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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 O2 concentration in the environment [6]. Mitochon
dria produce more ROS when O2 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 O2 had to be extended for a maximum of 2 more minutes to 
allow the readings to stabilize. The longer the O2 measurement time was 
extended, the less O2 was in the environment due to the O2 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 H2O2. 
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 H2O2 and O2 
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 H2O2 and O2 to enable advances in instrumentation 
technology that can improve our understanding of cellular bioenergetics 
in health and disease. 

Integration of O2 and H2O2 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 

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 O2 and 
H2O2 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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