therefore, comparison to numerical
simulations is necessary in such cases.!*14* However, it is possible to establish the conditions
in which the analytical approximations can still be used, as shown in this thesis. Although
there are many constant-distance modes in SECM, they are not used for quantitative ki-
netic extraction because the absolute tip-to-substrate distance is not always know.”” It was
slso shown that dual-mediator systems that deconvolute negative and intermediate kinetic
behaviour are a promising way of tackling the challenges of quantitative SECM.%19? Us-
ing dual-mediator systems in conjugation with constant distance instrumentation can be a
powerful tool in quantitative Bio-SECM studies where substantial curvature makes kinetic

extraction difficult.
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