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Scanning Electrochemical Microscopy (SECM) has been used as a non-invasive electrochemical tech-
nique for studying cellular processes. SECM enables the quantification of cellular metabolites in real-time
providing a deeper understanding of cellular responses to external stimuli. SECM imaging of living cells
requires maintaining an ideal physiological environment to ensure reliable data collection on cellular reac-
tivity. The cellular response can be directly influenced by physicochemical parameters including cell
media composition, temperature and light exposure. This research demonstrates the effect of media
composition on the electrochemical current signal of adenocarcinoma cervical cancer (Hela) cells during
SECM measurements using ferrocenemethanol as a redox mediator. Investigated media that are com-
monly used as electrolyte, are phosphate buffered saline (PBS), and Dulbecco’s modified Eagle’s medium

Received 7th August 2024, (DMEM) in the absence and presence of fetal bovine serum (FBS). In addition, this research demonstrates
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that fluctuating light illumination impacts the stability of the cellular electrochemical current response.
Our findings reveal that media composition and illumination are important parameters that must be care-
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Introduction

Over more than three decades, scanning electrochemical
microscopy (SECM) has been used successfully for a wide
range of studies involving living cells."™* SECM imaging
involves the movement of an ultramicroelectrode (UME)
biased at a constant potential over a substrate of interest,
probing surface reactivity or metabolism of living cells often
utilizing a redox mediator in solution.”® The resulting electro-
chemical current signal from a living cell reflects the flux of
molecules from cells towards the electrode tip."* Experimental
parameters such as scan velocity, tip-to-substrate distance,
electrolyte concentration and analysis time are commonly
adapted for different cell types.'*'® As maintaining an environ-
ment that is close to physiological conditions is crucial for
reliable living cell studies with SECM, parameters including
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fully considered and monitored during SECM live cell imaging.

cell media type, temperature, and cell adhesion to the sub-
strate are essential factors to be considered in order to preserve
cellular homeostasis."® Literature on SECM research applied to
mammalian cells over the past five years (2019-2024) reports
inconsistent selections of temperature and cell media para-
meters for various applications. In fact, as shown in Fig. 1(a)
and (b), 62% of research studies were performed at room
temperature. Other studies do not specifically mention how
and to what extent temperature fluctuations were controlled
over the course of the experiment. Similarly, 42% of studies
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Fig. 1 Representation of experimental parameters reported in the lit-
erature. (a) Temperature and (b) electrolyte used during SECM mamma-
lian cell research applications from 2019 to 2024.
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employed buffer solutions as electrolytes. No studies were
found that studied the effects of light exposure settings during
SECM imaging of living cells. With the increasing popularity
of SECM, understanding how experimental parameters con-
tribute towards the cellular electrochemical current signal is
crucial for analytical data evaluation.

SECM measurements for living cell applications require
conducting an approach curve to bring the electrode near the
biological entity, followed by electrochemical analysis to quan-
tify the flux of molecules locally."® The analysis time from
approach curve to the end of 2D- or 3D-imaging usually takes
up to 40 minutes depending on the instrumental setup.
During this time cellular morphology and behaviour is often
monitored by optical microscopy to visually assess cell viability
during the experimental procedure. Live cell imaging by SECM
often employs phosphate-buffered saline (PBS) as the electro-
lyte."” PBS, composed of sodium chloride (NaCl, 137 mM L™%),
potassium chloride (KCl, 2.7 mM L), sodium hydrogen phos-
phate (Na,HPO,, 10 mM L") and potassium dihydrogen phos-
phate (KH,PO,, 1.8 mM L"), is classified as non-toxic and iso-
tonic, aiding in pH balance.®?° 1t is also regularly used for
short time intervals in cell culture for cell washes.'® However,
literature has shown that prolonged in vitro exposure of cells to
PBS results in their detachment from surface, shrivelling and
even rupture of the cell membrane,*" because of deteriorated
biochemical pathways involved in the cellular metabolism. To
avoid these undesired effects on the cellular electrochemical
response, studies have reported the use of cell culture medium
during SECM imaging of living cells. Cell culture media
consist of a buffering system and a mixture of nutrients
including carbohydrates, amino acids, vitamins, and minerals,
which ensures cell maintenance, growth and proliferation
in vitro.”* Cell media are often supplemented with foetal
bovine serum (FBS) to facilitate attachment, growth and pro-
liferation.>® However, due to the complexity of the medium,
the possibility of non-specific electrochemical interference,
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and anticipated electrode fouling, researchers may rely on PBS
or cell media without FBS for electrochemical measurements
with living cells.** Electrode fouling in FBS-supplemented cell
media has been studied for different electrode materials, but it
is mostly significant to applications where electrodes are
placed in physiological environments for periods longer than
10 minutes.*®

In addition to the medium, the exposure of cells to light is
another parameter that could potentially affect cell homeosta-
sis. For instance, studies have shown that different luminous
intensities can affect metabolic processes in living cells.***” In
SECM living cell analysis, the light exposure is directly through
the lighting system integrated into the electrochemical setup.
While our previous research demonstrated the effect of temp-
erature on the electrochemical current from living adeno-
carcinoma cervical cancer (HeLa) cells and highlighted the
importance of maintaining a physiological temperature (37 °C)
for attaining reliable SECM data,”® the present study reports
the effect of media composition and light exposure on the
electrochemical current during SECM analysis of HeLa cells.
SECM has been applied to mammalian cells in the past,
whereby HeLa cells have been proven particularly useful to
explore cellular processes of cell metabolism,*™?
respiration,***® membrane permeability,’”*® and multidrug
resistance.’*?*° Because HeLa cells are robust they are model
organisms for SECM live cell imaging revealing extracellular
and intracellular processes. Due to their popularity, HeLa cells
were herein chosen as model system to understand the effects
of experimental parameters.

Herein, an SECM setup with a temperature-controlled
sample stage and integrated lighting system is used for under-
standing the differences in the current signal from HeLa cells
in different cell media used as electrolytes and under constant
and fluctuating light conditions (Scheme 1). Initially, cyclic
voltammetry (CV) was performed in 1x PBS, DMEM, and
DMEM with 10% FBS (DMEM'™) containing 1 mM
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Scheme 1 Composition of most commonly used cell media as SECM electrolytes and illustration of light exposure effect on the electrochemical

current signal of Hela cells.
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ferrocenemethanol (FcCH,OH), a commonly employed redox
mediator to quantify glutathione efflux from cells during
SECM. Two-dimensional (2D) SECM line scans were then con-
ducted across HeLa cells in different electrolyte media to evalu-
ate possible variations in the electrochemical cell current
response. Finally, 2D-line scans were performed on HeLa cells
under constant and fluctuating light.

Experimental
Cell culture

Adenocarcinoma cervical cancer (HeLa) cells were used for
living cell experiments and were provided by Dr. Sean
McKenna (Department of Chemistry, University of Manitoba,
Winnipeg, MB). HyClone Dulbecco’s Modified Eagle Medium/
High Glucose (4.00 mM r-Glutamine, 4500 mg L™ Glucose
and sodium pyruvate) was purchased from Cytiva (USA) and
supplemented with 10% v/v heat inactivated fetal bovine
serum (Gibco/Invitrogen, ON, Canada). T-75 flasks (Fisher
Scientific, USA) were used for culturing HeLa cells at 37 °C and
5% CO,. After attaining a confluency of 70-90%, phosphate-
buffered saline (Cytiva, USA) was used to wash cells. Trypsin-
EDTA (0.05%) solution (Gibco, USA) was used for cell detach-
ment and harvesting. Cells were then seeded onto 35 mm Petri
dishes (Thermo Fisher) and incubated for ~24 hours at 37 °C
and 5% CO, prior to SECM experiments.

Electrochemical measurements

An SP-200 BioLogic potentiostat was used to perform cyclic vol-
tammetry (CV) measurements with a 25 pm Pt ultramicroelec-
trode (HEKA) as the working electrode, a Pt wire as the counter
electrode and an Ag/AgCl as a pseudo reference electrode. A
digital thermometer (Fischer Scientific) was used for monitor-
ing the temperature of the electrochemical cell during all CV
measurements. A heating plate (Thermo Scientific) was used
for temperature control during CV measurements in different
media (PBS, DMEM or DMEM"®%) containing 1 mM FcCH,OH
(TCI, USA).>®

SECM measurements were conducted using a EIPROScan-3
workstation with POTMASTER software and a 25-pm Pt UME
(HEKA Elektronik GmbH, Harvard Bioscience, Inc.). The Pt
UME was polished using a HEKA MHK 1A micro polisher
using a MHK fine polishing pad (895057). The electrochemical
setup was integrated with a CL-100 Biopolar Temperature
Controller acquired from Warner Instruments. Line scans were
performed using an Ag/AgCl pseudo reference and a Pt
counter electrode. The SECM illumination set up consists of a
ring light (Brightfield S80-25) from SCHOTT consisting of
80 high brightness LEDs with a color temperature of 5600K
along with a visiLED controller MC 1000 from SCHOTT. The
visiLED controller enables the ring light to be illuminated in
different segment patterns such as full circle, semi-circle,
quarter circle, 2-segment, and 4-segment mode, and the inten-
sity of light can be set from 1 to 10. During constant light illu-
mination during experiments with HeLa cells, the ring light
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was illuminated at full circle and an intensity of 10 providing
360 kIx at 30 mm working distance from the substrate surface,
which is the distance of the living cell from the light source.
This working distance prevents significant buffer heating,
which was confirmed through a temperature sensor placed
inside the media during measurements. During fluctuations
of light, HeLa cells were exposed to regular room light during
transport from the incubator to the sample stage, and during
exchange of the culture media. Cells were exposed to SECM
LED-illumination while performing approach curves and in
between the dark time intervals of 10, 20, 30, and 40 minutes
to check the position and morphology of the HeLa cells. The
room light was maintained as usual during the entirety of the
experiment. The conditions of full light exposure and fluctuat-
ing light were selected as they present the most common and
likely scenarios in SECM live cell imaging.

Results and discussion

In this section, we initially discuss the electrochemical cur-
rents recorded at a 25 pm Pt UME in solutions of 1 mM
FcCH,OH prepared in PBS, DMEM, and DMEM"® through
CV. This is followed by SECM imaging of HeLa cells in
different media. Finally, we investigate the effect of illumina-
tion on HeLa cells during SECM.

Effect of media composition on the steady state current

The CV of a disk UME in the presence of the redox mediator
FcCH,OH shows a steady state current at approximately 0.2 V
vs. Ag/AgCL*"** According to the steady state current eqn (1),
the steady state current (iss, A) is dependent on the number of
electrons involved in the redox reaction (n), the Faraday con-
stant (F, sA mol™'), the diffusion coefficient of the redox
mediator (D, cm?® s™'), the concentration of the redox mediator
(¢, M), and the radius of the UME (r, cm).

iss = 4nFDc (1)

To assess the influence of media-electrolytes on the steady
state current of 1 mM FcCH,OH cyclic voltammograms were
recorded at a 25 um Pt UME at 50 mV s~ '. The temperature
was controlled to 37 °C as this is the common temperature
parameter requirement for the analyses of most mammalian
cells. The redox mediator was dissolved in PBS, DMEM and
DMEM'™S, respectively. Fifty voltammetric sweeps were
recorded in each electrolyte (Fig. S1t). While we observe a
characteristic steady state behavior of FcCH,OH at Pt UME, the
reduction current at the negative potential of PBS is attributed
to the onset of the oxygen or ferrocenium reduction reaction.*?
A higher oxidation steady state current was observed in PBS
and DMEM compared to DMEM"™5, A decrease in overall
current observed in DMEM™®® (Fig. 2a and b, blue) is attribu-
ted to the presence of FBS. This additive consists of a complex
mixture of biomolecules such as growth factors, proteins,
lipids, and hormones. Proteins are highly adsorptive resulting
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Fig. 2 Effect of different media on the steady state current at a Pt UME.
(a) 15t and 50" sweeps of cyclic voltammograms in 1 mM FcCH,OH dis-
solved in PBS (black), DMEM (red) and DMEM®® (blue) at 50 mV s™. (b)
Variation in the steady state current over the course of 50 sweeps.

in the accumulation of their oxidation products on the elec-
trode surface.*

While it is important to provide living cells with nutrients
over long incubation times, the presence of these biomolecules
affects the solution viscosity, therefore impacting the diffusion
and mass transport of the analyte towards the electrode. The
Stokes-Einstein eqn (2) states that the diffusion coefficient
(D(x)) is inversely proportional to the viscosity () of the
solution.**

ksT

D(x) = (2)

3nnx

In this equation, kg is the Boltzmann constant, T is the
temperature and x is the hydrodynamic particle diameter.
Among the three media analyzed in this study, PBS is known
to have a lower viscosity followed by DMEM and DMEM FBS.*?
This would indicate PBS having a higher iz, however, from
Fig. 2b, it is observed that the overall ig; was the highest in
DMEM compared to DMEM'™ and PBS. Although DMEM"™$
presented a lower current, which is attributed to the FBS-
blocked electrode surface, DMEM generated higher currents
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without causing electrode fouling. The lower current in
DMEM™? is due to the exposure of the metal surface to FBS
containing hormones, growth factors, and proteins over
extended periods of time is known to block or foul their
surface.”® The higher currents observed for FcCH,OH in
DMEM can be ascribed to the medium composition, which
consists of amino acids, vitamins and inorganic salts such as
CaCl,, MgSO, and Fe(NO;); in addition to the buffering
system.*®

The calculated diffusion coefficient D of FcCH,OH in PBS,
DMEM and DMEM™® at 37 °C are 1.20 x 107>, 1.36 x 107>,
and 1.16 x 10> em® s™*, respectively. The diffusion coefficient
of FcCH,OH in DMEM is higher than that in PBS although the
viscosity is lower in PBS. This can be explained by the hydro-
dynamic particle diameter changing as a function of complexa-
tion in different solution media.*’

As demonstrated in this study, the composition of cell
media as the electrolyte plays a crucial role on the intensity
and stability of the steady state current over time. Investigating
the influence of the media composition on the electrochemical
current during SECM live cell studies is also important
because the cellular metabolism is greatly dependent on
culture media.

SECM cell imaging in different cell-media-electrolytes

To assess how different electrolyte media affect cellular redox
activity using SECM, HeLa cells were measured in PBS, DMEM
and DMEM™S containing 1 mM FcCH,OH employing a Pt
UME at scan rates ranging from 10 pm s' to 100 pm s '
(Fig. 3). Cells were maintained at a constant temperature of 37
+ 0.2 °C throughout the experiment, as reported in our pre-
vious study.”® Herein, the Pt UME was biased at 0.4 V (vs. Ag/
AgCl), which ensured the constant oxidation of FcCH,OH to
[FcCH,OH]" at the electrode tip. Reduced glutathione (GSH),
which is expelled by the cells, reacts with [FcCH,OH]" and
regenerates FcCH,OH."® As a result, an increased electro-
chemical current is observed when a UME is scanned across
living cells during SECM measurements. Fig. 3a visualizes the
cellular electrochemical response as a 3D scan, which is com-
posed of multiple line scans. The diffusion intensity of GSH
away from the cell is illustrated by the colours in Fig. 3a. The
cellular metabolism plays a major role in the rate of FcCH,OH
regeneration by the GSH-GSSG redox couple." Since the result-
ing current signal is dependent on the redox state of the cell, it
is crucial to understand how changes in the composition of
the cell-media-electrolyte will affect the cellular electro-
chemical activity.

An approach curve was performed near living cells and the
UME was retracked to a tip-to-substrate distance greater than
the height of a cell (12 pm) during the SECM line scans. The
peak currents across two HeLa cells in PBS (n = 8) (Fig. 3a and
Fig. S21), DMEM (n = 8) (Fig. 3b and Fig. $31) and DMEM"™® (n
= 8) (Fig. 3c and Fig. S47) at velocities of 10, 30, 50, 80 and
100 pm s were recorded and compared. Depending on how
close cells are positioned next to one another, either a promi-
nent single peak (Fig. 3b and c) or two separate peaks (Fig. 3d)

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Hela cell imaging. (a) 3D imaging across a single Hela cell at 100 um s™%. 2D line scans obtained at scan velocities ranging from 10 to
100 pm s~tin (b) PBS (c) DMEM and (d) DMEM with 10% FBS used as electrolyte. All solutions contain 1 mM FcCH,OH. Normalized current is the
electrochemical current divided by the initial current value of the line scan. An increase in the baseline current is observed due to a slope of the sub-

strate surface.

are visible during line scans. The current decreases over cells
at a scan velocity of 10 pm s~ due to hindered diffusion. In
this case, the ability of the cell to regenerate FcCH,OH is not
able to overcompensate the hindered diffusion by the physical
body of the cell."”> The normalized peak currents of different
groups of cells in each media were plotted against the corres-
ponding scan velocity (Fig. S57).

Scanning the electrode at various scan velocities, enables
the use of a so-called “convection effect” to determine the cel-
lular kinetics, which represents the ability of cells to regenerate
the redox mediator FcCH,OH. An apparent heterogeneous rate
constant (cell kinetics) is derived from the slope that orig-
inates from the dependence of the peak current on the scan
velocity.'>*®*° Herein, although cell kinetics are not calcu-
lated, the experimental slopes are used to determine relative
changes in cell kinetics. Furthermore, this approach has been
shown to be useful to reduce the overall analysis time.

This journal is © The Royal Society of Chemistry 2024

A linear relationship was observed between the normalized
peak currents and the scan velocity for each media, and their
respective slopes are shown in Fig. S5.1 The observed increase
is due to the enhanced mass transport of electroactive species
caused by forced convection.”® In this approach, a cell’s ability
to regenerate FcCH,OH (cell kinetics) and its topography are
reflected by the slope."”*° Monitoring changes in slope can
function as an indicator of the influence of media solution on
the cellular metabolism, as long as all instrumental para-
meters and the solution temperature are maintained con-
stantly throughout the experiments. When performing line
scans across multiple groups of cells on different days, outliers
were identified by the Grubb’s test (a = 0.05). Fig. 4a presents
the average correlations and standard deviations for the
different media. The mean value of slopes in PBS, DMEM, and
DMEM"™®S were 0.00464 =+ 0.000159, 0.00543 + 0.000374 and
0.00507 + 0.000177, respectively. Interestingly, the highest
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Fig. 4 Effect of different media on the electrochemical current
response of Hela cells. (a) Linear dependency of the average normalized
peak current with respect to the scan velocity in PBS (black), DMEM
(red), and DMEMFBS (blue). (b) Comparison of average slope in different
media indicating higher electrochemical cell response in DMEM.

average slope was achieved in experiments conducted in
DMEM without FBS, which suggests the highest rate of regen-
eration of FcCH,OH in this medium. An effect on the cellular
metabolic integrity cannot be excluded in the case of PBS
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(Fig. 4b). It is thought that cells potentially reduce their meta-
bolic rate when not exposed to sufficient minimal nutrients,
minerals, glucose, and other factors, as it is the case in PBS.
However, slope test performed among the average slopes of
the three media showed no significant statistical difference at
the 95% confidence interval (ESIT for details). It is concluded
that DMEM or cell media without FBS in general provides best
electron transfer efficiency, low viscosity, but sufficient sup-
plements for maintaining regular cell metabolic rates, while
avoiding electrode fouling during biological SECM analyses.

Influence of light exposure

It was reported that living cells exposed to different wave-
lengths of light for extended periods of time, e.g. 20-24 hours,
display effects on their proliferation and attachment.’>*" In
contrast to standard optical microscopy, which is designed to
examine the growth of cells or to analyze fixed samples, SECM
is an electrochemical technique that measures molecule
exchange between living cells and an electrode. Due to the sen-
sitive nature of SECM, it is not clear whether short-term light
exposure or light fluctuations could affect the measured
electrochemical signals. Herein, the effect of illumination on
the cellular response of living HeLa cells during SECM
imaging was examined. Line scans were conducted over the
cells at time intervals of 10, 20, 30 and 40 minutes in the pres-
ence of white light and under fluctuating light conditions in
1 mM FcCH,OH dissolved in DMEM (Fig. 5, S6, and S77). Cells
were scanned at a fixed velocity of 50 um s™'. It was observed
that the normalized peak current varied under fluctuating
light (Fig. 5a) and under constant light exposure (Fig. 5b) simi-
larly during the first 10 minutes. Under illumination, the
electrochemical current response of cells stabilized over the
course of 40 minutes (Fig. 5¢). When white light fluctuated,
e.g. when cells were removed from the incubator (dark), moved
to the SECM (light), were shielded from light until the experi-
ment began (dark), were illuminated during an approach curve
for UME positioning (light), and scanned without illumination
from the microscope (room light), the current response varied

3.0

I Light Fluctuations
[ ILight

(c)

10 min under light
20 min under light
30 min under light
==+ 40 min under light

\
Normalized Peak Current

1.40 - 1.50 +

1.354 1451 (b)

450 w 1.404
< 1.304 €
s 2 1354
s ]
S 1251 S 1.30]
] K
€ 1.204 N 1254
L £ 20 1
E 1184 [y —— 10 min under light fluctuations <z3 ’ Pl
z Iy’ - = 20 min under light fluctuations 1.15 4 -

1.10 4 ~ - 30 min under light fluctuations 27,

= =+ 40 min under light fluctuations 1.10 4 J
1051 1054 _;
1.00 —— ———— 100
0 50 100 150 200 250 300 350 0 50 100 150

Distance (um)

Distance (um)

200 250 300 350 ' 20 30
Time Interval (minutes)

Fig. 5 Effect of light exposure on the electrochemical current signal of Hela cells. 2D line scans were performed under fluctuating (a) or under full
light (b) conditions at time intervals of 10, 20, 30 and 40 minutes. (c) Graph displays the variation in average normalized peak current (n = 3) at 10,
20, 30, and 40 minutes in fluctuating (grey) and in full light (yellow) conditions. The current was normalized by dividing each current measurement

with the initial measured current of each line scan.
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significantly over 40 min. It must be noted that conditions in
total darkness were not studied here, as it is practically
impossible to conduct all steps of SECM live cell imaging in
complete darkness. Light fluctuations and consistent light
exposure after culturing are the most realistic experimental
conditions that researchers will likely apply. Importantly, the
literature on SECM live cell imaging does not report details on
light exposure or fluctuating conditions. This demonstrates
that there is a lack of awareness about the importance of this
parameter. To assess the statistical significance of the current
variability in constant and a fluctuating illumination, a T-test
was performed showing no significant difference in the
electrochemical current response among the different time
intervals at the 95% confidence interval (p > 0.05). Although
the statistical difference was found to be non-significant at
time intervals of up to 40 minutes, the effects of illumination
on some cells’ electrochemical response is clearly visible
(Fig. 5c).>* This becomes a problem when analysing single
cells and relying on data originating from small data sets. It is
recommended to keep white light exposure throughout SECM
live cell imaging experiments constant to provide most stable
conditions for cell analysis.

Conclusions

This study provides insight into the importance of experi-
mental parameters of cell media composition and light
exposure during SECM imaging of living cells. The effect of
different cell-media-electrolytes on HeLa cells was evaluated by
monitoring the electrochemical current response during cell
analysis. SECM imaging of HeLa cells demonstrated the
highest cellular current response in DMEM in the absence of
FBS. Although PBS provides high ionic strength and conduc-
tivity for electrochemical measurements, SECM analysis invol-
ving fast and real-time monitoring of biological entities
mimicking their physiological environment’ requires the use
of minimal cell medium, as it provides crucial nutrient for
cells to maintain a normal metabolism and avoiding artifacts
in current changes. It should be noted that HeLa is a model
cancer cell line that is known to be robust, being able to cope
with stress better than other cell lines.>® The effects shown in
this study may be more pronounced in more sensitive
samples, such as Chinese Hamester Ovary*' and Acute
Myeloid Leukaemia."® These cell lines have been shown to be
less viable in PBS, resulting in their rupture and disintegration
during prolonged incubation times. Therefore, it is rec-
ommended to use serum-free cell media for any SECM cell
studies for reliable bioelectrochemical measurements. This
study also shows that the electrochemical current signal from
HeLa cells was most stable during constant light illumination
compared to conditions where light exposure fluctuates. Thus,
the impact of light on the cellular current response of living
cells must not be neglected.

The maintenance of cells under close to physiological con-
ditions through media and consistent light illumination, in

This journal is © The Royal Society of Chemistry 2024
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combination with closely monitored temperature conditions,
are essential for reliable bioelectrochemical cell studies.
Respecting and controlling these parameters will lead to more
reliable and accurate data collection for mammalian cell
SECM applications.
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