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Mitochondria are the primary sites of oxygen (O3) consumption and energy metabolism in most cell types, but
also produce reactive oxygen species (ROS) that contribute to a wide array of pathological and physiological
processes. Accordingly, simultaneous monitoring of mitochondrial ROS release and oxygen consumption rate
(OCR) from cells and mitochondrial preparations is an attractive investigative approach in biological research,
particularly when sample quantity is scarce. This paper presents the development of a sensitive multi-sensor
device capable of measuring ROS production and OCR from biological samples in a single micro-chamber
assay. Sensor sensitivities for Oy and hydrogen peroxide (H30»; the major ROS species released by mitochon-
dria and cells) are 4.32 nA/pM and 54.89 nA/puM, respectively, with limits of detection of 2.9 pM and 58.36 nM,
respectively. Proof-of-concept studies in isolated mitochondria from rat cardiac tissue (5 pg protein) demonstrate
an expected 3 - 4 fold increase in HoO release over the basal rate following addition of respiratory substrates,
with a comparatively small change in OCR. The subsequent addition of adenosine diphosphate (ADP) decreased
Hy03 release by 73% (p < 0.01) and increased OCR by 168% (p < 0.01), consistent with established shifts in
mitochondrial membrane potential and electron flow from an ADP-limited (State 4) to ADP-stimulated (State 3)
respiratory state. These studies validate the results from the use of a novel multi-sensor device capable of
monitoring OCR and HO» simultaneously in scarce biological samples, with potential utility in the non-
destructive integrative study of cellular metabolism and mitochondrial function.

1. Introduction The rates of mitochondrial HyO9 efflux are influenced by a complex

interaction of intrinsic and extrinsic factors that vary substantially

Mitochondrial respiration accounts for the majority of oxygen (O2)
consumed by living cells, serving as the final electron acceptor to pro-
duce water in the oxidative phosphorylation (OXPHOS) of adenosine
diphosphate (ADP) to ATP. However, a small proportion of Oz consumed
by mitochondria is reduced by single electrons to produce superoxide
radicals in the electron transport system [1]. These and other
mitochondria-derived reactive oxygen species (ROS) play important
roles in physiological cell signaling, but have also been implicated in the
development of diabetes [2], cardiovascular disease [3], and neurode-
generative disorders [4]. Most superoxide is rapidly converted to
hydrogen peroxide (Hy05) in the mitochondrial matrix and inner
membrane space, where it can readily cross mitochondrial membranes
to damage cellular components and trigger cell signaling cascades [5].

across cell types, respiratory states, and assay conditions, rather than
being a fixed proportion of mitochondrial respiration [6,1,7].

Several methodologies have been developed for monitoring ROS
release from various sample types in vitro [8], most commonly utilizing
fluorophores such as Amplex® UltraRed to monitor changes in media
H20; levels [6,9]. These approaches are typically employed in isolated
mitochondria in the absence of ADP (State 4 or “LEAK” respiration),
where mitochondria are energized with substrates that maximize
mitochondrial ROS production relative to the oxygen consumption rate
(OCR) in order to generate the most robust signal [10]. However, the
rate of HyO» release is much lower during oxidative phosphorylation
(State 3 or “OXPHOS-linked” respiration) when OCR is much higher,
leading to shifts in the ratio of ROS production and OCR that provide
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important insight to mitochondrial responses to physiological and
pathological stress. Commercial platforms relying on fluorescence in-
tensity measurement, such as Seahorse XF or Synergy HTX, can provide
information on mitochondrial oxidative stress via OCR and/or extra-
cellular acidification rate (ECAR) to infer the level of ROS production.
However, they do not directly measure ROS production, let alone
providing simultaneous measurement of OCR and ROS production to
gain better understanding of the relationship between OCR and ROS
production under a variety of conditions. Increasing interest in the
relationship between cellular ROS production and O consumption rates
under these dynamic conditions has led to new instrumentation and
methodology for simultaneous monitoring of OCR and Hy0; release
from various sample preparations [11,6,12]. However, these new tech-
niques allowing simultaneous monitoring of OCR and H205 production
also rely on fluorescence and requires large quantity of biological
samples.

The aim of this work was to develop and test a metabolic micro-
sensor technology capable of monitoring OCR and Hy05 release from
small biological samples that could be easily integrated with existing
multi-sensor platforms recently described in the literature [13,14]. The
sensor device presented in this paper performs simultaneous O, and
Ho0, measurements electrochemically to allow miniaturization and
monitoring results in real-time. We present the design and fabrication of
the first metabolic multi-sensor that combines electrochemical and
potentiometric sensors capable of monitoring OCR, H>0-, and pH in the
same sample micro-chamber. Given descriptions of the pH sensor in
previous publications [14], we have focused our proof-of-concept
studies on demonstrating the performance and integration of the Oy
and Hy0 sensors utilizing isolated mitochondria at quantities < 10% of
those routinely used in existing commercial platforms [6,12]. The
technical advances presented in this paper have the potential to improve
our understanding of cellular ROS production in health and disease,
particularly if they can be integrated with other metabolic analyses from
the same biological sample.

2. Materials and methods
2.1. Sensor electrode design, fabrication, and surface modification

A multi-sensor chip was designed with a total of six sensors, five of
which are electrochemical type sensors and the sixth sensor is a poten-
tiometric type sensor for pH measurement. One electrochemical sensor
was designated for O, measurement and the other four were designated
for HyO5 measurement. Each electrochemical sensor was designed in a
three-electrode electrochemical cell configuration with a working elec-
trode (WE), a reference electrode (RE), and a counter electrode (CE).
The RE and CE are shared between O, and H,O, sensors. Both the WEs
and CEs are gold electrodes, and the REs are Ag/AgCl electrode.

The multi-sensor chip was fabricated on a 25 mm x 25 mm glass
substrate through standard photolithography using S1813 positive
photoresist (Megaposit, Dow, USA), the developer of S1813 (Megaposit
MEF-26A, Dow, USA), and thermal evaporation. Details of photolithog-
raphy and thermal evaporation can be found in the previous project
[13]. Fig. 1A shows a finished multi-sensor chip with each electrode
labeled.

The O, sensor has a 1 mm diameter WE while the HyO5 sensor has
four 1 mm diameter WE’s in the four corners of the well electrically
shorted to have a larger WE area. After rinsing the sensor surface with
methanol and deionized (DI) water followed by 1% Triton X-100
(Sigma-Aldrich, USA) for 20 min, a solid electrolyte layer was formed on
the WE surface of the O, sensor by drop coating 0.1 pl Nafion solution
(5% w/w, Sigma-Aldrich, USA) as previously described [15]. The
preparation of the WE of the H,O5 sensor was adapted from [16]. An
electropolymerization charge of 35 mC cm™2 was applied when poly-
merizing the electrode with a mixture of horseradish peroxide (Sig-
ma-Aldrich, USA) and pyrrole (Sigma-Aldrich, USA) as conducting
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Fig. 1. (A) Multi-sensor chip. CE is shared between the O, sensor and the H,O,
sensor. WE of the O, sensor and WE of the H,O, sensor are labeled as WE_O,
and WE_H,0,, respectively, and all WE_ H,05’s are shorted externally in order
to have a larger WE area. All REs are also shorted externally except for RE_pH
which was not used in experiments described in this paper. An ITO-based WE of
the pH sensor is labeled as WE_pH, which was not used in the experiments
described in this paper either. (B) Microchamber design with an inlet (left) and
an outlet (right) on the top. (C) Photo of an actual sensor chip with the
microchamber mounted on it.

polymers. The silver/silver chloride (Ag/AgCl) pseudo-RE was prepared
by oxidizing the silver electrodes with 50 mM ferric chloride for 20 min
at room temperature. Finally, the sensor was rinsed with deionized
water.

2.2. Microchamber design and fabrication

A microchamber well sits on the multi-sensor glass chip to house cells
inside the microchamber during measurement. The microchamber well
has an internal volume of 180 pl. Fig. 1B shows the cross-section of the
microchamber well design. There is an inlet to the left and an outlet to
the right of the well. The inlet has a slightly lower entry point inside the
microchamber well to allow media or other therapeutics to reach the
cells inside the well better. The tubing from the inlet was attached to a
three-way splitter (not shown in Fig. 1) to allow two different thera-
peutics (i.e. respiration substrate and ADP) to be injected into the
microchamber using two syringes. The microchamber well was printed
using a stereolithography (SLA) 3D printer with a biocompatible resin
(SG, NextDent, Netherlands). The well was then bound to the glass chip
with double-sided tape (468MP, 3 M, USA) patterned by a laser cutter
(LS1416, Boss Laser, USA). Fig. 1 C shows the microchamber attached to
the sensor chip glass substrate.

2.3. Printed circuit board and chip holder

The printed circuit board (PCB) was designed and manufactured to
provide connections between the electrodes on the multi-sensor glass
chip and the external potentiostat. As shown in Fig. 2A, the PCB has a
rectangular opening in the middle to accommodate the microchamber
well on the multi-sensor glass chip. A set of spring-pin connectors whose
pin pitch matches the pitch of the electrode pads at the edge of the multi-
sensor glass chip are mounted at the edges of the rectangular opening of
the PCB. After mounting the microchamber well on to the glass multi-
sensor chip, the glass multi-sensor chip is slid into the PCB to allow
the electrodes on the glass chip to make contacts to the PCB via the
spring-pin connectors (see Fig. 2B). The connections were further
secured by the use of two aluminum chip holder sandwiching the PCB
and the multi-sensor glass chip in the middle with four screws to com-
plete the final assembly. The pins of the spring-pin connectors on top of
the board (shown in Fig. 2A) were then used for making connections to
the external potentiostat (Quadstat EA164H, eDAQ, USA). Fig. 2C shows
the final assembly of the multi-sensor chip module ready for
measurement.

2.4. Mitochondrial isolation

Cardiac mitochondria used in our studies were isolated from adult
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Fig. 2. (A) and (B) are the top and bottom side of the PCB, respectively, used for making connections between the glass sensor chip and the external potentiostat. (C)

Final assembly of the multi-sensor chip module.

(4-5 month old) male Fischer 344 (CDF) rats obtained from Charles
River (Wilmington, MA) housed in a temperature and humidity
controlled facility on a 12:12 h light:dark cycle and provided water and
chow (Purina 2918) ad libitum. Animals were sacrificed for tissue
collection by midline thoracotomy and removal of the heart following
confirmation of deep anesthesia by sodium pentobarbital injection
(100 mg/kg i.p.) using procedures approved by the Colorado State
University Care and Use Committee and conform to the Guide for the
Care and Use of Laboratory Animals published by the U.S. National In-
stitutes of Health (NIH Publication No. 85-23, revised 1996).

Mitochondria were isolated from left ventricular cardiac tissues
using standard differential centrifugation methods essentially as previ-
ously described [17]. All procedures were performed on ice or
controlled at 4 °C immediately upon harvesting fresh tissue. Hearts were
excised and trimmed free of connective tissue, atria, and valves to pro-
vide myocardial tissue, then rinsed and minced in ice-cold Chappell--
Perry (CP1) buffer consisting of (in mM) 100 KCl, 50 MOPS, 1 EDTA, 5
EGTA, 5 MgS04-7H20, and 1 ATP, pH 7.4 with KOH. Minced tissue was
then homogenized for 10 s at medium speed using a polytron, and
incubated in CP1 containing trypsin (~5 mg/g tissue) for 7 min to
disrupt myofibrils in order to extract both interfibrillar and sub-
sarcolemmal mitochondria. Trypsinized homogenates were then sub-
jected to 6 passes with glass-Teflon Potter-Elvehjem homogenizer prior
to centrifugation at 600 x g. The supernatant (containing mitochondria)
was collected and centrifuged at 7000 x g to pellet mitochondria, fol-
lowed by three 7000 x g clarifying spins in CP1 + 2 mg/ml albumin,
then once in stabilization buffer containing 100 mM KCl, 50 mM MOPS,
0.5 mM EGTA. Final mitochondrial pellets were resuspended in KME at
a final protein concentration of ~5 pg/ul determined by the bicincho-
ninic acid (BCA) assay (ThermoScientific).

2.5. Respiration buffers and stimuli for isolated mitochondria

Mitochondrial suspensions (5 pg protein) were added to the sensor
microchamber containing 180 pul of mitochondrial respiration medium
(MiR05) containing (in mM) 0.5 EGTA, 3 MgCl, hexahydrate, 60 lac-
tobionic acid, 20 taurine, 10 KHyPOy4, 20 HEPES, 110 sucrose, and 0.1%
BSA, pH 7.1 with KOH, which was selected based on rigorous testing
that determined this formulation to have the highest stability and
sensitivity for simultaneous OCR and H,0; measurements [18], and
prior use in other metabolic multi-sensor platforms [13,14]. For our
proof-of-concept studies, we selected an experimental protocol used to
evaluate the relationship between OCR and hydrogen peroxide pro-
duction rate (HPR) by energized mitochondria during the metabolic
shift from a high-membrane potential/low ATP demand (LEAK) state to
a lower-membrane potential/high ATP demand (OXPHOS) state [6].

To account for potential interactions between the sensor and the
mitochondrial respiration medium, baseline measurements were per-
formed before each measurement without any mitochondria present at
the sensor site and were subtracted from the Oy and H,O5 measurements
obtained with mitochondria present. Following a baseline stabilization

period, mitochondria were energized with saturating concentrations of
substrates that fully reconstitute forward flux of the citric acid cycle,
supplying electrons to the mitochondrial respiratory chain through
Complexes I and II (in mM): 1 malate, 5 pyruvate, 10 glutamate, and 20
succinate. Flux was then recorded until it stabilized to establish OCR and
HPR under LEAK state conditions, after which time ADP (2.5 mM) was
added to establish OCR and HPR in the OXPHOS state. With the in-situ
baseline calibration method, the data presented were based on the net
increase from HyO, release from superoxide production inside mito-
chondria. Previous studies have described these potential interactions in
other HyO5 assay platforms, correcting for them by similar calibration
experiments [6].

2.6. Sensor activation voltages

Activation voltages used in amperometry for both O, and Hy0,
measurement were obtained from cyclic voltammetry (CV) data with a
scan rate of 100 mV/s. Four O, concentrations (100%, 70%, 35%, and
0%) were used with each concentration having 5 repeats. Samples were
prepared by bubbling nitrogen gas to deionized water and the resulting
O, concentration was confirmed by using a commercial oxygen meter
(DO6 +, Oakton, USA). The CV curves for HyO, sensor were obtained
using solutions made with phosphate-buffered saline and HoO5 solution
(Sigma-Aldrich, USA). The solutions were prepared by diluting a known
H,0; concentration solution to the concentrations needed for perform-
ing CV. A total of 5 concentrations (11 pM, 2.76 pM, 690 nM, 172.5 nM,
and 0 nM) were used for obtaining the activation voltage.

2.7. Sensors calibration

2.7.1. Oxygen sensor calibration

Using the activation voltage for O, the calibration curve for O, were
obtained using amperometry with 6 different concentrations. Similar to
performing CV, different concentrations of dissolved oxygen (DO) were
prepared by bubbling nitrogen gas into the deionized water to adjust the
DO level in the solution and the resulting O, concentrations were
confirmed by using a commercial oxygen meter (DO6 +, Oakton, USA).
The reduction current for O, was measured with five sample points
(n = 5) per concentration at the activation voltage vs. Ag/AgCl with a
drift less than 5% over 3 min. Due to the average barometric pressure of
the experiment location (Fort Collins, Colorado (84.8 kPa)) at 38.5 °C,
the calibration curve was calculated at 158 pM for 21% dissolved oxy-
gen concentration.

2.7.2. Hydrogen peroxide sensor calibration

Similar to performing CV for HyO», the HyO, sensor was calibrated
with solutions made with phosphate-buffered saline and HoO5 solution
(Sigma-Aldrich, USA). The calibration solutions were prepared by
diluting a known H30O2 concentration solution to the concentrations
needed in the calibration. Electrochemical amperometry was used to
continuously detect change of analyte concentration. There were a total
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of 11 concentrations (3.3 pM, 2.2 puM, 1.5pM, 970 nM, 645 nM,
400 nM, 267 nM, 178 nM, 119 nM, 79 nM, and 0 nM) used for Hy05
calibration. The oxidative current was measured with five sample points
(n =5) per concentration at the activation voltage vs. Ag/AgCl at
38.5 °C. Each measurement was taken when the measured current had a
drift less than 5% over 3 min.

2.8. Experimental protocols

The multi-sensor glass chip and its assembly were placed in an
incubator with the temperature set at 38.5 °C. A breakout board with
relays was used for electrically isolating the WE in use from the other
idling WE. The experiments were carried out initially in the oxygen-
saturated Mir05 buffer with 1pl of isolated mitochondria. A
decreasing DO concentration was observed due to the Oy consumption
of the mitochondria at their basal state. In order to limit the impact of
changes in DO concentration on ROS production, the measurement time
for Oy was limited to 5 min. A three-way splitter was used to provide
injections of substrates and ADP from two different syringes. To mini-
mize the interference from the diffusion of the ambient oxygen, the
outlet was normally closed except for during the injection of substrates
or ADP. Fig. 3 shows the experiment setup with different components
labeled.

After the sensors reached its steady basal state with a known amount
of mitochondria in the microchamber, the mitochondria were first
energized with 1 pl of substrates from the syringe through the inlet to
boost the HyO, production rate. Once a stable oxidation current was
observed, the measurement of the sensor device was switched to the Oy
channel to measure the corresponding DO level. The mitochondria were,
then, energized with 1 ul of ADP from the other syringe through the inlet
to establish stable OXPHOS-linked OCR and ROS production. Finally,
the measurement was switched back to the H;O5 channel after
measuring DO level for five minutes.

The conversion from the measured current to HPR and OCR was
performed based on the method adapted from our previous paper [19]:

_AI/At
T AI/AC

1

Rate(pmol-s’ -mg’l) X VXN+w
where N is the quantity of the mitochondria and w is the weight of the
mitochondria added into the chamber. The quantity of the mitochondria

is 120,000, and the weight of the mitochondria is 5 pg.

Potentiostat

Incubator

Power supply module
Fig. 3. The setup of the measurement system consisting of a customized

incubator, syringes for injecting therapeutics, a three-way splitter, the sensor
chip assembly, and a potentiostat.
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3. Results and discussion
3.1. Sensors calibration

3.1.1. Hydrogen peroxide sensor calibration

Cyclic voltammetry (CV) was performed in the presence of 11 uM,
2.76 uM, 690 nM, 172.5nM, and 0 nM of hydrogen peroxide from
0.55 V to 1.05 V with a scan rate of 100 mVss~! to find the activation
voltage of the HyO» sensor, and the results are shown in Fig. 4(A). An
oxidation peak was observed at 0.4 V for the solutions containing HyO,
and CV did not present any peak when no HyO9 was present in the so-
lution. Since the Hy0, concentration produced by mitochondria was
expected to be below 3 uM, an activation voltage of 0.4 V vs. Ag/AgCl
was chosen as the activation voltage for calibration and was used for
measurement. Fig. 4(B) depicts the amperometric measurement results
with eleven different concentrations (0 nM, 3.3 uM, 2.2 pM, 1.5 uM,
970 nM, 645 nM, 400 nM, 267 nM, 178 nM, 119 nM, and 79 nM). All
CV’s and calibrations of the H,O- sensor were carried out at 38.5 °C,
which is the same temperature used in the mitochondria measurement
described in this article.

A linear calibration curve for the HyO, sensor is shown in Fig. 4(B)
using the activation voltage of 0.4 V vs. Ag/AgCl. The amperometric
current increases linearly with the increase in HoO5 concentration, and
the sensor sensitivity is 54.889 nA/uM with an R? value of 92.96%. The
calibration data (mean =+ standard deviation, n = 5) are presented as
measured current with respect to HpO; concentration in uM. The
calculated limit of detection (LoD) of the HyO5 sensor is 58.36 nM [20].

3.1.2. Oxygen sensor calibration

CV experiments with various oxygen concentrations (100%, 70%,
35%, and 0%) were performed with a scan rate of 100 mV.s . Based on
the CV data shown in Fig. 5(A), the activation voltage for O, amper-
ometry was found to be — 0.65V vs. Ag/AgCl. The results of Og
amperometry under six different DO concentrations (100%, 80%, 60%
40%, 20%, and 0%) were shown in Fig. 5(B) and presented as mean
+ standard deviation (n = 5). The magnitude of sensor output current
increases linearly with the increase of DO concentration. Fig. 5(B) shows
the calibration curve of the O sensor after converting DO concentration
in the chamber from percentage to molarity, where 100% dissolved
oxygen concentration represents 158 uM based on the altitude where
the experiments were performed. Sensitivity of the O, sensor when an
activation voltage of — 0.65 V vs. Ag/AgCl was applied is — 4.32 nA/uM
with an R? value of 96%, and its calculated LoD is — 143 nA, which is
equivalent to 2.9 uM. All CV’s and calibrations of the O, sensor were
carried out at 38.5 °C, which is the same temperature used in all mito-
chondria measurements.

3.2. Isolated mitochondria HPR and OCR in LEAK and OXPHOS-linked
states

After reaching a stable basal state, the mitochondria were provided
substrates to induce maximal non-phosphorylating respiration,
commonly referred to as State 4 or LEAK respiration. This was followed
by the addition of ADP to maximally fuel the ATP synthase, thus
enabling the maximal OXPHOS-linked (or State 3) respiration rate.
Fig. 6 shows the changes of HPR and OCR of mitochondria during the
transitions from the basal state to the LEAK state, and to the OXPHOS-
linked state. OCR did not change significantly from basal to LEAK
state (53%). However, it increased 167.94% from
2944.96 pmolss lemg™! to 7890.51 pmoles 'emg ™! from the LEAK
state to the OXPHOS state (Fig. 6A and C), consistent with high respi-
ratory control of cardiac mitochondria by ADP [6]. In contrast, the HPR
increased over 350% from the basal state to the LEAK state when
mitochondria were energized by substrates (LEAK), then decreased
73.29% from 257.9 pmoles lemg™! to  68.89 pmoles lemg !
(P < 0.01) following the transition to the OXPHOS state (Fig. 6 A and



M.-H. Cheng et al.

A H202 CV B
10 4 <
[
g £
£ o 4 t
po 11 uM o
g 2.76 uM 5
3-10 4 690 nM o
172.5nM
0nM
-1 0.5 0 0.5 1 1.5
Voltage in V

250 -

200 A

150 A

100 +

Sensors and Actuators: B. Chemical 360 (2022) 131641

H20:2 Calibration Curve
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Fig. 4. (A) CV results with various [HO»]: 11 uM, 2.76 uM, 690 nM, 172.5 nM, and 0 nM. The oxidative peaks are found at 0.4 V. (B) Hydrogen peroxide sensor
calibration curve: H,O, sensor was calibrated from 0 nM to 3.3 uM. The error bars represent standard deviations (n = 5) measured at 38.5 °C.
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Fig. 5. (A) CV results for O,. The reductive peaks of dissolved oxygen can be found around — 0.65 V vs. Ag/AgCl for O,. (B) Oxygen sensor calibration curve: The
error bars represent standard deviations (n = 5) measured at 38.5 °C.
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6B). This trend is consistent with the strong influence of mitochondrial
membrane potential on ROS production by the respiratory chain, which
is highest during the LEAK state and dissipated by the activity of ATP
synthase in the OXPHOS state [1,6]. The HPR of the mitochondria were
about 9.57% of OCR during LEAK, and decreased to 0.95% of OCR
during OXPHOS-linked respiration (Fig. 6D), which is similar to the
10-fold decrease in HPR/OCR recently reported from murine cardiac
mitochondria using the same protocol using high-resolution fluo-res-
pirometry [6]. Taken together, these results demonstrate the expected
responses of intact mitochondrial OCR and HPR to respiratory substrates
in the presence and absence of ADP, thereby establishing the utility of
this novel multi-sensor device for evaluating mitochondrial bio-
energetics in very small biological samples.

Importantly, we would like to note that the HPR has a strong rela-
tionship with the Oy concentration in the environment [6]. Mitochon-
dria produce more ROS when Oy concentration is high, and vice versa.
This can lead to wide variations in HPR measurements as chamber ox-
ygen declines. We observed that the OCR measurement occasionally
could not provide a stable reading within five minutes and the mea-
surement for O had to be extended for a maximum of 2 more minutes to
allow the readings to stabilize. The longer the O, measurement time was
extended, the less O3 was in the environment due to the O3 consumption
by the mitochondria. This could partially explain some of the mea-
surement variations shown in Fig. 6.

3.3. Applications for simultaneous monitoring of mitochondria HPR and
OCR

ROS are inevitable by-products of mitochondrial respiration, which
leave mitochondria and intact cells primarily in the form of HyO,.
Excessive ROS production can be damaging to cells and their tissue
environment, contributing to the development and progression of major
diseases including cancer and cardiovascular disease. Given their strong
interdependence, simultaneous measurement of mitochondrial both
OCR and HPR provides more complete information about cell physi-
ology and pathophysiology. The sensor device in this paper demon-
strated its ability to simultaneously monitor changes in HoO2 and O,
concentrations in a small quantity of isolated cardiac mitochondria
during the LEAK and OXPHOS-linked respiration. Results illustrate that
the multi-sensor platform has the sufficient sensitivities and linearities
necessary for both HyO2 and O3 to enable advances in instrumentation
technology that can improve our understanding of cellular bioenergetics
in health and disease.

Integration of Oy and Hy0, sensors in the current device with other
metabolic sensors in the same platform [13,14] can provide even more
complete information about cellular activity and metabolism. For
example, although not used in the present study, a pH sensor can be
added to provide simultaneous measurement of extracellular acidifica-
tion rate (ECAR; a surrogate measure of glycolysis) along with OCR and
ROS production from the same biological sample. This approach would
be particularly useful for investigating metabolic transitions that occur
in several cell types in response to stress, such as immune cells that shift
from OXPHOS to glycolytic metabolism when activated by antigen or
pathogen [21] or in cancer [22]. These transitions are frequently asso-
ciated with robust changes in cellular ROS production and release [23],
but the precise links between these processes are not well understood. In
these contexts, simultaneous measurement of OCR and HPR provides an
internally-controlled index of ROS release (HPR/OCR) that is particu-
larly useful for studying samples with inherent or unknown variability in
mitochondrial content or metabolic activity, such as primary circulating
immune cell samples [24] and heterogeneous tumor micro-biospies
[25].

4. Conclusions and future work

Metabolic multi-sensors enable an integration of bioenergetic
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assessments from a single sample, which has the potential to advance
clinical and scientific research into immunologic and infectious diseases,
cancer, and cardiometabolic disorders. The device presented herein
faciliates simultaneous measurement of OCR and HPR, thus providing
an opportunity to monitor relative shifts in metabolic flux and ROS
production from very small biological samples. This technology is
compatible with existing micro-metabolic multi-sensor platforms.
However, the close proximity of sensors is prone to sensor-sensor
interference, especially when sensors using similar enzymatic mecha-
nisms, such as using glocose oxidase for glocose sensor and lactate ox-
idase for lactate sensor, respectively. The method presented in this paper
by subtracting the baseline amperometric current from current mea-
surements when mitochondria were present may be sufficient for O, and
Hy0, measurements, fully integrating the present device with those
having other sensor types, such as glucose and lactate sensors, will
require additional design considerations to minimize the impact of
sensor-sensor interferences. A new device design incorporating changes
to minimize sensor-sensor interferences to allow simultaneous mea-
surements of more metabolites should lead to new biological insights in
the study of cellular metabolism and mitochondrial function in health
and disease.
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