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Drug resistance in cancer presents a significant challenge in oncology, contributing to most chemotherapy
failures. Early detection of drug resistance is crucial for improving treatment outcomes. Ovarian cancer is
often treated with platinum-based drugs, such as carboplatin (CBDCA), but unfortunately, resistance to
these compounds is common. The exact mechanisms behind platinum-based drug-resistance remain
unclear. This research demonstrates the use of scanning electrochemical microscopy (SECM) to track
the cellular response to chemotherpeutic exposure through the quantification of glutathione, a cellular
antioxidant, as a biomarker for cellular drug resistance. In the presence of the redox mediator
ferrocenemethanol, SECM successfully tracks differential cell redox behaviours in CBDCA-susceptible
and CBDCA-resistant ovarian cancer cell models in response to chemotherapeutic exposure. The
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Introduction

Chemoresistance is the ability of cancer cells to evade and cope
with the presence of chemotherapeutics.” It is the leading cause
of chemotherapy failures and cancer fatalities,* and has been
reported for nearly all chemotherapeutics currently used to treat
cancer. Resistance mechanisms are diverse. Efflux systems
pump drug molecules out of cells before they can take action.
Membrane modifications prevent molecules from diffusing into
cells and intracellular mechanisms, such as enhanced metab-
olism or increased target expression, prevent cells from being
affected by chemotherapeutic drugs. As a result, approximately
90% of cancer mortalities are directly or indirectly caused by
chemoresistance.’

A common obstacle in epithelial ovarian cancer treatment is
the development of chemoresistance to platinum-based drugs,
such as carboplatin (CBDCA).* This platinating agent is one of
the most clinically used anticancer drugs worldwide, and was
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the potential

of using electrochemistry to detect and quantify

chemoresistance in cell samples within minutes.

introduced in chemotherapy as a strategy to decrease the toxic
effects and side-effects shown by its first-generation analogous
drug, cisplatin.* The mechanisms of action of CBDCA and
cisplatin are essentially equivalent and mainly based on the
formation of covalent adducts with purine DNA bases, DNA
inter-strand and intra-strand crosslinks, and DNA-protein
crosslink adducts>*® which impairs normal DNA functioning
and replication, and triggers the activation of DNA-damage-
mediated apoptotic pathways to suppress proliferation. In
addition, it is known that the cytotoxicity of platinating agents
is also promoted by an enhancement in cellular oxidative stress,
which also impairs cell proliferation and triggers apoptosis.>”
Both CBDCA and cisplatin effectiveness at treating cancer is
threatened by primary resistance mechanisms or those devel-
oped by tumour cells over time. Literature has shown that
glutathione (GSH), an intracellular antioxidant, may be involved
in chemoresistance mechanisms against platinum-based
drugs.®* GSH is a tripeptide composed of the amino acids
cysteine, glycine, and glutamic acid which presents a crucial
role at maintaining the cell's redox state by neutralizing reactive
oxygen species.*® Some other essential functions include the
detoxification of xenobiotics and endogenous compounds,
cysteine storage, and regeneration of vitamins C and E.° GSH
can bind to platinum drugs to form stable adducts, leading to
the inactivation of the drug which can no longer exert its cyto-
toxic effects.'®'* Therefore, resistant cancer cells may synthesize
higher GSH levels compared to non-resistant cells to cope with
the presence of chemotherapeutics. In fact, several reports in
the literature have shown that an enhanced GSH production
can be observed in resistant cells, as reviewed by Traverso and
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co-workers.” The association between drug resistance and
increased GSH biosynthesis has also been shown to occur in
ovarian cancer. For example, Godwin and colleagues demon-
strated that cisplatin-resistant A2780 and A1847 ovarian cancer
cell lines presented a 13- to 50-fold increase in GSH levels when
compared to the original drug-susceptible cells. This study
suggested that examining GSH levels is a potential indicator of
clinical prognosis.*

Earlier chemoresistance detection improves overall treat-
ment outcome, as alternative chemotherapeutics can be
administered. However, current methods for drug resistance
detection in cancer have various limitations in terms of avail-
ability, reliability, and time-efficiency." For instance, to assess
drug susceptibility in a sample, fresh tumour cell culture assays
can take up to 7 days to give consistent results, while the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, a colorimetric test for assessing cell metabolic activity,
requires 48-96 hours of drug exposure to cells.*> Methods used
to this end include Polymerase Chain Reaction (PCR), Western
and Northern blotting, flow cytometry, and next generation
sequencing.'®"” In addition to the mentioned drawbacks, these
methods do not continuously monitor cell behaviour during
drug exposure. To date, no alternative methods aside from
genomic and culture viability testing have been translated to
clinical practice. Electrochemical methods have the potential to
overcome these issues as they enable highly sensitive, rapid,
and low-cost investigation and quantification of chemo-
resistance. SECM is a powerful electroanalytical technique that
uses an ultramicroelectrode (UME) to scan a substrate while
recording its electrochemical properties. The UME can move in
the X, Y and Z direction by using a high-precision positioning
system.'® By coupling SECM with optical microscopy, electro-
chemical reactions taking place in close proximity to cell
membranes can be monitored." Due to the local detection of
species, SECM is able to detect even discrete changes in the
redox properties of the sample under study with high temporal
resolution,*® which makes it particularly suitable for the anal-
ysis of living biological tissue cells responding to different
stimuli. SECM can effectively detect electroactive metabolites
expelled by cells in real time, enabling the quantification of
molecule efflux (and influx) at the single cell level.”*

In this study, the effective application of SECM to detect
CBDCA chemoresistance in living epithelial ovarian cancer cells
is reported for the first time. The presented detection approach
is based on the use of ferrocenemethanol (FcCH,OH) as a redox
mediator to assess GSH levels in drug-susceptible A2780-S and
the A2780-CP platinum-resistant counterpart. To decouple the
effects of cell topography and reactivity in the SECM current
signal, forced convection is utilized and numerical modelling is
employed.””>** This method enables the extraction of an
apparent heterogeneous rate constant (ko) to quantify the redox
activity of the tested cell lines before and after CBDCA exposure.
The results described herein demonstrate the ability of SECM to
detect and quantify chemotherapeutic resistance in ovarian
cancer cells for the first time. In addition, this study provides
insight into the corresponding resistance mechanism.
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Results and discussion

Electrochemical activity of carboplatin susceptible and
resistant cell models

Previous studies suggest that epithelial ovarian cancer cells
might exhibit chemoresistance towards platinum-based drugs,
such as cisplatin and CBDCA, by overexpressing the enzyme vy-
glutamylcysteine synthetase, which catalyses the first reaction
of the biosynthetic pathway of the intracellular antioxidant
GSH.”” This leads to increased GSH production in cells pre-
senting a resistant behaviour.”® Due to the high chemical
affinity between platinum and sulfur atoms,* GSH can form
stable adducts with platinating agents in the intracellular
environment, which detoxifies the drug.*

To initially examine GSH levels in living CBDCA-susceptible
(A2780-S) and CBDCA-resistant (A2780-CP) cells, SECM was
utilized. SECM imaging of either multiple or single-cell samples
can be conducted with both 3D-imaging (Fig. 1A and B) or 2D
line scans (Fig. 1C and D). To electrochemically compare A2780-
S and A2780-CP cells, 3D imaging at a potential of 0.4 V (vs. Ag/
AgCl) was carried out across cells adhered to a cell culture plate,
in serum free RPMI (SF-RPMI) media containing 1 mM
FcCH,OH. Prior to recording line scans, an approach curve was
carried out to position a 25 um-in-diameter Pt UME near target
cells. During SECM imaging across a cell, a pronounced
increase in the faradaic current is recorded, which is a conse-
quence of the continuous regeneration of the redox mediator by
reduced GSH molecules exported by the cell, which is illustrated
in Fig. S1. The catalytic redox loop between FcCH,OH and the
reduced form of glutathione has been described in the litera-
ture.®* At a constant potential of +0.4 V (vs. Ag/AgCl), the
continuous oxidation of FcCH,OH to ferroceniummethanol
([FcCH,OH]") takes place at the UME tip. GSH expelled by the
cells into the extracellular medium creates a redox loop con-
verting [FcCH,OH]" back to its reduced form FcCH,OH (Fig. S1).
The regeneration of the redox mediator generates a current
increase that is observed when the UME scans over living cells.
As shown in Fig. 1, no apparent difference in electrochemical
current magnitude was observed qualitatively prior to the
exposure to CBDCA.

To quantitatively characterize the redox activity of A2780-S
and A2780-CP cells by SECM, 2D line scans were conducted in
SF-RPMI media containing 1 mM FcCH,OH. As it can be seen in
Fig. 1C and D, the peak current in the line scans increases with
the increase in the scan velocity, which is a result of a so-called
“forced convection effect”.”® To compare GSH levels in CBDCA-
susceptible and CBDCA-resistant cells, peak current values ob-
tained during the line scans of both cell lines were normalized
(I,/I,,;) and plotted against the scan velocity (Fig. 2A). This is
a standard procedure to obtain a slope which accounts for
cellular reactivity (the ability of cells to regenerate FcCH,OH)
and cellular topography.” Herein, I, is defined as the peak
current at each scan velocity, whereas I, ; is defined as the peak
current at the lowest velocity (10 pum s~ ). The resulting slopes
were taken as a measure of the cells’ electrochemical response.
The resulting average slopes of 0.00298 and 0.00321 for the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 SECM live cellimaging. 3D SECM imaging of living (A) susceptible A2780-S and (B) CBDCA-resistant A2780-CP ovarian cancer cells in SF-
RPMI media containing 1 mM FcCH,OH at a scan velocity of 100 pm s™X. SECM line scans across (C) susceptible A2780-S and (D) CBDCA-

resistant A2780-CP cells in SF-RPM| media containing 1 mM FcCH,OH at scan velocities ranging from 10 um s~ to 100 pm s,

susceptible and resistant cells lines, respectively, demonstrated
no significant statistical difference when compared (P > 0.05).
This suggests that both cell types present similar GSH levels and
metabolic redox activity in the absence of CBDCA. It is impor-
tant to note that while GSH is the most abundant antioxidant
present in cells, minor contributions from other species cannot
be ruled out.

Cell viability assay

To confirm the susceptible phenotypes and resistant pheno-
types of A2780-S and A2780-CP cells towards the action of
CBDCA, and to ensure that cells were viable during SECM
analysis, Trypan Blue exclusion cell viability assays were per-
formed. As expected, and shown in Fig. 2B and C, the incuba-
tion of both cell lines in RPMI media in the absence of FBS did
not affect cell viability for up to 4 hours. Conducting SECM
measurements in SF-RPMI is desirable due to potential elec-
trode fouling effects caused by the presence of serum.** A stable
viability was observed when cells were exposed to 1 mM
FcCH,OH, which proves that the redox mediator did not
present detectable cytotoxic effects. Exposure of A2780-S cells to
RPMI media containing 20 mM CBDCA and 1 mM FcCH,OH
resulted in a decrease in cell viability of approximately 18% after
4 hours, whereas no significant cell death was noticed for

© 2025 The Author(s). Published by the Royal Society of Chemistry

1

resistant A2780-CP cells during this time. Cell viability of A2780-
S cells presented a pronounced decrease after a 7 hours incu-
bation in the presence of the drug, with a drop in cell survival of
approximately 60%. At the same exposure time, A2780-CP cells
only presented a 30% decrease in cell viability, which confirms
a more resistant phenotype towards CBDCA compared to A2780-
S. Considering that SECM measurements only take minutes to
be performed, our results therefore ensure that all cells are
viable during the electrochemical analysis. Importantly, the use
of a high CBDCA concentration (here 20 mM) is intentional to
stress cells rapidly. Given that cell viability decreases after 4
hours of incubation, it is expected that a concentration of
20 mM CBDCA affects cell metabolism and enables the detec-
tion of variations in cell redox activity using electrochemistry.

Electrochemical detection of chemoresistance in ovarian
cancer cell lines A2780-S and A2780-CP based on extracellular
GSH

The main chemoresistance mechanisms against platinating
agents in cancer include intracellular alterations in drug
metabolism, mutation of drug targets, and increased drug efflux
through membrane efflux pumps.* In our previous study,* we
demonstrated that the main resistance mechanism of resistant
A2780-CP cells towards CBDCA is not primarily based on

Chem. Sci., 2025, 16, 20507-20516 | 20509


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D5SC03455H

Open Access Article. Published on 26 September 2025. Downloaded on 12/18/2025 4:02:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

1.4
® A2780-CP
® A2780-S
1.37
=2 1.21
-
o
1.1
1.0 (A)
T T Ll Ll i ]
0 20 40 60 80 100
: -
Scan velocity (um s™)
140
Cell media (B)
120 4 1mM FcCH,OH
[ZZZ]20mm cBDCA
Q
= 100 4
Reseit =2
> :’:‘ 3 KR
Retede (X%
= 80 262554 8K
= 1 RXXN X3
—_ XXX XXX
o R R
© lo%e%% 3255
= 60 XXX (XX
> Yode%e% KRS
KXRXS KRR
= o%e0e% Toteteds
(] PXX X Ye¥e%e%
(&) 40 1 R R
R KR
ke
20 B
IRR
R
| ]
0- < 2
30 min 4h
140
Cell media (c)
120 1mM FcCH,OH
- [ZZ]20mm CcBDCA
S 100
o B
<
ety ==
2 R
= 801 R
2 R
© (R
S 60 RORXS
> i K
— (R
= S5
O 404 R
B
R
20 4 KK
R
R
’.‘.‘0’4
[N
0 Y t f
30 min 4 h 7h

Fig. 2 (A) Dependences of normalized peak currents (/,//,;) on scan
velocities ranging from 10 pm s to 100 um s for susceptible and
resistant model cell lines (n = 5 cells for each cell line). Trypan Blue cell
viability assay for (B) A2780-S and (C) A2780-CP ovarian cancer model
cell lines after incubation at varying time intervals in SF-RPMI media in
the absence and presence of 1 mM FcCH,OH and 20 mM CBDCA (n =
3). Each analysis consisted of 500 cells.

increased drug efflux. Therefore, intracellular mechanisms are
most likely responsible for their resistant phenotype.

Herein, the electrochemical activity of A2780-S and A2780-CP
epithelial ovarian cancer cell lines exposed to 20 mM CBDCA
was monitored using SECM at different scan velocities (10-100
um s~ ') over a period of 60 min in SF-RPMI cell media con-
taining 1 mM FcCH,OH. After the UME had been positioned
near a living cell of interest, it was horizontally scanned across
the cell while recording the electrochemical current, as shown
in Scheme 1. Normalized peak currents were plotted as a func-
tion of the scan velocity, and the resulting slopes were taken as

20510 | Chem. Sci., 2025, 16, 20507-20516
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a measure of cellular redox activity. A representative example of
these data is depicted in Fig. 3; however, the experiment was
repeated (n = 5) and the averages of the resultant slopes are
shown in Fig. S2. Control experiments performed with suscep-
tible A2780-S (Fig. S3A) and resistant A2780-CP cell lines
(Fig. S3B) in the absence of CBDCA did not reveal significant
changes in the slope of the resulting graphs (Fig. 3A and B). This
indicates that FcCH,OH does not affect the metabolism of the
cells, which agrees with the cell viability results previously
described.

Fig. 3C and D display the normalized peak current as
a function of scan velocity relationship for A2780-S and A2780-
CP cell lines, immediately before (black) and after (red) expo-
sure to 20 mM CBDCA in SF-RPMI cell media containing 1 mM
FcCH,OH. It is evident that, after drug exposure, the electro-
chemical current response of susceptible A2780-S cells dropped
(Fig. 3C). In some samples, this drop remained constant over
the course of the 60 min analysis time (Fig. 3C); in other
samples the current continuously decreased further (Fig. S4). In
contrast, resistant A2780-CP cells exhibited the opposite effect,
in which both normalized peak currents, and the corresponding
slopes (Fig. 3D) clearly increased after CBDCA exposure, fol-
lowed by a stabilization over time. The differential current
responses indicate dissimilar redox activities in A2780-S and
A2780-CP cells and, therefore, different amounts of GSH that is
released by each cell line upon CBDCA treatment. It is thought
that after being exposed to the chemotherapeutic, A2780-S cells
are unable to cope with the oxidative stress induced by CBDCA.
Cell samples that demonstrated a continuous decrease in slope
after CBDCA exposure detached from the cell culture plate
shortly after 60 min. In contrast, A2780-CP cells are able to
mitigate the cytotoxic effects induced by CBDCA. GSH presents
a high binding affinity towards CBDCA to form adducts that
severely attenuate the therapeutic properties of the drug. Our
results are in good agreement with such observations and show
that SECM can effectively detect drug resistance in epithelial
ovarian cancer cell lines using GSH efflux as a chemoresistance
biomarker.

The average percent variation in the normalized peak
currents at 100 um s~ before and right after CBDCA exposure
(0-1 min), for the A2780-S and A2780-CP cell lines (each n = 4),
was taken as a rapid electrochemical indicator of cellular
response to the drug. Such variations were compared to control
experiments, in which cells were not exposed to any CBDCA. It is
clear from Fig. 4A that the average normalized peak currents for
the controls of both cell lines did not vary significantly during
the experiment (P > 0.05, blue bars) when compared to the
initial peak currents (grey bar). A significant decrease (P < 0.05)
in the electrochemical signal was observed during the first
minute for the susceptible A2780-S cell line after CBDCA expo-
sure when compared to the corresponding control (red bar,
A2780-S). On the other hand, resistant cells exhibited a signifi-
cant increase in the current (P < 0.05, red bar A2780-CP) upon
CBDCA exposure when compared to the control. Importantly,
the average percent current variation from susceptible and
resistant cells upon drug exposure also showed to be statisti-
cally different (P < 0.01). Based on our results, we hypothesize

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D5SC03455H

Open Access Article. Published on 26 September 2025. Downloaded on 12/18/2025 4:02:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

(A) UME

Activated
GSH-mediated
electrocatlytic

redox loop

£

[FECH,OH]* FcCH,OH

CBDCA

- QQQQQQQQ

¢ LG

-_-

Coping :
mechanisms ;
— Intracellular > [GSH] T Inactive product
effects [GSSG] (N\ Ny 2+
(B) and (C) B
Cytoplasm Cytoplasm

mzmzmzm

View Article Online

Chemical Science

Decreased cell permeability

Decreased
GSH efflux

[GéH]
[GSSG]

Cytoplasm

GSH consumption/complexation

Decreased
GSH efflux

B

Scheme 1 Electrochemical detection of CBDCA chemoresistance in ovarian cancer cells using SECM. Resistant cells can attenuate CBDCA
cytotoxic effects by (A) decreasing their membrane permeability or (B) using GSH molecules to bind to CBDCA to form inactive complexes (for
clarity purposes, only part of the complex structure is represented). In both cases, a temporary decrease in GSH efflux from resistant cells is

observed, which lowers cell kinetics.

that resistant A2780-CP cells have the ability to efficiently cope
with CBDCA cytotoxic effects by either decreasing their
membrane permeability or readily regulating GSH levels within
the intracellular environment. The GSH level regulation could
lead to drug detoxification by the formation of inactive adducts
with CBDCA,> as well as to an improved cellular ability to
counteract the oxidative stress generated by the drug (Scheme
1). Such changes in GSH efflux could be quickly detected using
SECM. Scheme 1 presents a proposed electrocatalytic redox loop
taking place at the UME tip. The differential behaviour observed
when A2780-S and A2780-CP cells are compared provides
evidence for the potential of SECM to rapidly distinguish
between platinum-resistant and -susceptible cells.

Importantly, to understand the meaning of the observed
changes in slope, different contributions to the recorded
electrochemical current signal must be understood. In SECM
constant-height, as employed in this study, the observed peak
current is not only determined by the redox activity of the
substrate, but it is also influenced by forced convection.>*** This
is stated by the well-established mass transport equation, which
governs the electrochemical current at the UME:*

J=DVC — DCV¢+CV

© 2025 The Author(s). Published by the Royal Society of Chemistry

As all measurements were performed at constant potential,
the potential gradient term (V¢) is kept constant throughout
the experiments. The diffusion (D,;VC;) and convection terms
(Cp) on the other hand, are in competition with one another. At
low scan rates, the former dominates, whereas at higher scan
rates, the latter dominates.

The use of the slopes takes both reactivity and convective
contribution of cell samples into consideration.”>** In short,
when the UME moves past a living cell, the solution fluid is
forced to flow in between the electrode tip and the cell's surface,
causing the concentration of redox species in between the cell
and UME to momentarily increase. As a result, the faster the
UME moves, the higher is the recorded electrochemical signal.
At the same time the contribution by the convection increases
with increasing velocity of the UME, whereas the regeneration
of the redox mediator (cell kinetics) remains constant. To better
compare changes in the electrochemical current, the signal is
normalized by dividing the peak currents at every scan velocity
by the peak current at the slowest velocity of the UME (Fig. 3).
The electrochemical current at low velocities is dominated by
reactivity. Therefore, if the reactivity contribution is large
(higher cell kinetics) at high velocities, the slope will appear
smaller, as observed in the susceptible A2780-S cells. Oppo-
sitely, if the ability of cells to regenerate FcCH,OH through GSH
efflux decreases (lower cell kinetics), the reactivity contribution

Chem. Sci,, 2025, 16, 20507-20516 | 20511
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Fig. 3 Dependences of normalized peak currents (/p/l,5) on scan velocities ranging from 10 um s 1to0 100 pm s~ for (A and C) susceptible
A2780-S and (B and D) resistant A2780-CP cell lines over 60 min, in SF-RPMI media containing 1 mM FcCH,OH in the (A and B) absence and (C
and D) presence of 20 mM CBDCA. These experiments were performed in quintuplicates and the corresponding slope averages can be found in

the SI.

at higher velocities will be small, and the slope will appear
higher, as apparent in the A2780-CP sample. As a result, the
changes observed in A2780-CP mean that resistant cells efflux
less GSH than their CDBCA-susceptible counterpart.

Extraction of the apparent heterogeneous rate constant (k) as
measure for cell kinetics

Using a numerical model that simulates the impact of convec-
tion on measured current, we effectively decouple topography
and reactivity contributions from the observed currents, thus
allowing important information to be extracted from SECM data
obtained from living cells.>***?¢ Herein, we used a previously
published numerical modelling approach*?* to determine the
apparent heterogenous rate constant (k,) representing the
cellular kinetics of the regeneration of FcCH,OH by GSH in
A2780-S and A2780-CP cells. This approach relies on the SECM
constant-height imaging at low scan velocities (less than 100 pm
s™') to extract a substrate's kinetic rate. The COMSOL model
incorporates several experimental factors, such as microelec-
trode size, steady state current, scan velocity, and redox species

20512 | Chem. Sci,, 2025, 16, 20507-20516

diffusion parameters to calculate the redox environment of the
cell. The normalized current experimentally determined at the
UME in relation to scan velocities is fitted to theoretical results
of substrate kinetic rates ranging from 10" % to 10"  m s™*
this approach, the kinetic rates are acquired from the normal-
ized shear Peclet number (Ps), since the microelectrode current
is influenced by the tip scan velocity, diffusion coefficient, and
tip-to-sample distance.*®

By simulating the scanning profiles for several scan speeds,
an average kinetic rate, k,, can be determined (Fig. 4B and C).
Numerical simulations were conducted utilizing 5 sets of
experimental data for each studied cell line. The average ko,
values determined for susceptible and resistant cells in the
absence of CBDCA were 3.76 x 107 ° 4+ 1.97 x 10 ®*m s ' and
1.52 x 107> £ 0.813 x 107> m s~ ', respectively. However, after
CBDCA exposure, the k, value for the susceptible cell line
increased to 1.52 x 107° 4+ 0.711 x 10~ ° m s~ !, whereas the k,
for the resistant cell line decreased to 1.09 x 10> + 0.597 x
107° m s~ *. These results mean that there is a reduction of GSH
efflux from resistant A2780-CP cells, whereas GSH efflux

. In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Average percent current variations at 100 um s~ * observed
for susceptible A2780-S and resistant A2780-CP cell lines during the
first minute of exposure to 20 mM CBDCA (n = 4). Summary of the
numerical modeling results for the analysis of (B) A2780-S and (C)
A2780-CP ovarian cancer cell lines. The coloured lines depict simu-

lated normalized peak currents for different substrate and sample

kinetics ranging from 1078 to 10* m s7%.

increases in susceptible A2780-S, which validates the conclu-
sions presented earlier based on the slope.

Intracellular GSH detection of A2780-S and A2780-CP cell lines
by flow cytometry

To propose a novel cellular mechanism of action upon CBDCA
exposure, flow cytometry measurements were conducted, con-
firming intracellular GSH levels in A2780-S and A2780-CP cells.
Herein, GSH levels were quantified by the fluorescence indi-
cator 5-chloromethylfluorescein diacetate (CMFDA),** which
binds to thiol groups, enabling the monitoring of intracellular
GSH homeostasis. Unlike free thiol groups, metal-bound thiols
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do not react with CMFDA and do not contribute to fluores-
cence.*”*® This difference is important as it allows the CMFDA
assay to differentiate between free and metal-bound thiols, such
as the GSH-Pt adducts related to CBDCA. Such differences in
reactivity are often exploited in research, for example, in pro-
teomics the CMFDA assay is applied to determine the propor-
tion of free and metal-bound thiol-containing cysteine residues
in metalloproteins.***® Since GSH comprises >90% of intracel-
lular free thiol in mammalian cells* the CMFDA assay applied
in the current study provides accurate insight regarding differ-
ences in intracellular GSH levels when compared to eachother
and when exposed to CBDCA. It should be stated that
membrane permeability was not studied directly, however, the
CMFDA assay provides useful data which can be used to provide
insight regarding the membrane permeability.

CMFDA concentration optimization experiments were per-
formed in the absence of CBDCA to identify its optimal
concentration for flow cytometry measurements. A2780-S cells
were incubated with increasing concentrations of CMFDA (0,
1.2, 1.4, 1.6, and 1.8 uM) for 15 min prior to studies. Forward
scatter (FSC) and side scatter (SSC) information was visualized
as dot plots (Fig. S5 A, C, E, and G) to evaluate cell morphology
and population distribution. The corresponding mean fluores-
cence intensity was analysed and is shown as histograms
(Fig. S5 B, D, F, and H) to assess CMFDA fluorescence emitted
from cells. Corresponding mean fluorescence intensity in
arbitrary units (a.u.) is reported as dot plots (Fig. S6) as a func-
tion of CMFDA concentrations. The results illustrated an
obvious dose-dependent enhancement in fluorescence intensity
with higher CMFDA concentrations. To ensure stable and reli-
able differentiation of intracellular GSH, while avoiding too
high or low intensities that would hinder software analysis,
a concentration of 1.6 uM CMFDA was chosen as optimal
concentration for further measurements. In this study, 10 000
cells were analysed for each trial.

Cells without CBDCA treatment functioned as the control
groups. The mean fluorescence intensity in arbitrary units (a.u.)
was measured and analysed using FlowJo software. Raw inten-
sity values of 42 242 and 36 761 were detected for A2780-S and
A2780-CP untreated cells (controls), respectively. Susceptible
and resistant cells resulted in values of 37 673 and 29 737 after 5
minutes incubation in 20 mM CBDCA, respectively. Both cell
lines showed a decrease in fluorescence intensity compared to
the controls. This experiment was carried out twice and
a representative example is show in Fig. 5. Intensities from
untreated cells were normalized to represent a value of 1 a.u.
Accordingly, the corresponding signal intensities of treated
cells were recorded as 0.892 in A2780-S cells and 0.809 in A2780-
CP cells. Compared with susceptible cells, resistant cells are
more sensitive to CBDCA, as evidenced by a significant drop in
fluorescence intensity. These results indicate that resistant cells
maintain lower intracellular GSH levels than susceptible cells
after CBDCA treatment, which suggests that resistant cells
consume more GSH to detoxify the cells by binding to CBDCA.
This is consistent with literature regarding glutathione-S-
transferase (GST) expression in the A2780-CP and A2780-S cell
lines. This enzyme catalyses the conjugation of GSH-Pt
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Fig. 5 Comparison of intracellular GSH levels in CBDCA-treated and
untreated groups in A2780-S and A2780-CP cell lines. Signal intensity
was measured by flow cytometry after 20 mM CBDCA treatment for
5 min and 1.6 uM CMFDA. Additional cytometry data is provided in
Fig. S8. The number of cells studied in each experiment was 10 000.

adducts* and is strongly expressed in the resistant cells leading
to rapid intracellular GSH consumption.”® On the other hand,
the susceptible lines poorly express GST and GSH-Pt complex-
ation kinetics are poor,* resulting in higher intracellular GSH.
In this study, FSC and SSC were presented as dot plots to show
morphological distributions (Fig. S7 A, C, E, G) and signal
intensities were analysed through histograms (Fig. S7 B, D, F,
H). The repeat of this experiment under the same conditions
can be seen in Fig. S8.

Conclusions

The ability of electrochemistry, and specifically SECM, to be
used as a tool to detect drug resistance is herein presented at
the example of epithelial ovarian cancer model cell lines. We
provide evidence that SECM is a promising technique for the
efficient and rapid detection of platinum-based drug resistance.
SECM successfully monitored differential behaviors to drug
exposure in CBDCA-susceptible and CBDCA-resistant A2780 cell
lines within minutes. Based on the cellular efflux of GSH, and
its direct interaction with the redox mediator FcCH,OH, we
observed a significant decrease in GSH efflux from resistant
cells and a significant increase in GSH efflux from susceptible
cells, indicating distinct variations in extracellular GSH levels.
Intracellular GSH levels were measured by flow cytometry. We
conclude that two possible events could be the reason for these
electrochemical observations. First, upon CBDCA exposure, it is
possible that resistant cells become less permeable to shield
themselves from drug exposure and thereby less GSH is expelled
to the cell exterior. At the same time, less permeable cells retain
more intracellular GSH to enhance detoxification. Intuitively,
one may surmise that intracellular GSH levels should therefore
be higher in resistant cells (A2780-CP) compared to susceptible
cells (A2780-S); however, the opposite is observed. This leads to
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the second conclusion that GSH is rapidly consumed inside
resistant cells but not in susceptible cells, which is supported by
the existing literature regarding glutathione-S-transferase
(GST). This enzyme catalyzes the complexation of Pt-GSH
adducts;* without GST, the reaction kinetics of this complexa-
tion are comparatively slow.** Research has shown that GST
levels in the resistant cell line (A2780-CP) are elevated, however
they are poorly expressed in susceptible cells (A2780-S).** It
follows that the intracellular GSH consumption is significantly
higher in the resistant lines, which agrees with the current
study. The rapid electrochemical quantification of cellular GSH
as a resistance-related biomarker, as effectively demonstrated in
this study, has the potential to open the door for applications of
electrochemistry, and specifically SECM, to detect drug resis-
tance not only in epithelial ovarian cancer cells, but also in
other types of cancer.

Materials and methods

Chemicals

Ferrocenemethanol (FcCH,OH, C,;H;,FeO, >95.0%) and
CDBCA (C¢H;,N,04Pt, >98.0%) were acquired from TCI (USA).
MicroPolish Alumina powder (1.0, 0.3, 0.05 um) and MicroCloth
Polishing pads were purchased from Buehler (USA). All media,
materials and reagents for cell culture and related assays were
acquired from Thermo-Fisher Scientific (USA). CMFDA was
purchased from Thermo-Fisher Scientific (USA).

Cell culture

A2780-S (CDBCA-susceptible) and A2780-CP (CDBCA-resistant)
cell lines were kindly provided by Dr Benjamin Tsang (Univer-
sity of Ottawa). Cells were cultured using RPMI-1640 medium
(Gibco, Canada) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (FBS), 100 units mL~" penicillin and 100
pg mL ™" streptomycin (Gibco, Canada). Cells were cultured at
37 °C and 5% CO, in T-75 flasks. Prior to SECM experiments,
cells were seeded into 35 mm cell culture plates and grown
overnight prior to drug treatments.

Cell viability assay

To assess the viability of A2780-S and A2780-CP cells in the
presence of FcCH,OH and CDBCA, Trypan Blue exclusion
assays were carried out. Cells were incubated for 7 h in SF-RPMI
media, SF-RPMI media containing 1 mM FcCH,OH and SF-
RPMI media containing 1 mM FcCH,OH and 20 mM CP. At
varying time intervals of 30 min, 1, 2, 4 and 7 h, the medium was
removed, cells were washed with PBS and harvested after
treatment with trypsin. Then, cells were incubated in the pres-
ence of Trypan Blue dye (1:1 v/v) at room temperature for
3 min.* Percent cells viability was determined at each time
interval for each incubation condition using a Countess 2
automated cell counter (Thermo Scientific, USA).

SECM analysis

SECM measurements were performed using an EIPROScan-3
workstation and POTMASTER software (HEKA Elektronik,
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GmbH, Harvard Bioscience Inc). The electrochemical setup
consisted of a 25 pm-in-diameter platinum UME (RG = 2.8,
HEKA Elektronik), an Ag/AgCl pseudo-reference electrode, and
a 0.05 mm diameter platinum wire counter electrode integrated
with a temperature controller (Warner Instruments). Prior to
SECM measurements, cells were washed with PBS solution (37 ©
C) and incubated in serum-free RPMI-1640 cell media con-
taining 1 mM FcCH,OH for 30 minutes at 37 °C. Target cells
were identified using an inverted optical microscope located
underneath the SECM stage. The approach curve was conducted
above the plastic of the Petri dish but near the target cells. The
UME was retracted 15 um. Initial line scans at constant height
with velocities ranging from 10 to 100 pm s~ ' were carried out
across cells. Subsequently, the electrolyte was exchanged with
a fresh solution containing 20 mM CDBCA, and new line scans
were performed immediately upon the exchange (0 min), and at
10, 20, 30, 45, and 60 minutes.

Numerical simulations

Mass transport and the Butler-Volmer equation were utilized to
numerically simulate the electrochemical kinetics of A2780-S
and A2780-CP cell lines, which was demonstrated previ-
ously.>*** The numerical simulation of the reported SECM
experiments was carried out using a 25 pm-in-diameter Pt UME,
in the presence of 1 mM FcCH,OH, analysing A2780 cell lines at

varying velocities from 10 to 100 um s *.

Statistical analysis

All experiments were performed in multiples as indicated in the
manuscript text. T-Tests were performed to evaluate statistical
differences between the results obtained during SECM and cell
viability assays for A2780-S and A2780-CP cell lines. Values of P <
0.01 and P < 0.05 were considered statistically significant. Due
to the sample size (n = 5) a second non-parametric statistical
analysis was carried out. Mann-Whitney U (two-tailed) tests
were performed and found the initial population to be statisti-
cally similar to controls for both A2780-S and A2780-CP cell
lines. The results also indicate that the A2780-CP and A2780-S
20 mM CBDCA treated populations were not equal to each
other, nor their control experiments. Therefore, the T-Test and
Mann-Whitney U test are in agreement (please find details in
the SI). All statistical analyses were performed using Microsoft
Excel (Microsoft Office 365).

Flow cytometry

A2780-S and A2780-CP cells were cultured at 37 °C and 5% CO,.
CMFDA was dissolved in dimethyl sulfoxide (DMSO, stock
solution) and diluted in RPMI-1640 for experimental use.

CMFDA concentration optimization: A2780-S cells were
washed with PBS and incubated with fresh RPMI-1640 media, or
RPMI-1640 containing 1.2, 1.4, 1.6 and 1.8 uM CMFDA for
15 min. After incubation with CMFDA, cells were washed with
PBS, lifted and suspended cells were centrifuged and resus-
pended in PBS.

To assess and compare intracellular GSH in A2780-S and
A2780-CP cells with or without CBDCA treatment, both cell lines
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were washed with PBS and incubated with fresh RPMI-1640
media and RPMI-1640 with 20 mM CBDCA for 5 min, respec-
tively. Cells were then washed with PBS and incubated with 1.6
uM CMFDA for another 15 min. Furthermore, cells were
washed, harvested and suspended in PBS.

Flow cytometric measurements were implemented using an
SHS800 cell sorter from SONY Biotechnology (USA) and the
recorded data was analysed with the software FlowJo, version
10.8.1.
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