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ABSTRACT: Two-dimensional cell culture may be insufficient when it comes to
understanding human disease. The redox behavior of complex, three-dimensional
tissue is critical to understanding disease genesis and propagation. Unfortunately, few
measurement tools are available for such three-dimensional models to yield
quantitative insight into how reactive oxygen species (ROS) form over time. Here,
we demonstrate an imaging platform for the real-time visualization of H,0, formation
for mammalian spheroids made of noncancerous human embryonic kidney cells
(HEK-293) and metastatic breast cancer cells (MCF-7 and MDA-MB-231). We take
advantage of the luminol and H,0, electrochemiluminescence reaction on a
transparent tin-doped indium oxide electrode. The luminescence of this reaction as
a function of [H,0,] is linear (R* = 0.98) with a dynamic range between 0.5 uM to 0.1
mM, and limit of detection of 2.26 + 0.58 uM. Our method allows for the observation
of ROS activity in growing spheroids days in advance of current techniques without
the need to sacrifice the sample postanalysis. Finally, we use our procedure to demonstrate how key ROS pathways in cancerous
spheroids can be up-regulated and downregulated through the addition of common metabolic drugs, rotenone and carbonyl cyanide-
p-trifluoromethoxyphenylhydrazone. Our results suggest that the Warburg Effect can be studied for single mammalian cancerous
spheroids, and the use of metabolic drugs allows one to implicate specific metabolic pathways in ROS formation. We expect this
diagnostic tool to have wide applications in understanding the real-time propagation of human disease in a system more closely
related to human tissue.
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Bl INTRODUCTION and in vivo models partially accounts for the high failure rate of
pharmaceuticals in the clinical testing stage, where the
antidisease agents that show promising response in 2D cell
cultures are directly applied to complex animal and human
models."’

Three-dimensional cell cultures bridge the gap between
traditional flat cultures and animal models. While many types
of 3D cell culture models exist, we have used spheroids for this
work. Cultivated ex vivo, spheroids are formed from 2D cell
cultures and mimic several key components of live tissue and
tumors such as cell—cell and cell-extracellular matrix
interactions, nutrient and O, gradients, and cellular hetero-
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These cultures are attractive for their simplicity, ease of use,
reproducibility, and low cost.® However, despite their
substantial contribution as fundamental research models,
cells grown on 2D plastic substrates not only fail to mimic
the specific organization and architecture present in vivo, but
they also show altered morphology, gene expression, and
metabolic functions.””” This inconsistency between the in vitro

Cultivation of animal cells in two-dimensional cultures was first
demonstrated by Harrison in the early 1990s in a pivotal set of
experiments where he isolated neuronal fibroblasts from the
cochlea of tadpoles and tracked the growth of nerve fibers ex
vivo for up to 4 weeks." The ability to maintain live tissue
outside the body eventually led to the development of
immortalized cancerous and noncancerous cell lines, which
can grow on plastic dishes treated for cell adhesion and exhibit
consistent cell proliferation. The use of these cell lines has
become the backbone of life science research with applications
ranging from the screening of synthetic and natural products as
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metabolic waste moving outward from the center of the model
can be observed."” These concentration differentials result in
the formation of three distinct microenvironments in large
spheroids (diameter >400 um). The outermost layer, the
proliferation zone, is composed of rapidly dividing cells."* The
second layer is inhabited by cells in a dormant, nonproliferative
state and is called the quiescent zone.'> The innermost layer is
the necrotic core, distinguished by its hypoxic environment
and the buildup of metabolic waste. This layer displays an
acidic pH and elevated levels of reactive oxygen species
(ROS).'® These elevated ROS levels, in conjunction with the
Warburg effect in malignant tumor models, have previously
been implicated in chemotherapy and radiation resistance.'”

Though promising, 3D cell culture technology is still in its
infancy. Spheroids have mainly been characterized using
imaging techniques such as fluorescence microscopy, confocal
microscopy, two-photon microscopy, and fluorescence lifetime
imaging microscopy.'®™>" These techniques have allowed for
the elucidation of drug transport into the spheroid as well as
the internal structural organization of the spheroid.”* Addi-
tionally, mass spectrometry has recently emerged as a powerful
tool for spatiallzf resolved proteomic and metabolomic analysis
of spheroids.”> Techniques such as matrix-assisted laser
desorption/ionization mass spectrometry imaging and desorp-
tion electrospray ionization mass spectrometry have previously
been explored for their ability to analyze the metabolic
heterogeneity in spheroids.”* While great for benchmarking,
these techniques have substantial drawbacks. For example,
fluorescence microscopy techniques have previously been
brought under question for significantly altering conditions
in the probed system due to thototoxicity induced by the
fluorescent tags employeed.”””® Additionally, a major
challenge with mass spectrometric analysis stems from the
heterogeneous distribution of metabolites and proteins in the
spheroid as it grows.”” This spatial variability complicates the
interpretation of mass spectrometry findings, as the analysis
may not accurately represent the spheroid’s overall composi-
tion.”® Furthermore, both techniques require extensive sample
prep and are often unable to track the live production of
reactive oxygen species in 3D cultures.””*” Thus, there remains
a need for analytical tools capable of real-time analysis of
biological processes in spheroids.

Electrochemistry has recently been used to study 3D cell
cultures as it allows for real-time, sensitive, and selective
quantification of metabolites. For example, Utagawa et al.
recently developed a porous membrane sensor capable of in
situ glucose measurements in breast cancer spheroids.’
Additionally, the Shiku group used electrochemiluminescence
to analyze excreted signaling molecules from spheroids.”!
Using a luminol analog system, they measured the hindrance at
the electrode surface caused by molecules excreted from the
spheroid as a function of time and potential. In our study, we
aim to build upon a similar electrochemiluminescence system
and use it to characterize H,O, concentrations in spheroids.
H,0, is a key indicator of cell health with elevated peroxide
levels capable of triggering cell apoptosis. Additionally, H,O,
has a lifetime measurable in seconds to minutes as opposed to
other radical species such as hydroxyl radicals or superoxide
anions which have lifetimes of nanoseconds and microseconds,
respectively.

Electrochemiluminescence (ECL) is an excited state electro-
chemical technique in which redox reactions cause an excited
state to be formed in a luminophore, thus, leading to the
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emission of photons.”” There are two special characteristics of
ECL: 1. the noise of the experiment is dictated by the detector
since there are no excitation photons, unlike fluorescence, and
2. the emission layer is governed by the very short radical
lifetimes formed in these reduction—oxidation reactions.
Briefly, coreactant ECL occurs when the co-oxidation or
coreduction of a luminophore and sacrificial coreactant takes
place. The newly formed oxidized or reduced coreactant forms
a radical, which can then undergo a homogeneous charge-
transfer with the oxidized or reduced luminophore to form the
excited state, which may radiatively emit a photon.*

Recently, the rise of ECL microscopy has been shown in
many contexts. There are two main types of ECL microscopy:
light mode and dark mode ECL microscopy. In “light” mode
the luminophore is tagged onto the entity to produce photons
at the surface. However, in dark mode, also known as “shadow”
mode, the luminophores are solvated in solution to produce a
negative image of the object.”* We will be utilizing shadow
ECL microscopy throughout this paper. ECL microscopy has
been used to inform on sin%le mitochondria,** extracellular
matrix,>> multiphase systems,”®”* mammalian cell morphol-
ogy,"""** and the electro-precipitation of radical salts,"> among
others.***> Overall, it has shown to be an incredibly powerful
analytical tool with unprecedented spatial resolution at the
surface of a conductive interface.*

When comparing ECL microscopy to fluorescence micros-
copy (the technique of choice for spheroid analysis) it is
important to consider the analytical figures of merit of the two.
ECL offers several advantages over traditional fluorescence
methods. For instance, ECL systems can achieve lower
background noise and higher sensitivity due to the controlled
nature of the electrochemical reaction, which allows for the
precise tuning of the reaction conditions without the need for
excitation photons.””** Additionally, this technique is “label-
free” thus providing spatial information regarding the chemical
distribution of analytes without the need for antibodies tags or
other molecules. For example, in imaging single mitochondria,
ECL provided superior spatial resolution, imaging down to 500
nm, without the inclusion of clye.34 Furthermore, when
examining morphologies of cells, processes such as autofluor-
escence can be detrimental to spatial resolution. With ECL,
this challenge is eliminated; and has been experimentally
shown to have increased spatial resolution for cell—cell
junctions, and spindle-like structures.*’

While there are many different luminophores to choose
from, we selected luminol due to its reaction with the
hydrogen peroxide coreactant.’”*' Herein, we first establish
the viability of luminol electrochemiluminescence as a
diagnostic tool for the quantification of hydrogen peroxide in
spheroids as they mature using noncancerous mammalian
human embryonic kidney (HEK 293) spheroids. With this
spheroid system, we see that H,0, concentrations can be
significantly identified as soon as 3 days after spheroid seeding,
signaling the beginning of necrotic core formation. Sub-
sequently, we use this technique to quantify H,O, produced in
response to stress induced by the drug irinotecan in
noncancerous spheroids. We show that as drug concentration
increases, ECL intensity increases in response to the
upregulation of H,0, concentrations in the proliferation
layer of the spheroid. After demonstrating the technique’s
ability to monitor drug-induced responses in noncancerous cell
lines, we apply the luminol-ECL system to investigate the
Warburg effect on MCF-7 and MDA-MB-231 breast cancer
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Figure 1. A) Electrochemiluminescence microscopy experimental setup used to obtain micrographs. Electrochemistry is controlled by a CH
Instruments Potentiostat. Imaging was performed with a Hamamatsu Orca CMOS camera for brightfield and fluorescence imaging, while an Andor
iXon EMCCD camera acquired ECL micrographs. A 4X objective, with a 1.5X modifier, was used to acquire images. B) ITO-glass cell constructed
in-house with an ITO working electrode, a silver wire quasi reference, and a glassy carbon rod as the counter electrode. The selected spheroid was
immobilized on the surface of the ITO using a thin layer of fibronectin. Objects are depicted for clarity, not for scale.

spheroids by altering endogenous H,0, production using
metabolic drugs rotenone, and carbonyl cyanide-p-trifluor-
omethoxyphenylhydrazone.

B MATERIALS AND METHODS

Materials and Reagents

All reagents were used “as received” without further purification steps.
The reagents used were DPBS (1X) (Gibco Co.), Luminol (>97%,
Sigma-Aldrich Co.), 30% Hydrogen Peroxide (Fisher Chemical),
Glucose (ThermoFisher Scientific), Irinotecan (ThermoFisher
Scientific), FCCP (ThermoFisher Scientific, 10 mM suspended in
DMSO), Fibronectin (Sterile Filter Bovine Plasma Filtered, Thermo-
Fisher Scientific) and Rotenone (ThermoFisher Scientific). Twenty-
five mM of Glucose was added to the 1X DPBS and held overnight at
4 °C. In all trials, S mM of pH 8 luminol was suspended in the
glucose-DPBS. The hydrogen peroxide-luminol calibration curve was
generated using serial dilutions from the 30% hydrogen peroxide stock
in the presence of 5 mM luminol in glucose-DPBS. The data
presented in Figure 2 used 100 mM of hydrogen peroxide with S mM
luminol in the glucose-DPBS solution.

ITO Electrochemical Cell Fabrication

The indium tin oxide (ITO) working electrode (Huany Co., China)
was laser cut into pieces of 25 mm X 25 mm approximate dimensions.
Then the ITO electrodes were epoxied onto a glass tube (r = 19 mm,
h =20 mm) and a small piece of copper tape was used to connect the
ITO layer to an alligator clip to the potentiostat. Fibronectin was used
to immobilize spheroids onto the ITO electrodes.

Optical Microscopy and Electrochemistry

A Nikon Eclipse Ti2 inverted optical microscope (Nikon, Japan) was
used to conduct microscopy experiments. The light source equipped
is a D-LEDi light source (Nikon, Japan) and was used for fluorescence
imaging. Brightfield was conducted with an external MKII (Nikon,
Japan) light source. The objective used was 4X with a numerical
aperture of 0.20 and a working distance of 20 mm. The internal 1.5X
modifier was used in all experiments for a total of 6X magnification.
An EMCCD iXon 888 camera (Andor Technology Ltd., Belfast, UK)
was used with a 116 ms exposure time. The exposure time of 116 ms
was chosen for these ECL microscopy experiments to balance both
the spatial and temporal resolution requirements of these experi-
ments. This exposure time allows for an adequately high spatial
resolution needed for the accurate measurement of the low-intensity
ECL signal for low H,0, concentrations while also enabling a fast
temporal resolution that is required to map the mass transfer-limited
ECL signal. The 116 ms exposure time is shorter, and therefore the
frame rate is faster, at about 3 fps, than conventional ECL microscopy
experiments that routinely used exposure times ranging from 250 ms
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to S s so that the high temporal resolution was achieved in these
experiments. The parameters of a 10 MHz quality mode, 4.22 us shift
speed, and temperature of —75 °C were also used. The other
equipped camera was a Complementary Metal-Oxide Semiconductor
(CMOS) camera from Hamamatsu (Orca-Quest qC-MOS C15550—
20UP, Hamamatsu, Japan). All images were acquired through the NIS
Elements Software (Nikon, Japan).

At the inverted optical microscope, an electrochemical cell was
placed on the stage. In these experiments, an Indium Tin Oxide
(ITO) (Huany Co., China), working electrode is used. The counter
electrode used was a glassy carbon rod (CH Instruments, Austin, TX),
and the quasi-reference electrode was composed of an Ag rod (CH
Instruments, Austin, TX). A schematic of the different 3-electrode
experimental setup can be found in Figure 1A. The potentiostat used
was a CH Instruments 601E (CH Instruments, Austin, TX).

Cyclic voltammetry was used for the ECL reaction. The parameters
are initial E = 0.1 V, high E = 1.8 V, low E = 0.1 V, initial scan
direction = positive, scan rate = 100 mV/s, sweep segments = 2,
sample interval = 0.001 s, quiet time = S s, and sensitivity = 0.01. The
frame with the highest mean intensity through the spheroid was
analyzed.

Cell Culture and Spheroid Synthesis

Human embryonic kidney cells (HEK293, ATCC number CRL-
1573), breast cancer cells (MCF7, ATCC number HTB-22), and
triple negative breast cancer cells (MDA-MB-231, ATCC number
HTB-26) were cultured in Dulbecco’s Modified Eagle’s Medium with
high glucose (Sigma-Aldrich, D6429—500 ML) supplemented with
10% Fetal Bovine Serum (VWR, 97068—085) 1.5% Penicillin—
Streptomycin (Sigma-Aldrich, P0781—100 ML) until they reached
90% confluence. At this time, cells were lifted using TrypLE Express
Enzyme (1X) (Thermofisher Scientific, 12605010) and plated in
ultralow attachment, rounded bottom 96 well plate (Corning, 7007)
with a concentration of 2 X 10* cells per well for each cell line. The
cells were allowed to grow for a maximum of 9 days before analysis
with a 75% media change every other day at 37 °C and 5% CO,.

Irinotecan Toxicity Study

To evaluate the impact of the chemotherapeutic irinotecan on HEK
293 spheroids, the appropriate amount of the drug was dissolved in
DMSO to make a 1 mM irintecan solution. This solution was then
diluted using cell culture PBS to varying concentrations in a 96 well
plate. Spheroids were incubated for 24 h in the drug-media solution
and rinsed with new media before adhesion to the fibronectin layer in
the ITO glass cells for analysis.

For the fluorescence analysis, spheroids were incubated at the
respective times, rinsed with media, and incubated with Calcien AM
live fluorescent stain and hoechst nuclear fluorescent stain for 30 min.

https://doi.org/10.1021/cbmi.4c00105
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At this time, the media was replaced again, and the spheroids were
imaged at an inverted fluorescent microscope.

Rotenone and FCCP Study

Metabolic drug studies were conducted on MCF7 and MDA-MB-231
spheroids. Rotenone was prepared by dissolving the appropriate
concentration of the drug in DMSO to obtain a 2 mM stock solution.
This stock was then diluted to 2 uM concentration with the luminol
analysis solution and placed in the ITO glass cells containing the
spheroid. The spheroid was then incubated for 15 min before the
ECL analysis. Carbonyl cyanide-p-trifluoromethoxyphenylhydrazon
(FCCP) was obtained as a 2 mM stock solution containing DMSO. It
was also diluted to 2 yuM concentration with the luminol analysis
solution and placed in the ITO glass cells containing the spheroid.
The spheroid was then incubated 15 min before the ECL analysis.

B RESULTS AND DISCUSSION

Microscopy Correlated Electrochemiluminescence for the
lllumination of Spheroids

Electrochemiluminescence can be combined with optical
microscopy to visualize 3D cell culture models such as
spheroids. A schematic of the setup is shown in Figure 1A.
Briefly, an electrochemical cell was fabricated using an
optically-transparent indium tin oxide (ITO) working
electrode upon which a glass cylinder was epoxied to hold
the ECL solution, silver wire quasi-reference electrode, and a
graphite rod counter electrode. The three-electrode cell was
placed on top of an inverted microscope functionalized with a
CMOS camera to acquire brightfield and fluorescence
micrographs, and an EMCCD camera to conduct the ECL
imaging. A 4X long working distance was used with a 1.5X
modifier internal to the inverted optical microscope. The
electrochemistry was controlled via a commercially available
potentiostat and the data acquisition, along with microscope
control, was conducted on a computer.

In a standard experiment, the homemade ITO-glass cell was
modified using a thin layer of fibronectin, a high-molecular-
weight glycoprotein found in the extracellular matrix (ECM)
and blood plasma. Postmodification, the fibronectin layer
facilitated the immobilization of the spheroid onto the ITO-
glass cell for facile experimentation (Figure 1B). This layer
allowed for expedited solution changes during experimentation
and it did not significantly alter the signal obtained during the
measurement, though a ~0.1 V shift in the oxidation potential
of luminol was observed (Figure S1). This shift, likely due to
the fibronectin layer, falls within the range reported in the
literature and does not impede the ECL reactions’> (Figure
S1). After immobilization of the spheroid, the ITO cell was
positioned on the microscope, and the focal plane was
manipulated such that the edges of the spheroids were in
direct focus. This focusing strategy eliminated any discrepancy
in ECL intensity that might arise as a function of differences in
spheroid thickness. After focusing, the S mM luminol solution
was added to the glass cell and potential was cycled to excite
the luminol and coreactant to yield the ECL signal.

Visualization of Endogenously Produced H,0, in Kidney
Spheroids

Reactive oxygen species (ROS) are a group of highly reactive
oxygen-containing molecules, including superoxide anion
(0,°7), hydrogen perox1de (H,0,), hydroxyl radical (HO®),
and singlet oxygen.”” In the context of biological applications,
this term is often stretched to include reactive n1trogen, sulfur,
carbon, selenium, and halogen (RHS) species.”* These species
can participate in oxidation—reduction reactions, leading to
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oxidative modifications of biological macromolecules, which in
turn contrlbute to redox signaling and overall biological
function.” While it has previously been noted that these
species nonspecifically interact with proteins, lipids, nucleic
acids, and carbohydrates to generate toxic byproducts in cell
cultures, H,O, has been implicated in influencing cellular
behavior, including invasion, proliferation, and apoptosis in
spheroids and tumor models.”* Specifically, this molecule plays
a crucial role in regulating cellular behavior. H,O, is produced
at low levels during cellular respiration in all cells, but higher
concentrations have been shown to induce oxidative stress
leading to cell death.>> For instance, H,0, concentrations
above 0.05 mM can trigger cell death through ROS
accumulation, while lower concentrations actlvate protective
mechanisms to preserve redox balance.”® This dual effect
highlights the significance of characterizing the behavior of this
small molecule in models aiming to mimic tissues or tumors in
vivo.

It has previously been shown that the use of luminol-based
electrochemiluminescence allows for the sensitive targeting of
H,0, as light is emitted by the luminol radicals when they
combine with hydrogen peroxide radicals. To investigate if it is
possible to visualize the H,O, produced by spheroids, human
embryonic kidney (HEK 293) spheroids were tested in H,0,
only, in luminol only, and in a solution of luminol and H,O,
(Figure 2). HEK 293 cells were first grown in 2D culture

=)

A)

Figure 2. Control experiments taken on ITO-glass cells with A) H,0,
only, B) luminol only, and C) luminol and H,0, to allow for the
benchmarking of the luminol-H,O, system using microscopy. Scale
bar = 500 pm.

format and then plated in ultralow attachment well plates to
form spheroids. The initial cultivation of cells in 2D cell culture
format allowed for the easy assessment of cell growth,
morphology, and proliferation rates, as well as to obtain the
optimal cell density of 1 X 10° cells per plate from which 1 X
10° we plated in each well of a 96 well plate to form spheroids.
These spheroids were allowed to mature for 9 days until three
distinct layers could be visualized in the spheroids using optical
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microscopy, and then ECL analysis was performed. Stemming
from transformed kidney cells, these spheroids were non-
cancerous and chosen for their reproducible growth and well-
characterized behavior.’® As a negative control, spheroids were
placed in 0.1 mM H,0,, and voltage cycled using cyclic
voltammetry from 0.1 V vs Ag/AgCl to 1.8 V vs Ag/AgCl. The
resulting electrochemiluminescence was recorded (Figure S1).
Upon current application, a nonzero starting current was
observed. This can be attributed to the fibronectin layer
applied on the ITO surface to immobilize the spheroid onto
the electrode. As discussed previously, fibronectin consists of
high-molecular-weight glycoproteins that can adhere to the
ITO surface, partially passivating it and influencing its
electrochemical properties. As the formation of H,O, radicals
does not result in photoemission, no ECL was observed
(Figure 2A). As a positive control, spheroids were immersed in
a solution of 5 mM luminol along with 0.1 mM H,0,, and a
potential was applied as before. Luminol reacts with radicals
produced by peroxide, generating an excited form of 3-
aminophthalate that emits photons,”” and enabling the
visualization of the spheroid in solution (Figure 2C). Given
that the hydrogen peroxide was added exogenously, an
increased light intensity was expected around the spheroid as
can be seen in the micrograph. Interestingly, we were able to
visualize high ECL intensities in the center of the spheroid as
well. As ECL should only occur in the presence of both
luminol and hydrogen peroxide, we hypothesized that either
peroxide was quick to diffuse into the spheroid and
concentrate there, resulting in a brighter emission due to
increased concentration, or it could be a combined effect
where the core of the spheroid might produce its own supply
of H,0, along with that diffusing in, resulting in a higher
signal. If it was the former case, removing peroxide should
eliminate the ECL signal in the center of the spheroid.
However, if it was the latter and the spheroid produced its own
supply of H,0,, ECL should persist regardless of peroxide
addition into the system.

To test this, H,0, was removed from the system and a new
spheroid sample was interrogated with only 5 mM luminol.
Upon voltage application, ECL was observed again with the
center of the spheroid showing a higher intensity of light
compared to the spheroid edges and the bulk solution (Figure
2B). This supported the hypothesis that the spheroid core
itself can produce hydrogen peroxide which can then react
with the luminol to yield ECL. This observation is consistent
with previous reports of increased ROS activity in mature
spheroids as a function of hypoxia, core acidification, and
necrosis.”

In our experiment, it is important to note that ECL is
fundamentally a surface characterization technique, as it relies
on the generation of light through electrochemical reactions
occurring at the electrode surface.” This applies to two crucial
aspects of our work. The first one is that due to this
technique’s ability to show electrochemical reactions at the
electrode solution interface, any heterogeneity in spheroid
curvature and geometry that alters the electrode-spheroid
contact can result in variation in ECL intensity. For example,
cell surfaces closer to the electrode might generate more ECL
compared to those further away because the diffusion distance
that the luminol intermediates must travel is shorter. It is
important to note that the spherical geometry of the spheroid
creates a distance between the electrode and its outer edges,
which may prevent luminol intermediates from efliciently
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traveling to the outer regions where the reaction with
endogenous H,0, is less likely to occur. As a result, the
central region of the spheroid, being closer to the electrode,
produces a stronger ECL signal, while the edges exhibit less
intensity. This limitation arises from the diffusion dynamics of
H,0, and the spatial configuration of the spheroid, which
affects the overall distribution of the ECL signal. In this study,
this problem was mitigated by standardizing spheroid growth
procedures to yield consistently sized spheroids that looked
optically similar under brightfield microscopy. Additionally, the
3D cell structures were attached to the electrode with
fibronectin. Each electrode was incubated with the same
amount of fibronectin solution which ensured homogeneous
surface coverage.

The second aspect is that the technique only reports on
molecules that can successfully diffuse to the electrode surface.
Although the vertical resolution is determined by the depth of
field, it is not likely that the brightness observed at the center
of the image is due to the reaction occurring at the spheroid
core, which is 100s of microns away from the electrode.*!
Instead, our technique reports on the hydrogen peroxide
formed in the core that can diffuse to the outer reaches of the
tissue closer to the electrode surface. As the production of
peroxide in the core increases, higher ECL intensities should
be observed in the spheroid center on the micrograph as more
hydrogen peroxide is available to diffuse to the outer tissue.
The concentration of H,0O, in the tissue closest to the
electrode can be approximated using a calibration curve
generated through the interrogation of luminol solutions
containing different concentrations of H,0,. Note that the
calibration curve exhibited two distinct linear regions, with
greater sensitivity observed at lower hydrogen peroxide
concentrations. However, a single calibration curve was used
because literature values for hydrogen peroxide in spheroids
typically range between 50 and 80 uM, which falls within the
linear region of the calibration plot. The detection limit
obtained from this curve was 2.26 + 0.58 uM (Figure S2).
This limit of detection was determined by using the camera’s
average noise and standard deviation. The noise was multiplied
by 3 and summed with the average to find the limit of
detection in signal units (Figure S2). It is important to
consider here that luminol is soluble only in basic conditions
and, thus, our reaction solution has a pH of 8. To ensure that
this deviation from physiological conditions has minimal
impact on our results, the amount of time the spheroids spent
in the luminol solution was minimized. Moreover, a cell
viability assay was conducted to confirm spheroid viability in
the luminol solution after an hour of incubation at 37 °C, a
time point that far exceeds the analysis window for our system
(Figure S3). Overall, we have demonstrated a novel technique
to visualize endogenously produced hydrogen peroxide in
HEK 293 spheroids.

We also find it pertinent to mention the analytical figures of
merit for shadow electrochemiluminescence here for clarity.
Specifically, the “background” (the spatial area surrounding the
spheroid) is not a true background in the figure, due to it being
a negative image, and is dependent on the distribution of the
coreactant and luminophore molecules in solution. Since we
are not in light ECL (also known as positive ECL) mode the
luminophore is not spatially confined to the entity (spheroid)
thus can diffuse into solution. Thus, we are allowing the
luminol to permeate into the spheroid. Additionally due to the
high temporal resolution (ca. 30 frames per second) to map
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the mass transfer-limited ECL signal accurately, low signal is
expected and resolved. However, due to the sensitivity of the
cold (=70 °C) EMCCD camera, this still allows us to extract
statistically significant data when the region of interest is
selected within the spheroid, infra vide (Figure 3).
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Figure 3. A) Electrochemiluminescence images taken at (i) 3 days,
(i) 4 days, (iii) S days, (iv) 6 days, and (v) 9 days after spheroid
seeding. B) Extrapolated H,0, concentrations in the spheroid core at
different time points using calibration curve showing significant
difference between spheroids at day S through 9 when compared to
day 3 but no difference between day 3 and day 4. Scale bar = 500 ym
and error obtained from the average of the three highest intensity
points in the spheroid.

Quantification of Hydrogen Peroxide Production with
Increasing Spheroid Age

During the early stages of spheroid formation, as cells
proliferate and aggregate, they undergo metabolic shifts that
can lead to increased production of reactive oxygen species
(ROS), including H,0,. Wartenberg et al. showed that the size
of tumor spheroids correlates with ROS levels, with smaller
spheroids—composed mainly of proliferative cells—exhibiting
lower ROS levels compared to larger, slower growin

spheroids, which are chemotherapy and radiation resistance.’

This indicates that H,0, production may begin soon after
spheroid formation as cells adjust to their new 3D environ-
ment. To investigate this phenomenon using our system, HEK
293 spheroids were formed as before and interrogated using
ECL on different days postseeding. After being transferred
from 2D cell cultures, it takes approximately 24 to 48 h (about

315

2 days) for the establishment of cadherin-mediated adhesions
that bind the cells together into a sphere-like conformation.®!
Thus, we started the spheroid maturity study on day three after
seeding. In addition, ECL images were obtained on day 4, day
S, day 6, and day 9. Figure 3A shows the microscopy images
obtained and highlights the perimeter of the spheroid.
Comparing the samples, we see an even distribution of light
intensity inside the perimeter of the spheroid at day 3 and 4.
Qualitatively, at day S, intensity in the center is only marginally
higher, while at day 6, a clear intensity difference can be
observed between the perimeter and the center of the
spheroid. On day 9, the center was considerably brighter,
suggesting that there was a higher concentration of H,O, at the
spheroid center. The concentration of hydrogen peroxide in
the spheroid was obtained using the calibration curve and the
resulting values are shown in Figure 3B as a function of days
after seeding. There was no significant difference between the
peroxide concentration on days 3 and 4 but our technique
could quantify the difference between days 3 and S with H,O,
concentrations of 6.20 yM and 8.39 uM, respectively. A
significant difference was also observed across days S, 6, and 9
with concentrations of 13.33 M, 19.14 uM, and 25.99 uM,
respectively. The increased hydrogen peroxide concentration
suggests that the spheroid begins to undergo a metabolic shift
as early as 4 days after formation.

Previous research has quantified the H,O, concentration in
the core to be between 50 uM to 80 M in the core at maturity
for colorectal and tongue cancer spheroids.®”®® This
discrepancy between our results and previously reported
values comes from the fact that each type of cell line produces
differing concentrations of peroxide. Additionally, while the
average values in literature come from cancer cells, we are
using a noncancerous cell line which is expected to have lower
ROS activity as their ROS species are primarily generated as a
byproduct of glycolysis and oxidative phosphorylation, while
ROS species in cancerous cell lines are primarily produced
through aerobic glycolysis.”**° To the author’s knowledge, our
work is the first of its kind where hydrogen peroxide produced
by the spheroid core can be quantified in real-time without the
need for fluorescent labeling or sample destruction.

Visualization of Irinotecan-Induced ROS Stress in
Noncancerous Spheroids

Spheroids have been widely utilized to study the mechanisms
of drug action for new pharmaceutical agents such as
irinotecan. Irinotecan is a camptothecin analogue used as a
chemotherapeutic agent to treat various cancers such as
colorectal cancer and other solid tumors.”® This drug is
hydrolyzed by carboxylesterases to form its highly active
metabolite in actively respirating cells which exerts its cytotoxic
effects by inhibiting the activity of DNA topoisomerase 1.°”%
In addition, irinotecan activates NADPH oxidases that catalyze
the production of superoxide that is converted to H,O,, thus
increasing ROS activity. Taking this mechanism into account,
we wanted to see if our ECL technique could report on
changes in H,0, concentration as a function of irinotecan
exposure. To investigate this phenomenon, mature spheroids
were incubated in 0 M, 0.5 uM, 5 uM, 25 uM, and 50 uM for
24 h. Postincubation, spheroids were washed using phosphate
buffered saline and attached onto fibronectin coated ITO cells
before the electrochemical measurements. Figure 4A shows the
brightfield images of the spheroid in the first row, followed by
the fluorescence emitted by luminol in the spheroids, and
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Figure 4. Tracking H,O, production as a function of irinotecan-induced ROS stress. A) Comparative microscopy images obtained after incubating
spheroids in varying concentrations of irinotecan to show brightfield view, luminol fluorescence, and electrochemiluminescence. B) Surface
intensity plots highlight the distribution of ECL intensity across different concentrations of irinotecan. Scale bar = 500 ym.

finally the ECL trace. The brightfield images in the first row
show consistent spheroid diameters of approximately 500 pm
at all concentrations of irinotecan indicating that the overall
morphology of the cell culture does not change as a function of
drug administration. Additionally, the fluorescence traces
revealed a uniform distribution of luminol across the spheroid,
with no bias toward the center or the periphery. In line with
previous findings, the ECL traces at all concentrations
exhibited greater intensity at the spheroid’s center, reflecting
higher H,0, levels in this region. However, while the central
intensity remained stable, increasing irinotecan concentrations
led to enhanced ECL intensity at the spheroid edges with 50
UM showing the change most distinctly (Figure 4A).

To better visualize this phenomenon across the surface of
the spheroid, three-dimensional surface intensity plots were
obtained with the x- and y-axis reporting the distance from one
end of the spheroid and the z-axis reporting the ECL intensity
(Figure 4B). The 0 uM control sample showed the highest
intensity at the center of the surface plot as evidenced by the
distinct purple peak followed immediately by the green/yellow
valley. This topographical profile is consistent with previous
observations that the center of a mature spheroid is nutrient-
deprived and hypoxic with increased ROS activity, while the
periphery is composed of proliferating cells that show lower
ROS activity.69 Similar results were seen for 0.5 yM and 5 yM
irinotecan concentrations where a clear central peak is
observed surrounded by low-intensity valleys representative
of the spheroid edges. However, as drug concentration
increased to 25 M and 50 puM, higher intensity peaks are
seen throughout the surface of the spheroid in addition to the
center, with the effect being most pronounced for the 50 uM
sample where nearly the whole spheroid surface displayed
elevated ECL intensities. Recall that higher ECL intensity in
the luminol-H,0, system corresponds to upregulated levels of
H,0,, and irinotecan has previously been shown to increase
H,0, production.*” Thus, our observations imply that
irinotecan is most successful in inducing H,0, production in
the proliferation zone of the spheroid as the intensity at the
center of the spheroid remains consistent across all samples
while the intensity at the periphery of the spheroid increases
with increasing irinotecan concentration. The preferential
increase is most likely due to the drug’s inability to diffuse
into the densely packed spheroid. Drug diffusion limitations
are a common issue for many pharmaceuticals agents, which
limit their efficacy when faced with solid tumors in the human

316

body. Our technique’s ability to spatially resolve H,O,
production as a function of drug distribution can be extended
to other pharmaceutical reagents that are known to function
via ROS generation mechanisms and could potentially be used
as a diagnostic tool to visualize the upregulation of H,O,
production as a side effect of the Warburg effect.

Visualization of the Warburg Effect Using
Electrochemiluminescence

First described by Otto Warburg in the 1920s, the Warburg
effect refers to the tendency of cancer cells to favor glycolysis
for energy generation, even when oxygen is readily available,
resulting in elevated glucose consumption and lactate
formation.”® In noncancerous cells, glucose is first broken
down into pyruvate through glycolysis in an anaerobic process
and then transported to the mitochondria where it is oxidized
through the Krebs cycle and moved through the electron
transport chain to generate ATP in an aerobic reaction.”' In
the absence of oxygen, pyruvate is converted to lactic acid
resulting in a reduced yield of ATP.®" Of the two processes, the
mitochondrial reactions, also known collectively as oxidative
phosphorylation, are preferred as they yield more ATP.’!
Unlike noncancerous cells, tumor cells prefer the lactic acid
pathway even in the presence of oxygen, likely due to the
ability of lactic acid to influence various signaling gathways that
can promote tumor progression and metastasis.”

The Warburg effect is a hallmark of malignant tumors and
has been previously demonstrated in cancer cell-derived
spheroids.”” These spheroids exhibit the cellular heterogeneity
mentioned earlier, with the Warburg effect being most
pronounced in the core of the spheroid due to the hypoxic
environment, which favors the lactic acid cycle. The increased
lactic acid production also results in accelerated production of
H,0, and other ROS species, which are byproducts of aerobic
glycolysis.” We can harness this increased peroxide
production to visualize the Warburg effect in cancer spheroids
using ECL. To demonstrate this, we cultured MCF-7 estrogen
positive and MDA-MB-231 triple negative breast cancer
spheroids. Both cell lines were first grown in 2D culture
format and then plated in ultralow attachment well plates to
form spheroids. The spheroids were allowed to mature for 9
days until three distinct zones could be visualized in the
spheroids using optical microscopy, and then ECL analysis was
performed. As observed by other groups, MDA-MB-231 do
not form compact, circular spheroids like HEK 293 and MCF-
7 spheroids which can be attributed to their spindle-like
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Figure S. Characterization of MCF-7 and MDA-MB-231 spheroids using ECL. A) ECL micrographs of MCF7 and MDA spheroids. Controls
(without the addition of metabolic regulators) are depicted in (i) and (iv). ECL micrographs for MCF7 and MDA spheroids incubated with
Rotenone are given in (ii) And (v). ECL micrographs for MCF7 and MDA spheroids incubated with FCCP are given in (jii) And (vi). B) Surface
intensity plots for MCF7 (i) spheroid control, (ii) incubated with Rotenone, and (iii) incubated with FCCP. C) Surface intensity plots for MDA
spheroids (iv) control, (v) incubated with Rotenone, and (vi) incubated with FCCP.

morphology in 2D cell culture as opposed to the basal-like
morphology of the other two cell lines.”* This loosely
connected morphology allows the triple negative breast cancer
cells to migrate to different tissue and cause metastasis.”* We
chose to use both cell lines to compare the hydrogen peroxide
signal across spheroids with different morphologies. Figure
SA(i) and Figure SA(iv) show the ECL micrographs obtained
using MCF-7 and MDA-MB-231 spheroids, respectively. As
seen in the figure, the former spheroid type adopted a
spherical, compact morphology, while the latter was much
more spread out with unattached cells that were once part of
the spheroid, littering the ITO-glass cell. To emphasize the
ECL intensity distribution around the spheroid, the data is
plotted as a surface intensity profile in Figure SB(i) and Figure
5C(3I).

In these graphs, the x- and y-axis show the spatial
dimensions while the z-axis reports the intensity of the ECL
signal observed with the brighter colors and deeper valleys
showing higher ECL intensity. The intensity plots show
singular deep valleys that are associated with the location of the
spheroids. Between the two types of spheroids, MDA-MB-231
spheroids show higher ECL intensity than MCEF-7 as
evidenced by the brighter and deeper valley in Figure SC(i)
as compared to Figure SB(i). This would indicate a higher
concentration of hydrogen peroxide activity in the spheroid.
This aligns with existing literature, as MDA-MB-231 cells
heavily depend on aerobic glycolysis for ATP production, a
characteristic of their aggressive and invasive phenotype.”” An
active and fast aerobic glycolysis metabolism can generate
higher ROS concentrations compared to those observed in
MCE-7 cells which, being estrogen receptor-positive, generally
show a more balanced metabolic profile. Although they do
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participate in glycolysis, they rely on oxidative phosphorylation
for ATP production, particularly in normoxic conditions.®®
Under hypoxia, MCF-7 cells can shift to glycolysis, but their
metabolic flexibility enables them to sustain a more efficient
energy production strategy compared to MDA-MB-231 cells
and prevents the upregulation of ROS species like H,0,.%
This is demonstrated by the low intensity observed in the
surface plots (Figure SB(i)). Through this experiment, we
show that our technique is not only applicable to non-
cancerous tissue spheroids, but it can also comment on the
behavior of different cancer spheroids in real-time without the
need for exogenous labeling methods.

To evaluate the ability of our spheroid ECL system as a
potential diagnostic tool for cancer therapeutics, we utilized
metabolism altering drugs rotenone and carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) to artificially alter
the ROS production in both MCF-7 and MDA-MB-231
spheroid. Rotenone is a naturally occurring isoflavonid derived
from plants and is capable of inhibiting mitochondrial complex
I in cell effectively initiating cell cycle arrest, inducing
apoptosis, and upregulating ROS production in cells that
primarily utilize oxidative phosphorylation.”””” Meanwhile,
FCCP is a potent mitochondrial uncoupler that dissipates the
mitochondrial membrane potential interrupting the proton
gradient across the inner mitochondrial membrane.”® This
leads to a rapid increase in ROS levels which can cause cellular
damage, including lipid peroxidation, protein oxidation, and
DNA damage.”” While both metabolic drugs upregulate the
production of H,O, and other ROS species in cells, their
reaction pathways are different which, we hypothesized, would
result in differing ECL profiles in the breast cancer spheroids.
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To test our hypothesis, we first incubated both spheroid
types with 2 yM rotenone for 15 min before running the ECL
experiment. Figure SA(ii) and Figure SA(v) show the resulting
ECL micrographs. As compared to ECL micrographs without
drug addition, one can observe a slight reduction in ECL
intensity at the spheroid center in MCF-7 spheroids and a
substantial reduction in ECL intensity overall for the MDA-
MB-231 spheroid to the point that the edges of the spheroids
are no longer defined. The surface intensity plots further
highlight this difference in that the MCF-7 sample continues to
show similar intensities in valley height and coloration as the
control while the MDA-MB-231 shows dramatically reduced
intensity as evidenced by the physical transposition of the
surface plot to lower intensity values as well as a shallower
valley surface (Figure SB(ii) and Figure SC(ii)). This result
was unusual on two accounts; one is that rotenone has
previously been shown to increase H,0, concentrations in
cancer cells which should have led to the increase in the ECL
intensity but, instead, a decrease in intensity was observed. The
second interesting discrepancy was the difference between the
response of the two cell lines. To address the first observation,
one needs to recall that spheroids are composed of three layers,
each of which displays a different metabolism. In pH
conditions like those in the core, the mitochondrial respiration
rate can decrease, resulting in lower production of H,0,.*’
Additionally, rotenone has been shown to interact with various
signaling enzymes that modulate ROS production, such as
NADPH oxidases in low pH environments, leading to
decreased ROS production despite its role as a complex I
inhibitor.”® The MDA-MB-231 cell line, which exhibits greater
reliance on aerobic glycolysis—a hallmark of the Warburg
effect—shows a higher baseline ROS level. FCCP-induced
mitochondrial uncoupling further amplifies H,0, production
by exacerbating the glycolytic shift, a response less pronounced
in MCE-7 cells due to their metabolic flexibility and capacity to
utilize oxidative phosphorylation under stress. This metabolic
heterogeneity underscores potential therapeutic avenues
targeting glycolysis-dominant tumors.

As both types of spheroids used in this study are mature
cancer spheroids displaying a heterogeneous population of
cells indicative of a pH gradient, it is possible that the rotenone
might be activating one of the NADPH pathways, resulting in a
decrease in H,0, concentration. One limitation of our
technique is that, unlike fluorescence, it cannot be used to
identify which pathway is in effect. However, ECL can be used
to visually distinguish between spheroids that show a response
to a drug and those that do not with high spatial resolution.

To address the second observation that the MCF-7 cells
show little to no change while the MDA-MB-231 cells yield a
drastic decrease in intensity, it is important to consider the
three-dimensional structure of both spheroids. It was
mentioned that the MCEF-7 cell line produces compact
spheroids while the MDA-MB-231 cell line produces flatter
spheroids made up of loosely attached cells. As the cell layers
increase in density and the spheroid becomes more compacted,
diffusion of drugs and other nutrients is greatly diminished
while in a flatter spheroid, there is greater diffusion of the drug
to the cells allowing for greater drug impact. Similarly, a
topographical increase is seen in the surface plot for MDA-MB-
231, which showed an overall brighter ECL signal than both
the MCEF-7 spheroid incubated with FCCP and the MDA-MB-
231 control (Figure SA(iii and vi), Figure SB(iii), and Figure
SC(iii)).
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Unlike the inhibitory effect observed due to rotenone, FCCP
shows an increase in ECL signal intensity. Figures SA(iii) and
SA(vi) both show an overall increase in the ECL intensity but,
as before, MCF-7 shows a less pronounced change than the
other cell line. In addition to the drug diffusion argument
presented earlier, the ability of MCF-7 spheroids to switch
between aerobic glycolysis and oxidative phosphorylation
makes them more resistant to metabolic drugs such as
rotenone and FCCP which alter only the mitochondrial
reactions and not glycolysis. Despite this, unlike rotenone,
FCCP does illicit a significant response at the MCF-7 spheroid
center most likely because of the uncoupling effect of FCCP
which allows for increased oxygen consumption without the
corresponding ATP production. This would lead to an
overload of electrons that react with oxygen to generate
H,0, at the core where cells already have an upregulation of
ROS due to the presence of an acidic environment resulting in
brighter ECL intensity at the spheroid center (Figure SA(iii)).
This is supported by the surface intensity plot which shows
topographical increases around the center of the spheroid
which are significantly higher than the background intensity as
evidenced by pink mountains in the figure as opposed to the
valley observed in the control (Figure SB(iii)). The differential
drug responses observed between the cell lines underscore the
importance of metabolic profiling in cancer treatment. Drugs
targeting specific pathways, such as glycolysis inhibitors for
MDA-MB-231-like tumors, could enhance therapeutic efficacy
by leveraging their metabolic dependencies. Similarly, a
topographical increase is seen in the surface plot for MDA-
MB-231 which showed an overall brighter ECL signal than
both the MCEF-7 spheroid incubated with FCCP and the
MDA-MB-231 control (Figure SC(iii)). This increase is likely
due to accelerated diffusion of the drug into the spheroid due
to its flat surface and the fact that MDA-MB-231 spheroids
show a greater Warburg effect than MCF-7. This means that
they already heavily rely on aerobic glycolysis which results in
the production of higher concentrations of H,0,, and the
uncoupling effect of the drug only exasperates the effect
resulting in even higher production of H,0, which can be
observed using our method. Thus, based on these results, not
only can we quantify the H,O, concentration in different cell
types, but we can also track the change in these concentrations
in response to drug agents like irinotecan, rotenone, and

FCCP.

B CONCLUSION

Electrochemiluminescence allows for the selective and
sensitive quantification of hydrogen peroxide using a
luminol-based reaction. In this study, we introduce ECL as a
technique to measure endogenously produced hydrogen
peroxide in spheroids at real-time scales without labeling or
sample destruction. Although limited by the time needed for
spheroid preparation, this technique allows for the quantifica-
tion of endogenous reactive oxygen species in complex
biological systems. We demonstrated its ability to track
spheroid maturity over time as a function of increasing
hydrogen peroxide diffusion from the spheroid core to the
outer tissue. Additionally, we showed the versatility of the
technique across cancerous and noncancerous cell types, and
tested its potential as a cancer diagnostic tool through the
administration of drugs such as irinotecan, rotenone, and
FCCP. Our technique successfully tracked the metabolic
changes induced by each drug while reporting on the spatial
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location of the ROS activity. In our system, we implicate
hydrogen peroxide because of its relative stability, the light
generated in the positive control, and the enhanced ECL
intensity generated in cells exposed to irinotecan, a known
hydrogen peroxide upregulator. While the technique still has
limitations, such as its inability to provide cellular resolution or
to probe individual components of cellular pathways that
might upregulate hydrogen peroxide production, or to provide
ECL images at different focal planes due to the one-time use
nature of the ITO, the luminol-based ECL system reported
here can be used as both a tool for cancer diagnosis and as a
platform to study drug efficacy. These tools will have much
wider applications in understanding the real-time propagation
of human disease in systems that more closely relate to human
tissue.
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