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Abstract

Mitochondria are central to cellular energy production and metabolic regulation, and their
dysfunction is linked to various diseases. Understanding mitochondrial activity through
electrochemical studies may provide valuable insights into their function, but direct
characterization remains challenging due to the complexity of the electron transport chain (ETC)
and the need to maintain mitochondrial integrity. While pyrolytic graphite (PGE) and carbon paper
electrodes have been used in the past, the inherently weak and poorly resolved voltammetric
signals from mitochondria complicate their electrochemistry.

This study investigates the use of PGE modified with graphene oxide obtained by electrochemical
exfoliation of graphite (EGO) to enhance the electrochemical signals of isolated human
mitochondria. To assess such activity, square wave voltammetry (SWV) was conducted in
physiological conditions and compared with metabolic assays. The EGOs flakes and their
suspensions obtained after different sonication times, and used in the fabrication of the electrodes
were characterized by Scanning electron microscopy, X-ray photoelectron spectroscopy,
transmission electron microscopy (TEM), and UV-vis spectroscopy.

TEM confirmed mitochondrial structural integrity after interaction with the EGO. Sonication time
plays a critical control in mitochondrial viability and activity, as prolonged sonication yields
smaller EGO flakes and more graphene oxide quantum dots (GOQD). The flakes improved the
interaction between the mitochondria and the electrode’s surface, whereas the GOQD facilitated
the electron transfer between the ETC and the electrode, leading to stronger electrochemical
signals. We highlight the importance of using SWV in combination with EGO and GOQD to
resolve these signals more effectively, overcoming the limitations of typical voltammetry tests.

Keywords: Mitochondrial electrochemistry, Physiological-like conditions, Mitochondrial
respiration, Graphene oxide, Graphene oxide quantum dots, Seahorse analysis, Square-wave
voltammetry.



00 3N Lt W N =

11
12
13
14
15
16
17
18
19
20
21
22
23
24

25

26

27
28
29
30
31

1. Introduction

The mitochondrion is perhaps the most studied organelle because its structure and function are
central to cellular function, human health and disease [1,2]. Mitochondria have a complex structure
consisting of a matrix delimited by an inner (IMM) and an outer (OMM) membrane [3]. One of
the most important processes carried out by mitochondria is oxidative phosphorylation
(OXPHOS), which generates adenosine triphosphate (ATP), the energetic currency of eukaryotic
organisms. This process takes place at the inner mitochondrial membrane thanks to a group of
multidomain protein complexes known as the electron transport chain (ETC) and the ATP synthase
(Scheme 1). The ETC (Complexes I - IV) oxidizes hydrogen from carbohydrates, proteins and fats
to fuel ATP production, generating water as a byproduct. As the electrons travel through complexes
I, III and IV, a proton-induced electrochemical gradient is formed between the mitochondrial
matrix and the intermembrane space. The proton movement generates a pH gradient and a
membrane potential (ca. 150 mV) that serve as the driving force for the synthesis of ATP at the
ATP-synthase [4]. As illustrated in Scheme 1, all protein complexes (I-IV) involved in the
OXPHOS process carry out redox reactions of their substrates. Therefore, mitochondrial
electrochemistry and fundamental knowledge on mitochondria-electrode communication are
valuable tools to study the mitochondrial respiration. The development of electrochemically
sensitive platforms offers significant potential for diagnosing mitochondrial-related diseases.
These platforms would enable the study of biological entities without relying on fluorescent probes
or the complex instrumentation required for standard techniques such as fluorescence resonance
energy transfer, photo-induced electron transfer, intramolecular charge transfer, excited-state
intramolecular proton transfer, surface-enhanced Raman scattering, and surface plasmon
resonance [5].
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Scheme 1. Representation of the oxidative phosphorylation process in mitochondria. The red
arrow indicates the path of electrons in the electron transport chain, the orange arrow represents
the reduction of oxygen at complex 1V, and the green arrow shows the ATP synthesis at the end of
the process. Inhibitors of the electron transport chain and their targets are indicated in purple and
red.
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The electrochemistry of mitochondria has been subject of study over the last two decades after it
was demonstrated that cyclic voltammograms with redox peaks can be recorded from the
organelles drop casted on pyrolytic graphite electrodes [6]. For example, their ability to completely
oxidize molecules was exploited in biofuel cells [7-9]. Also, several antibiotics, pesticides and
explosive substances can target specifically the ETC inhibiting OXPHOS, which has been
capitalized in the development of electrochemical biosensors for the detection of these harmful
molecules [10-15].

Previous studies have explored the electrochemical response of mitochondria. Zhao et. al observed
various voltametric peaks from isolated HeLa cell mitochondria on pyrolytic graphite electrodes
(PGE). The authors attributed the signals to Cytochrome C (cyt ¢), to coenzyme Q (CoQ), or to
FAD/FADHo:. These entities act as electron shuttles between the IMM and the electrode under an
applied potential [6]. Later, Giroud et. al/ identified CoQ as the primary electron source responsible
for redox signals in mitochondria from yeast, potato, and bovine heart [16]. They observed similar
peaks with pure CoQ but none with pure cyt c. However, removing cyt ¢ or CoQ from yeast, potato
and bovine mitochondria decreased the redox peaks, suggesting that both contribute to the
electrochemical signals. In fact, selective CoQ removal is challenging because of the affinity of
ETC enzymes (eg. cyt ¢ oxidase also known as complex IV) for organic solvents, as well as cyt c
loss and mitochondrial structural disruption caused by KCl exposure during CoQ depletion
protocol [17-19]. A more recent study revealed that mitochondrial handling, purification
processes, and buffer composition significantly influence mitochondrial respiration and the
electrochemical signals [20]. This effect is more pronounced in yeast, whose thick cell wall
necessitates rigorous purification methods that often cause greater structural damage compared to
mammalian mitochondria, which are typically isolated with minimal compromise [20]. Using
yeast mutants (Acyc3 and Acox10 lacking cytochrome C and complex IV, respectively), the
authors still found electrochemical signals present in the cyclic voltammograms, ruling out cyt ¢
and complex IV as electron sources in yeast mitochondria. These findings align with those reported
in [16].

Electrochemistry of mitochondria has been typically carried out using carbon-based working
electrodes such as PGE [6] and carbon paper [12,15,16,20]. These materials have proven
biocompatibility; however, weak signals are obtained with PGE, and the huge capacitive currents
of carbon paper hinders the detailed study of the organelles, which, due to their structure, leads to
low-intensity faradaic currents. Graphene-based materials have gained considerable attention
during the last decades due to their intrinsic physicochemical properties and their broad
applications in different fields, including biomedical sector [21,22]. Amongst them, graphene
oxide (GO) stands out due to its unique properties which include high surface area, good
mechanical strength, high conductivity, and remarkable hydrophilicity [22]. GO is rich in
oxygenated functional groups distributed in different zones of the GO sheets. Moreover, the
structure and toxicity of GO can be tuned using physical methods like ultrasonication or
lyophilization [23], or chemical ones like the functionalization with organic molecules [24]. In the
field of bioelectrochemistry, GO has found applications for the fabrication of enzymatic [25-27]
and non-enzymatic [28,29] electrochemical biosensors, and for electrochemical immunosensors
[30-32]. Additionally, GO functionalization has been used to facilitate biomarker detection which
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has allowed the selective capture and release of cancerous cells [33,34]. However, to the best of
our knowledge, the use of GO on the electrochemical response of subcellular structures has not
yet been investigated.

In this work, electrochemical studies of mitochondria obtained from human cell lines are
conducted in physiological conditions. They were chosen because they can be obtained in better
health than those from yeast, and because electrochemical studies of human cells mitochondria are
important for applications in diagnosis. Their response to different electrode materials (glassy
carbon, pyrolytic graphite and GO obtained by electrochemical exfoliation of graphite) was
investigated by both cyclic voltammetry and square wave voltammetry. Specific inhibitors of the
ETC were used to identify the electrochemical signals associated with the mitochondria and the
data corroborated with Seahorse analysis technique. It will be shown that the sonication time of
the GO suspensions has a notable impact on the electrochemical response of the mitochondria.
Ultimately, this work is a step forward to developing a reliable and simple electrochemical
platform for monitoring human mitochondrial function.

2. Experimental

2.1. Synthesis and characterization of graphene oxide

Graphene oxide was synthesized by electrochemical exfoliation of a graphite foil, as outlined in
[35]. Specifically, a graphite foil (7.5 cm x 2 cm x 0.05 cm) and a platinum mesh (6 cm?) immersed
in a 0.1 M H2SOs4 electrolyte solution were connected to a direct current power supplier. The
distance between the two electrodes was 6 cm and the potential difference between the electrodes
was 10 V. The resulting graphene oxide flakes (named EGO) were collected via vacuum filtration
using an MF-Millipore membrane with a pore size of 0.22 pm and subsequently washed multiple
times with Millipore water to eliminate residual acid. The EGO flakes were redispersed in water
through ultrasonication for 90 minutes, followed by freeze-drying to recover the powders. These
EGO flakes were later used for the preparation of the suspensions described below.

Fresh suspensions of EGO at a concentration of 0.4 mg/mL were prepared by sonicating the EGO
flakes in water for three hours. To evaluate the effect of the suspensions’ sonication time on the
mitochondrial respiration and electrochemical assays, these were subjected to additional
sonication for a total of 3, 12, 20, 40, and 60 h. The samples were named as EGO-xh where x
indicates the total sonication time in hours.

For characterization, the different suspensions of EGO were ultracentrifuged at 4500 g for 2 hours
at room temperature to pellet the powders. The powders were allowed to dry at 37 © C overnight
before any characterization. Physicochemical characterization of the EGO-xh flakes was
conducted by Scanning Electron Microscopy (SEM), X-Ray Photoelectron Spectroscopy (XPS).
UV-vis spectrophotometry, Scanning Transmission Electron Microscopy (STEM), and High-
Resolution Transmission Electron Microscopy (HR-TEM) were used for the characterization of
the supernatants. See section 1.1 of the SI file for details.
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2.2. Cell culture and mitochondrial purification

Two different working buffers were used for the experiments with mitochondria: Mitochondrial
Purification Solution (MPS) that allows for purification of mitochondria with minimal damage and
Mitochondrial Assay Solution (MAS) that contains all substrates that mitochondria need to sustain
their activity for long periods of time [36]. See section 1.2 of the SI file for details about their
composition.

Human embryonic kidney cells (HEK 293 ATCC number CRL-1573) were maintained in
Dulbecco's Modified Eagle Medium (DMEM) medium supplemented with 10% heat inactivated
fetal bovine serum, 1% penicillin-streptomycin, and 1% L-glutamine at 37 °C in 5% COz. The
HEK?293 cell line was chosen due to their fast growth.

Mitochondria from cultured cells were isolated as previously reported [37]: HEK293T cells were
resuspended at 70 million mL™! in cold MPS buffer solution designed to maintain a nearly isotonic
environment. After a 30 min incubation on ice, the cells were forced through a 27-gauge needle
50-60 times. The homogenate was centrifuged 2 times (800 g, 20 min, 4°C) to remove nuclei,
unbroken cells, and large membrane fragments. The mitochondrial fraction was pelleted by
centrifugation of the post-nuclear supernatant at 8000 g for 20 min at 4 °C. The mitochondrial
pellet was then washed with 200 uLL of MPS and centrifuged once again at 8000 g for 20 min at 4
°C. The final mitochondrial pellet was resuspended in cold MAS buffer at a 400 mg/mL
concentration (based on wet pellet weight). The mitochondrial proteins in the final mitochondrial
suspension were quantified using the colorimetric DC protein assay (Bio-Rad®) using Bovine
Serum Albumin (BSA) as protein standards. Typically, mitochondria were conserved in MAS at 4
°C overnight and plated for Seahorse analysis or drop-casted on the electrodes for electrochemistry
the following day.

Transmission Electron Microscopy (TEM) imaging was used to ensure that mitochondrial
structure was conserved after purification, and to evaluate the EGO-Mitochondria interactions. See
section 1.3 of the SI file for more details on the sample preparation for microscopy.

2.3. Seahorse analysis

All Seahorse measurements were done using the Agilent Seahorse XFe96 extracellular flux
analyzer. The oxygen consumption rate (OCR) of isolated mitochondria was measured in a 96-
well plate format under basal conditions and after injection of drugs (see below). To minimize
variability, mitochondria were diluted 10X in cold MAS and directly plated to a final loading of
10 pg (0.09 mg cm) or 20 pg (0.18 mg cm™?) of mitochondrial protein per well. The cell culture
plate was then centrifuged at 2000 g for 20 minutes at 4 °C. Finally, the plate was transferred to a
CO:z free incubator and kept there for 1 h before starting the assay.

For the OCR measurements of mitochondria in presence of EGO, the wells of the cell culture plate
were drop-casted with EGOs suspensions sonicated for different times and left to dry in a non-CO:2
incubator at 37 °C. Once dried, purified mitochondria were plated as described above. After
centrifugation, the plates were kept at 4 °C overnight and transferred the next day to a non-CO2
incubator at 37 © for 1 h before measurements. For all Seahorse experiments, the ports A, B, C and
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D of the Agilent Seahorse cartridge were loaded with 40 mM ADP, 40 uM Oligomycin (OM), 10
uM Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and 10 uM Rotenone /
Antimycin A mix (RAA), respectively. The final well concentration for each drug was 4 mM ADP,
4 uM OM, 1 uM FCCP and 1 uM RAA.

2.4.Electrochemical analyses

For the electrochemical experiments, three different types of electrodes were considered: glassy
carbon (GCE), edge plane oriented pyrolytic graphite (PGE) and drop-casted EGO-xh on PGE.
Before measurements, the GCE and PGE were polished using 1 um and 0.3 um alumina powder.
The electrodes were then rinsed with milli Q water and 70% ethanol. Finally, they were sonicated
for 5 min in milli Q water, rinsed with 70% ethanol and let to dry.

For the experiments with EGO-xh, a loading of 85 pg/cm? of EGO-xh (at a concentration of 0.4
mg / mL) was drop-casted on the clean PGE and let dry at room temperature. For mitochondrial
electrochemistry, a loading equivalent to 0.495 mg/ cm™ of mitochondrial protein (ca. 2.5 to 5 x
the loading for the Seahorse analysis to ensure detectable signals) was drop-casted on GCE, PGE,
or PGE/EGO-xh and let dry for one hour. The mitochondria-functionalized electrodes were directly
used as working electrodes during the electrochemical studies.

All electrochemical measurements were performed in a three-electrode electrochemical cell using
an Ag/AgCl (1 M KCl) reference electrode and a Pt wire as a counter electrode. N2 -saturated MAS
solution, supplemented with 4 mM Adenosine diphosphate (ADP) to sustain the activity of the
ETC was used as the electrolyte. All measurements were made using an Autolab PGSTAT 101.
Cyclic voltammetry (CV) at 2 and 20 mVs™' and square wave voltammetry (SWV) at a frequency
of 40 Hz, step potential of 2 mV, and a modulation amplitude of 40 mV were used to characterize
the electrochemical behavior of the isolated mitochondria. All SWV data were baseline-subtracted
using MATLAB software (See section 1.4 of the SI file). The deconvolution of the SWV signals
was done using Origin Lab software. To ensure consistency in the deconvolution of SWYV signals,
the full width at half maximum (FWHM) of the peaks associated with carbon materials was kept
constant rather than fixing their positions. This approach preserves the integrity of peak
assignments while allowing for natural potential shifts, providing a more reliable representation of
the electrochemical processes at the electrode interface.

Scanning electron microscopy (SEM) imaging of mitochondria deposited on carbon screen printed
electrodes was conducted to confirm their presence on the electrode surface after manipulation, as
detailed in section 1.4 of the SI file.

3. Results and discussion

3.1.Measuring the electrochemical signals of mitochondrial isolates

Before the electrochemical measurements, transmission electron microscopy (TEM) imaging was
employed to evaluate the mitochondrial integrity after the purification process. Figure 1a confirms
that the mitochondria maintained their overall structural integrity, with no visible signs of damage.
Well-defined cristae are observed, confirming that the internal architecture is preserved. A closer
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examination in Figure 1b reveals the characteristic double membrane structure. Furthermore,
Figures 1c—f illustrate that the presence of EGO, does not compromise the structural integrity of
the mitochondria. The double membrane remains intact, and the cristae are still visible. This
indicates that interactions with EGO, do not disrupt the mitochondrial morphology.

Figure 1. TEM images of isolated mitochondria alone (Untx) (a), and in contact with EGOs
sonicated for 3 h (c), and 60 h (e). (b), (d) and (f) are the corresponding close-up images at the
dashed squares in a, b and c, where the details of the mitochondrial membranes can be observed.

Cyclic voltammetry and square wave voltammetry were used to evaluate the electrochemical
response of mitochondrial isolates immobilized on different electrode materials. Pyrolytic graphite
electrodes (PGE) and glassy carbon electrodes (GCE) were used due to their stability,
biocompatibility, and established use in bioelectrochemical studies. Electrochemically exfoliated
graphene oxide (EGO) was selected for its large flake sizes and low density of defects, as reported
by Lei et al. [35], which enhance the electrical conductivity and provide a surface optimized for
electron transfer. The cyclic voltammograms in Figures 2a and SI1 show the characteristic
reversible peaks of the quinone functional groups of carbon materials between -0.16 and -0.10 V
for the cathodic peak, and between 0.05 and 0.07 V for the anodic peak [38], but no peaks or
signals that could be related to the mitochondria on GCE, PGE and PGE/EGO-60h (see the blank
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cyclic voltammograms in Figure SI2a). These observations differ from the findings of Zhao et. al
[6], who obtained weak reversible redox signals from isolated mitochondria from HeLa cells drop-
casted on PGE. Although a direct comparison is not possible because the authors did not report the
mitochondrial loading, the absence of such signals in our CVs might be due to the source of
isolated mitochondria [16]. In this work, the mitochondria come from a different human cell line,
and as previously reported different cell lines can exhibit variations in mitochondrial abundance
and activity [39].
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Figure 2. a) Cyclic voltammograms in MAS buffer of drop-casted mitochondria on GCE, PGE
and PGE/EGO-60h, and b) baseline subtracted square wave voltammograms in MAS buffer of
drop-casted mitochondria on GCE, PGE and PGE/EGO-60h. See original non-subtracted data
with and without mitochondria in Figure SI3. Peak deconvolution of the square wave
voltammograms is shown in c) for PGE and in d) for PGE/EGO-60h. The dashed line corresponds
to the cumulative fitting.

However, as shown in Figure 2b, employing a more sensitive technique such as square wave
voltammetry, reveals multiple peaks on the voltammograms of drop-casted mitochondria on the
carbon electrodes. The peak potential and intensities depend on the nature of the electrode. A key
factor contributing to the difference in signal intensity between electrodes with (Figure 2b) and
without (Figure SI2b) mitochondria is the additional biological layer formed upon mitochondrial
immobilization. SEM imaging of mitochondria-modified electrodes confirms the presence of

9
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mitochondria on the electrode surface after experimental manipulation (Figure SI4). This
demonstrates that mitochondria remain attached without the need for additional immobilization
layers, ensuring that the observed electrochemical signals originate from the organelles
themselves. This layer alters the electrochemical properties of the electrode, leading to a reduction
in overall current. This effect is evident in Figure SIS, where the peak currents of the Ferri-
Ferrocyanide redox probe decrease in the presence of mitochondria, confirming the formation of
an additional interface. The SWV of mitochondria on GCE shows two small peaks at 0 and 0.2 V.
Compared with the SWV of mitochondria on the GCE, the area under the curve for peak I at -0.28

V for mitochondria on PGE increased from 6.35x10°® on the bare electrode (Figure SI2d) to
1.25x1077 in presence of mitochondria (Figure 2c¢), while those of peaks II and III decreased from

1.87x10° and 3.98x10° to 6.37x107 and 8.58x107, respectively. On the other hand, the whole

signal of PGE/EGO-60h/Mitoc. is shifted by 200 mV to more negative potentials in comparison
with the other two electrodes. The area under the curve of peak IV at 0.16 V increases from

7.84x107 for the PGE/EGO-60h electrode (Figure SI2e) to 1.38x10”7 when mitochondria are

added (Figure 2d). This suggests that the presence of EGO enhances electron transfer from the
mitochondria to the electrode, pointing for the advantage in using it as a support material for the
direct electrochemistry of isolated mitochondria. To verify this hypothesis, cyclic voltammograms
of the ferri-ferrocyanide redox probe ([Fe(CN)s]>"*) were recorded at different scan rates (See
Figure SI5), and the the standard rate constant of electron transfer calculated using the Nicholson’s
method [40,41]. The following trend was found: 0.01137 £ 0.0012 cm s (PGE/EGO) > 0.00346
+ 0.0001 ¢cm s (PGE/EGO/Mitoc.) > 0.00325 + 0.0002 cm s' (PGE/Mitoc.). The £’ on
PGE/EGO/Mitoc. is slightly higher than on PGE/Mitoc. alone, supporting the idea that EGO
contributes to facilitating electron transfer.

The SWVs of the bare GCE, PGE and PGE/EGO electrodes in MAS buffer solution are shown in
Figure SI2b, and the deconvoluted signals in Figure SI1 c-e. Comparing the SWVs recorded with
and without mitochondria, it is concluded that peaks II and III are related to the redox processes
inherent to the carbon electrodes involving the oxygenated functional groups such as quinones
[38], whereas peaks I and IV should be associated with the mitochondria. The peak potentials are
reported in Table S1. The shift of peaks II and III to more negative potentials on PGE/EGO-60h
in the presence of mitochondria observed in Table S1 suggests higher local pH at the mitochondria-
electrode interface. When mitochondria are active, they regulate local proton concentrations
through their respiratory processes (see Scheme 1). Due to the permeable nature of the OMM [42],
protons can leak to the electrode surface. Since quinone groups on carbon materials (responsible
for peaks II and I1I) undergo proton-coupled electron transfer, following the Nernst equation, their
redox potential shifts in response to pH variations, explaining the observed negative shift when
active mitochondria are on the electrode. On the other hand, peak I in Figures 2¢ and 2d is at -
0.28 V and -0.48 V for PGE/mitochondria and PGE/EGO-60h/mitochondria, respectively. Based
on the literature this peak could be associated to the FAD/FADH:2 couple [6], to the CoQ [16,20],
or to the cyt ¢ [43], all of which are key elements of the ETC. Peak IV in Figure 2d is located at
0.16 V. In the works of Giroud et. a/ [16] and Koepke et. al [20], the oxidation of CoQ was assigned
to the peaks found at 0.172 V - 0.222 V, 0.276 V and 0.134 V on the CVs of mitochondria isolated

10
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from yeast, potato and bovine heart, respectively. It is worth mentioning that Zhang et. al also
found a peak at -0.3 V when investigating the electrochemical response of active cytochrome Cs
immobilized on glassy carbon by square wave voltammetry and another one at -0.5 V
corresponding to cytochrome Cs in solution [43]. All peak potentials referenced from existing
literature were converted to the Ag/AgCl reference electrode to facilitate comparison.

The complexity of the processes under investigation, combined with the varying sources of
mitochondria and electrodes across different studies, make the identification of the source of
electrochemical signals challenging. To verify that peaks I and IV are associated with the
mitochondrial ETC and to determine their origins, specific inhibitors targeting the protein
complexes involved in OXPHOS were employed. Before drop-casting, the mitochondrial isolates
were exposed to 1 uM Rotenone-Antimycin A mixture (RAA) or 4 uM oligomycin (OM)
overnight to specifically inhibit complexes I and III, or the ATP synthase (Complex V),
respectively (See Scheme 1). Figure 3a shows the resulting SWVs.

Upon addition of RAA, mitochondrial activity is inhibited, reducing proton pumping to the
intermembrane space and in consequence, a higher pH gradient at the OMM and EGO interface.
This leads to a shift of peaks II, III, and IV to more positive values (See Figure 3b), peak I
disappears, and the intensity of peak IV decreases by 96 %. As complexes I and III are inhibited,
the flow of electrons towards the end of the ETC is hindered. Therefore, cyt ¢ and complexes IV
and V do not receive electrons and can no longer participate in mitochondrial respiration or in the
electron transfer from the organelle to the electrode. Since succinate is present in the electrolyte,
complex II should still be capable of transferring electrons to CoQ, which could, in principle,
mediate electron transfer to the electrode. However, no signal is observed under these conditions,
strongly suggesting that CoQ is not the primary contributor to the observed voltametric peaks.
Furthermore, CoQ is embedded within the inner mitochondrial membrane (See Scheme 1) and is
highly lipophilic [42], making its direct interaction with the electrode surface unlikely. In contrast,
cytochrome c is a small, loosely bound, and water-soluble protein that can diffuse through the
intermembrane space and interact with the electrode [44]. These findings do not completely discard
CoQ as the responsible for the electron leak from the mitochondria to the electrode. But they
suggest that in human cell lines, cyt ¢ could be the main source of the electrochemical signals
obtained from isolated mitochondria. This aligns with the studies of Zhang et. al [43] on the
electrochemistry of cyt ¢ on carbon materials, and of Zhao et. a/ [6] on the electrochemistry of
mitochondria of another human cell line.

11
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Figure 3. a) Baseline-subtracted square wave voltammograms of drop-casted mitochondria on
PGE/EGO-60h alone and in presence of oligomycin (OM) or rotenone-antimycin A mix (RAA).
Unsubtracted data in Figure SI7a. The peak deconvoluted square wave voltammograms of
mitochondria drop-casted on PGE/EGO-60h are shown in presence of RAA (b) and OM (c). MAS
buffer was used as a working electrolyte. The Seahorse analysis of isolated mitochondria (20 ug
of mitochondrial protein) alone and in presence of EGO-3h and EGO-60 h is shown in (d). The
data average * s. d. of 3 technical replicates is shown.

With the addition of OM, peaks I-III shift positively by approximately 120 mV (Figures 3a and
3¢). This response is expected because a decrease in mitochondrial activity — in this case caused
by inhibition of complex V - leads to a lower local pH at the OMM - electrode interface, due to
the accumulation of protons at the intermembrane space that are not consumed by complex V,.
Peak I does not disappear in this case because OM does not completely shut down the ETC but
only inhibits the ATP-linked respiration. Some protons can still leak from the intermembrane space
to the mitochondrial matrix and therefore complexes I to IV continue to work towards the
formation of the electrochemical gradient. At the same time, peak III is now convoluted with peak
IV as appreciated by the higher current intensity of peak III in Figure 3a.

The final electron acceptor of the electron transport chain is oxygen, and its reduction generates
water (see Scheme 1, orange arrow). Thus, the activity of the ETC is routinely monitored by
following the mitochondrial oxygen consumption. To validate the electrochemical data reported in
Figure 3a, the oxygen consumption rate (OCR) of mitochondrial isolates was measured by
Seahorse analysis. Figure 3d illustrates the basal respiration of isolated mitochondria alone and in
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presence of EGO sonicated for 3 and 60 hours. As explained, the injection of RAA mixture
specifically inhibits complexes I and III, hinders the transport of electrons and therefore the oxygen
reduction. This shut down is observed in the decay of the OCR as appreciated in Figure 3d. This
relates to the electrochemical data of Figure 3b. These findings validate that the electrochemical
signals observed in Figure 2 are originated at the ETC, most likely at cyt c. They also confirm that
electrochemical methods can be used to assess the activity of the electron transport chain in human
isolated mitochondria under physiological-like conditions.

Interestingly, the basal OCR of mitochondria in presence of EGO-3h is 65 % lower than the one
recorded in the presence of EGO-60h. These two observations clearly indicate that the sonication
time of the EGO has a direct influence on the activity of the ETC. The basal OCR of mitochondria
alone and in contact with EGO-60h is the same at the beginning of the measurements, but start to
diverge after about 40 min. More specifically, the OCR decreases in the presence of EGO over
time and therefore long-term exposure of mitochondria to EGO is not recommended. During the
electrochemical studies, mitochondria were in contact with the EGO for no longer than one hour
before the measurements. The reduced basal mitochondrial respiration observed with EGO-3h,
compared to EGO-60h and mitochondria alone, suggests that longer sonication times are less
detrimental to mitochondrial respiration.

3.2. Effect of EGO’s suspension sonication time on mitochondrial respiration

From section 3.1, it is evident that the electrochemical behavior of mitochondria is electrode
dependent. Although the use of EGO seems to be advantageous to record electrochemical signals
from isolated mitochondria, it is important to consider its effect on the mitochondrial respiration.
Figure 4a shows the SWVs of isolated mitochondria drop-casted on PGEs modified with EGOs
from suspensions sonicated for different times. The unsubtracted SWVs can be found in Figure
SI8, and the deconvoluted ones in Figure SI9. The area under the four peaks is plotted in Figure
4b.

Peaks I and IV, associated with mitochondria, have clear trends with the suspensions’ sonication
time. The area under peak I increases with the sonication time, and its potential shifts from -0.39
V to -0.48 V. This negative shift in the potential values suggests a higher permeabilization of the
OMM, facilitating the equilibration of proton concentration between the intermembrane space and
the mitochondria-electrode interface, increasing the local pH. This permeabilization could allow
for an easier migration of electroactive species and thus an enhanced electron transfer between
mitochondria and the electrode surface when the EGO’s suspension undergoes longer sonication.
Similarly, the intensity of peak IV increases and the peak potential shifts from 0.29 V to 0.16 V.
This pattern further supports the hypothesis that longer sonication times facilitate the electron
transfer processes involving mitochondria on the electrode surface. The area under peaks II and
I11, associated with EGO, also initially increases with the sonication time up to 40 hours, indicating
enhanced signal contributions from EGO. However, at 60 hours, a decline in these peak areas is
observed, likely due to the overlapping of these EGO peaks with the increasingly prominent
mitochondrial signals. Furthermore, the peak potentials for these EGO-related signals shift to more
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Figure 4. a) Baseline subtracted SWV of drop-casted mitochondria on PGE modified with EGO
sonicated for different times, in MAS buffer. Original data in Figure SI8; b) Area under the curve
of the deconvoluted peaks in a). The longer the sonication time, the higher the area of the peaks
associated to the mitochondria.

Figure 5a shows the Seahorse results of isolated mitochondria alone and in presence of EGOs
sonicated for different times. The various drugs were injected during the experiment to evaluate
the response of the mitochondrial respiration. In all cases, and as expected, the addition of ADP
substrate leads to higher OCR. After injection of OM, the OCR decreases because the ATP-
synthesis-dependent OXPHOS has been shut down. When injecting the uncoupling agent
trifluoromethoxyphenylhydrazone (FCCP), which modifies the proton permeability of the IMM,
an increase in the OCR is observed. This is because protons are allowed to move freely across the
inner membrane increasing the activity of complexes I-IV and the OCR. Finally, after injecting a
mixture of rotenone and antimycin A (RAA), there is a complete shut-down of mitochondrial
respiration and a drop in OCR is observed. The lack of distinction in basal respiration for the
different conditions in Figure Sa may be attributed to the lower mitochondrial loading used in this
experiment (10 pg) compared to the one in Figure 3d (20 pg), which reduces the sensitivity for
detecting subtle differences. In Figure 3d, the higher mitochondrial concentration enhances the
resolution of these variations, allowing for clearer distinctions in basal respiration. However, the
large quantity of mitochondria required for such experiments poses significant experimental
challenges, as obtaining sufficient mitochondrial isolates in consistent quality and quantity can be
both time-consuming and technically demanding.
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Figure 5 a) Seahorse analysis of isolated mitochondria in presence of EGO sonicated for different
times. The data average + s. d. of 5 technical replicates is shown. b) Relative changes in the
response of mitochondrial respiration to the injection of ADP as a substrate and different drugs
that affect the ETC. Relative changes in mitochondrial respiration were calculated based on the
lowest or highest OCR values observed in the preceding step.

Even though the mitochondrial respiration profile looks qualitatively similar for all EGOs, Figure
5b shows that the OCR relative response to ADP and to each inhibitor varies with their sonication
time. For ADP, a relative change of around 20% is observed in the presence of EGO indicating a
higher permeability of the mitochondria to the substrate. The highest relative change was found
for 60 h of sonication. This would suggest that the EGO interacts with the OMM allowing for a
faster diffusion of ADP through the IMM and to the mitochondrial matrix where it serves as
substrate for complex V to synthesize ATP. A consistent and similar effect is observed for OM,
illustrated by the negative and high relative change in presence of EGO compared to mitochondria
alone.

For FCCP, there is no significant difference between the relative response in presence and absence
of EGO. This indicates that mitochondria are in a coupled state (IMM remains unaffected) even
after exposure to the different EGOs. No considerable difference is neither observed for the
response to RAA because these drugs simply shut down the ETC. The catalytic oxygen
consumption by EGO itself can be discarded since the OCR response remains zero when
mitochondria are not present as shown in Figures Sa and SI11. These findings are aligned with
the electrochemical experiments where higher activity of the OCR was detected when
mitochondria were in contact with EGO sonicated for longer times (Figure 4a).
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3.3. EGO characterization and EGO-mitochondria interaction

Section 3.2 demonstrates that the suspensions’ sonication time significantly impacts mitochondrial
respiration and, consequently, their electrochemical signals. As shown in Figure 1, the TEM
images do not reveal any obvious interaction between mitochondria and the graphene sheets
reported in Figure SI12a-c. However, in the presence of EGO-3h and EGO-60h, the mitochondrial
membranes exhibit a darker appearance compared to mitochondria alone. This contrast is
particularly pronounced in the higher magnification images in Figure 1b, d, and f, where the inner
mitochondrial membrane (IMM) and outer mitochondrial membrane (OMM) remain well-defined
in the presence of EGO. By comparison, mitochondria that were not in contact with EGO show
reduced contrast and a more blurred appearance. Moreover, mitochondria exposed to EGO-60h
display a darker and blurrier intermembrane space compared to EGO-3h and mitochondria alone,
suggesting greater material infiltration into the intermembrane space. This section explores the
physicochemical properties of EGO subjected to varying sonication durations and examines how
sonication influences the interaction between EGO and mitochondria.

Figure SI12a-c shows SEM images of the EGO flakes. It can be appreciated that longer sonication
times reduces the flakes’ size as already shown in the literature [45]. The XPS analysis (survey
spectra shown in Figure SI13), revealed an increase of the C/O at% ratio with sonication time up
to 40 h, followed by a decrease slight decrease for 60 h. As more or larger sp® carbon domains in
the EGOs’ basal plane are available, the interaction of the flakes with the biomolecules of the
mitochondrial membrane through n-n bonding is facilitated, and the adhesion of the mitochondria
to the electrode’s surface improved [46,47]. Additionally, the smaller sheets generated with longer
sonication time, provide a larger contact area between the EGO and the organelles’ OMM.

Our results also suggest that other nanometric particles from the EGOs suspensions interact with
the mitochondrial membranes. It has been reported that extended sonication of graphene materials
in suspension leads to the formation of graphene oxide quantum dots (GOQD) that absorb in the
ultraviolet [48,49]. To investigate the formation of GOQD, the EGO suspensions used for
mitochondrial electrochemistry were centrifuged to precipitate and remove the large EGO sheets.
UV-vis spectra of the supernatants were recorded, and STEM and HR-TEM images of the particles
therein obtained. The spectra reported in Figure 6a show two peaks at 202 and 263 nm suggesting
the presence of GOQD [48]. Moreover, their intensity increases with the sonication time,
indicating a larger concentration. Figures 6b-c show the TEM images of the particles present in
the EGO-40h and EGO-60h supernatants. The presence of both EGO flakes (dimensions above 20
nm) and GOQDs (20 nm or smaller) are observed in both figures, but larger and more abundant
flakes were found in the EGO-40h suspension compared to EGO-60h. These observations are
consistent with the UV-vis results, where the increasing peak intensities with longer sonication
times indicates a higher concentration of GOQDs. Figure 6d displays a high resolution (HR-TEM)
image of a GOQD from the EGO-60h supernatant, with the inset confirming a lattice parameter of
0.204 nm -consistent with previously reported values for GOQDs [50]. This aligns with the TEM
images in Figure 1 where darker membranes and greater infiltration of nanosized structures into
the intermembrane space is observed with the sonication time.
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Figure 6. a) UV-vis spectra of the GOQD generated by EGO sonication for different times. Longer
sonication times yield higher concentrations of GOQDs,; STEM images of the EGO flakes and
GOQD present in the b) EGO-40h and c) EGO-60h supernatants, d) HR-TEM image of a GOQD
present in the EGO-60h supernatant. The inset shows a higher magnification image with the lattice
d-spacing.

To evaluate the role of these GOQD on the electrochemical signals of mitochondria, additional
SWVs were recorded with PGE modified with the supernatant solution from EGO-60h and with
and without mitochondria. As shown in Figure SI14a, the mitochondria in the presence of GOQD
(supernatant) exhibit a similar electrochemical response to that observed with EGO-60h with four
peaks in the SW voltammogram. Moreover, the peaks position is shifted to more negative
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potentials compared to PGE/Mitoc. (Figure SI14a and Figure 2b). Notably, the SWV of
PGE/GOQD (no mitochondria) shows peaks II, III and IV, suggesting that GOQD may be partially
responsible for peak IV (Figure SI14b). Although peak IV is present, its area increases from 7.2

x10® to 1.07x107 when mitochondria are present (Figure SIl4c¢), further supporting the
hypothesis that mitochondria contribute to peak I'V.

Liao et. al [45], showed that the size of graphene oxide particles correlates with their interaction
with the cell membrane. Smaller particles present stronger electrostatic interactions with the lipid
bilayer. The electrostatic interaction between GOQD with mitochondria most likely alters the
permeability of the OMM, facilitating the diffusion of ADP into the mitochondrial matrix, as
suggested by the results in Figure Sb. However, the permeability of the IMM most likely is not
altered since the mitochondrial respiration is not affected, as shown in the Seahorse analysis
experiments, particularly with the response to FCCP, Figure 5b. The OMM is known to be more
permeable than the IMM due to its high content of porins, which form B-barrel channels that allow
the passive diffusion of molecules up to ~5 kDa. In contrast, the IMM is highly selective and
impermeable to most ions and small molecules, as it is rich in cardiolipin and tightly packed protein
complexes responsible for oxidative phosphorylation [42]. The GOQD might serve a role similar
to digitonin that is used to permeabilize the OMM, enabling substrates such as pyruvate to access
the mitochondria while preserving the integrity of the IMM and maintaining OCR [51]. In terms
of electrochemical communication between the organelle and the electrodes, the membrane’s
permeabilization by the GOQD would allow for an easier diffusion of the cyt ¢ from the IMM to
the electrode’s surface and possibly act as a shuttle for cyt c.

Conclusions

This study demonstrates the potential of use of EGO as a versatile platform for the immobilization
and electrochemical characterization of mitochondrial isolates in physiological conditions and
without additional immobilization layers. Mitochondrial signals were reliably detected on PGE,
PGE modified with EGO, and PGE modified with GOQD, while GCE failed to yield measurable
signals. The structural properties of EGO, such as the sheet size, were found to be useful in
modulating mitochondrial adhesion to the electrode. Longer sonication times of EGO’ suspensions
produced GOQD that interact with the mitochondrial membranes and facilitate the electron
transfer between the mitochondrial ETC and the electrode’s surface.

Metabolic assays confirmed that mitochondria exposed to EGO sonicated for longer time exhibited
higher basal respiration, resulting in enhanced biocompatibility for the electrochemical studies.
Inhibitor studies identified cytochrome C as the most likely primary electron mediator between the
ETC and the electrode, reinforcing EGO and GOQD as a potential tool for probing mitochondrial
function. While the findings underscore the promise of these materials for bioelectrochemical
applications, challenges remain in improving signal resolution and sensitivity to enable
quantitative analyses. Future research should explore optimizing electrode configurations, such as
ultramicroelectrodes, and further tailoring the materials composition and structural properties to
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advance the understanding of mitochondrial dysfunction and its role in disease.
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