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ABSTRACT

Mitochondria are recognized as dynamic metabolic hubs that integrate bioenergetic, biosynthetic and signaling functions well beyond ATP production. Their matrix
hosts the Krebs cycle, fatty acid p-oxidation, and key branches of amino-acid metabolism, while also supporting heme synthesis, the urea cycle, calcium handling and
redox homeostasis. Dissecting these intertwined pathways demands tools that can report metabolite dynamics in situ, where native ion gradients and macromolecular
crowding are preserved. Genetically encoded fluorescent indicators are protein-based indicators whose spectroscopic properties shift upon binding the target
metabolite. Because they are genetically encoded, these fluorescent indicators can be expressed in specific cell types and targeted to subcellular compartments,
allowing real-time, non-invasive tracking of metabolic dynamics in living systems. This systematic review surveys the state-of-the-art in mitochondrial GEFIs,
cataloguing fluorescent indicators for monocarboxylates, Krebs-cycle intermediates, amino acids, redox cofactors and energy nucleotides. Additionally, we outline
core design principles, summarize strategies that ensure efficient targeting into the mitochondrial matrix, and discuss challenges for their correct application. By
charting current capabilities and knowledge gaps, this review aims to guide the next generation of mitochondrial GEFIs and to accelerate quantitative mapping of

metabolic networks at subcellular resolution.

1. Introduction

Mitochondria, often depicted as the cell’s powerhouses, play a far
more intricate role in cellular physiology than solely generating aden-
osine triphosphate (ATP) through oxidative phosphorylation (Nunnari
and Suomalainen, 2012). These organelles are dynamic metabolic hubs,
orchestrating a wide array of biochemical pathways critical for cellular
function and survival. Key among these are the Krebs cycle, which
generates reducing equivalents and biosynthetic precursors (Krebs and
J, 1937), fatty acid p-oxidation (Lehninger, 1946), a major source of
acetyl-CoA (Kennedy and Lehninger, 1949), and significant portions of
amino acid metabolism, including both catabolism and synthesis
(Braunstein and Kritzmann, 1937; Krebs and Johnson, 1980). Further-
more, mitochondria are indispensable for processes such as heme
biosynthesis (Sano et al., 1959), urea cycle activity in certain tissues
(Haskins et al., 2020; Helman et al., 2014), calcium homeostasis
(Vasington and Murphy, 1962), maintenance of redox balance (Boveris
and Chance, 1973), and the regulation of programmed cell death (Liu
et al., 1996). The metabolic state within mitochondrion is not isolated; it
dynamically communicates with and is influenced by the highly

crowded cellular environment, positioning mitochondrion as crucial
integrators and regulators of cellular status and signaling networks
(Martinez-Reyes and Chandel, 2020). This interconnectedness un-
derscores the importance of understanding mitochondrial function in
the context of an intact cell where the complexity of intracellular milieu
is still untouched.

To unravel the complex regulatory mechanisms governing mito-
chondrial function, it is essential to employ tools capable of measuring
metabolite concentrations and fluxes with high spatiotemporal resolu-
tion, within the distinct microenvironments of the organelle and in real-
time. Traditional biochemical approaches, which typically involve cell
lysis and bulk analysis of mitochondrial extracts, obscure this vital
spatiotemporal information (Chen et al., 2016). Such methods often
measure total metabolite levels (bound and free) rather than the bio-
logically active free concentrations, and they average out the hetero-
geneity that exists both between individual mitochondrion (MacDonald
et al., 2019; Singh et al., 2023) and within different mitochondrial
compartments (Hu et al., 2008), e.g., matrix and intermembrane space
(IMS). Metabolism within mitochondrion is highly compartmentalized,
with specific metabolite pools and enzymatic reactions localized to these
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distinct regions (Wang et al., 2025). For instance, the TCA cycle enzymes
are predominantly in the matrix, while the electron transport chain
components are embedded in the internal mitochondrial membrane.
Consequently, understanding the precise localization and dynamics of
metabolites within these sub-compartments is critical for a complete
picture of mitochondrial function. The progression from test tube
biochemical assays employing isolated mitochondria to the use of
fluorescent dyes, which improved live-cell imaging but often lacked
specificity and true subcellular targeting. Fluorescent tools based on
proteinaceous reporters represent a significant advancement in this
pursuit, enabling researchers to probe mitochondrial function with un-
precedented detail within the native cellular context.

Genetically encoded fluorescent indicators (GEFIs) are chimeric
proteins engineered from a ligand-binding moiety fused to fluorescent
protein(s) (FPs) reporters, that dynamically monitored the concentra-
tion and metabolic fluxes of specific analytes through alterations in their
optical properties (Frei et al., 2024). A key advantage of GEFIs is their
genetic encodability, which allows for their expression in living cells,
tissues, and even whole organisms through standard gene delivery
techniques. This property enables their precise targeting to specific
subcellular compartments such as mitochondria, by fusing them with
appropriate mitochondrial targeting sequences (MTS). Compared to
older methods like the microinjection of synthetic dyes, GEFIs offer
relatively low invasiveness and permit chronic monitoring of metabolic
changes in defined cell types or specific mitochondrial populations over
extended periods. This capability is fundamental for studying dynamic
processes in both time and space, allowing for the investigation of how
specific mitochondrial metabolite pools respond to various physiolog-
ical stimuli, pharmacological interventions, or pathological conditions
in situ and in real time.

Key metabolites, such as ATP, NADH, and pyruvate, exist in distinct
pools in both the cytosol and mitochondria (Arce-Molina et al., 2020; Hu
et al., 2021; Imamura et al., 2009), often at different concentrations and
subject to independent regulation and roles. Measurements of whole-cell
or cytosolic levels of these metabolites can therefore provide an
incomplete or even misleading picture of the specific metabolic activ-
ities occurring within mitochondria. Mitochondrially-targeted GEFIs
emerge as an indispensable tool for distinguishing the unique contri-
butions and regulation of mitochondrial metabolic pathways from those
in other cellular compartments.

This systematic review aims to provide a comprehensive overview of
the current landscape of GEFIs that have been specifically designed and
successfully targeted to mitochondria for the real-time detection of key
classes of metabolites. The metabolite categories covered include mon-
ocarboxylates, Krebs cycle intermediates, amino acids, redox cofactors
and energy nucleotides. We will delve into the fundamental design
principles and sensing mechanisms of these mitochondrial GEFIs and
discuss the strategies employed for their effective targeting to the
mitochondrial matrix. Furthermore, it will highlight significant appli-
cations and key findings derived from the use of these sophisticated tools
in unraveling the complexities of mitochondrial metabolic dynamics. A
critical evaluation of the advantages, inherent limitations, and ongoing
challenges associated with these sensors will be provided, alongside an
identification of existing gaps in the current GEFI toolkit for mito-
chondrial research.

2. Mitochondrial metabolism

Mitochondria are the final destination for the catabolism of the three
major classes of energy-rich macromolecules: carbohydrates, fats, and
proteins. While glycolysis, the initial breakdown of glucose, occurs in
the cytosol, the complete oxidation of its product, pyruvate, as well as
the oxidation of fatty acids and amino acids, takes place within the
mitochondrial matrix. These pathways converge on the production of
acetyl-CoA and other key intermediates that fuel the tricarboxylic acid
(TCA) cycle, the central engine of cellular respiration (Nunnari and
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Suomalainen, 2012). The reducing equivalents generated from these
oxidative processes, in the form of NADH and FADH2, subsequently
donate their high-energy electrons to the electron transport chain,
driving the synthesis of ATP. This process links the cytosolic glycolytic
pathway with the TCA cycle and oxidative phosphorylation, ensuring an
efficient conversion of glucose into ATP.

Carbohydrate-derived energy into the mitochondria begins with
pyruvate, the end product of glycolysis. Because the enzymes for its
complete oxidation are located within the mitochondrial matrix, where
pyruvate is positioned at a key metabolic crossroads. Before it can enter
the central TCA cycle, it must be converted into acetyl-CoA. This con-
version is an irreversible reaction known as oxidative decarboxylation,
catalyzed by the pyruvate dehydrogenase complex (Patel and Kor-
otchkina, 2006). During this process, NAD"' is reduced to NADH,
capturing high-energy electrons that will later be used for ATP
production.

Pyruvate is not the only molecule that can feed the TCA cycle.
Alternatively, the proton-motive force can be maintained to produce
ATP by the p-oxidation pathway adapted to handle the oxidation of fatty
acids proceeds through the normal p-oxidation spiral until the final three
carbons remain as propionyl-CoA. This three-carbon molecule cannot be
further oxidized by the pathway. Instead, it is converted in a separate
three-step, ATP-dependent process into succinyl-CoA, an intermediate of
the TCA cycle. This conversion provides a direct anaplerotic entry point
into the TCA cycle, replenishing its intermediates. Additional carbon
source to replenish the TCA cycle intermediates is amino acids meta-
bolism. Mitochondrial amino acid metabolism extends beyond simple
energy generation; it is a dynamic, bidirectional process crucial for
maintaining the balance of central metabolic pathways. The entry of
amino acid-derived carbon skeletons into the TCA cycle serves as an
anaplerotic function. As a prime example, we have the conversion of
glutamate to a-ketoglutarate reaction catalyzed by the enzyme gluta-
mate dehydrogenase. These reactions replenish TCA cycle intermediates
that may have been withdrawn for biosynthetic purposes, ensuring that
the cycle’s concentration of intermediates remains stable and its
oxidative flux can continue. Conversely, mitochondria are also a
biosynthetic hub, providing the precursors needed for the synthesis of
non-essential amino acids. This withdrawal of intermediates from the
TCA cycle is known as cataplerosis. For example, mitochondrial oxalo-
acetate is the direct precursor for the synthesis of aspartate and aspar-
agine, while a-ketoglutarate is the precursor for glutamate, glutamine,
proline, and arginine. This bidirectional flow establishes the TCA cycle
as a critical metabolic integrator, constantly balancing the cell’s cata-
bolic needs for energy with its anabolic needs for biosynthetic building
blocks (Owen et al., 2002).

In addition to their central role in the catabolism of canonical fuels,
mitochondria are the exclusive or partial sites of several highly
specialized metabolic pathways that are essential for systemic homeo-
stasis and the synthesis of vital cofactors. These processes, including the
initial steps of nitrogen disposal via the urea cycle, the production of
alternative fuels through ketogenesis, and the intricate synthesis of
heme, further illustrate the principle of metabolic compartmentalization
(McBride et al., 2006). By housing key steps of these pathways, the
mitochondria can sequester toxic intermediates, link biosynthetic
output directly to the cell’s energy status, and manage the flow of me-
tabolites between different cellular compartments. A disruption in the
TCA cycle or in oxidative phosphorylation not just induced cell energy
crisis but also a biosynthetic failure. For example, inhibition of the
mitochondrial respiratory chain can impair the regeneration of NADT,
which is required for the oxidation of a-ketoglutarate and malate in the
TCA cycle. This can lead to a functional inhibition of the cycle, which in
turn blocks the synthesis of key amino acids like aspartate, thereby
halting cell proliferation (Birsoy et al., 2015; Sullivan et al., 2015). This
deep interconnection explains the complex and severe phenotypes
observed in mitochondrial diseases, which often involve not just energy
deficiency but also profound disturbances in cellular growth and
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development. Therefore, new technology is required to observe these
highly dynamic metabolic processes in living cell at sub-cellular
resolution.

3. Architectures and sensing mechanisms of GEFIs

Intramolecular fluorescence-based indicators report metabolic pro-
cesses through an easy to detect readout. Several design strategies have
been successfully employed to create GEFIs for metabolites, each with its
own architecture and modalities of readouts. Intramolecular fluorescent
indicators can be based on one or two fluorescent reporters (Fig. 1). This
structural characteristic can affect the structural complexity and size of
the indicator, which are within the main challenges for efficient mito-
chondrial targeting. Based on the GEFIs basic architectures they can be
organized in FRET and single-fluorophore-based fluorescent indicators.

3.1. Donor/acceptor FRET-based indicators

Forster Resonance Energy Transfer (FRET)-based indicator are a
widely used class of GEFIs that typically incorporate two distinct FPs, a
donor (e.g. mTFP or cerulean) and an acceptor (e.g., Venus or citrine),
flanking or integrating with the sensing domain (Miyawaki et al., 1997).
FRET is a non-radiative energy transfer process that occurs when the
donor and acceptor FPs are in close proximity (typically <10 nm) and
their dipoles are favorably oriented, and when the donor’s emission
spectrum overlaps with the acceptor’s excitation spectrum (Day et al.,
2008). The interaction of the metabolite with the ligand binding moiety
induces a conformational change that alters the distance or orientation
between the donor and acceptor FPs, thereby modulating FRET effi-
ciency. This change is typically measured as a ratiometric signal, the
ratio of acceptor emission to donor emission upon excitation of the
donor. This ratiometric output provides an inherently less sensitive to

A
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variations in sensor concentration, photobleaching rates of individual
FPs, cell path length, and excitation intensity fluctuations. However, this
type of GEFIs often displays low dynamic range, occupies larger spectral
bandwidth precluding multiplexing measurements, and they are struc-
turally complex and bulky making them difficult to efficiently target to
mitochondria. Although the challenges associated with mitochondrial
targeting of FRET-based indicators, successful cases have been reported.

FRET-based ATP biosensor called Mit-ATeam provides a highly
sensitive, real-time measurement of ATP relative levels directly within
the mitochondrial matrix. This precise view allowed researchers to
discover that the hypoxia-inducible protein GO/G1 switch gene 2 (G0s2)
positively regulates OXPHOS by interacting with the FoF1-ATP synthase
complex, thereby increasing the rate of ATP production and protecting
cells from hypoxic stress (Kioka et al., 2014). Another example is the
ability to track pyruvate directly within the mitochondrial matrix using
a targeted pyruvate fluorescent indicator Pyronic, which provide evi-
dence needed to redefine the role of lactate in mitochondrial meta-
bolism. Specifically, by monitoring intramitochondrial pyruvate, the
fluorescent indicator allowed to show that when pyruvate entered the
matrix, it was actively converted into lactate, a phenomenon that
pointed to the existence of mitochondrial lactate dehydrogenase
(mLDH) activity. Without the ability to precisely measure the pyruvate
flux within the organelle and link it to lactate generation, it would have
been difficult to prove that this conversion was happening locally.
Therefore, the mitochondrially-targeted fluorescent indicator was
essential for demonstrating that lactate production is an intrinsic mito-
chondrial process, leading directly to the proposal of the “lactate-carried
energy overflow” model (Rauseo et al., 2024).

Both the Mit-ATeam and Pyronic indicators utilize the mitochondrial
targeting signal from cytochrome c¢ oxidase subunit VIII (COX8) to be
imported to the mitochondrial matrix. A key difference in their con-
structs, however, is the number of targeting repeats employed: Mit-

Ligand binding
domain

B cpFP

-

Ligand binding
domain

Fig. 1. Architectures of genetically encoded fluorescent indicators (GEFIs).

A) FRET-based sensors. A ligand-binding domain (LBD) is flanked between donor and acceptor fluorescent proteins whose excitation and emission spectra partially
overlap. Excitation of the donor triggers non-radiative Forster energy (gray curved arrow) transfer to the acceptor by resonance to the acceptor, and ligand-induced
(red circle) conformational changes in the ligand binding domain tune the efficiency of this transfer (gray curved arrows). B) Single-fluorophore sensors. Here, the
ligand binding domain is fused directly to a circularly permuted fluorescent protein (cpFP). Binding the target metabolite (red circle) alters the chromophore’s
environment, thereby modulating the emitted fluorescence intensity. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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ATeam uses two repeats, whereas Pyronic require four. The need for
additional repeats for Pyronic is attributed to its greater structural
complexity. Its ligand-binding domain is the full-length bacterial tran-
scription factor PdhR, which is composed of DNA and ligand-binding
domains, making the sensor larger and more complex than the single
epsilon (&) subunit of ATP synthase used in ATeam. Consequently, using
an insufficient number of COX8 repeats for the Pyronic indicator can
result in incomplete mitochondrial targeting, leading to cytosolic
leakage that interferes with the primary signal and prevents accurate
data interpretation.

3.2. Single-fluorophore based indicators

Intensiometric sensors rely on a change in the fluorescence intensity
of a single FP upon metabolite binding. A common strategy involves the
use of a circularly permuted FP (cpFP), where the original N- and C-
termini are joined by a peptide linker, and new termini are created near
the chromophore. This circular permutation can render the FP’s chro-
mophore environment more sensitive to conformational changes in an
inserted or fused sensing domain (Baird et al., 1999). The
metabolite-induced conformational change in the sensing domain alters
the local environment of the cpFP’s chromophore, affecting its proton-
ation state, excited-state proton transfer, or non-radiative decay path-
ways, leading to a change in fluorescence intensity (Akerboom et al.,
2009). Single FP sensors can sometimes achieve large dynamic range
and are simpler in terms of genetic construct size compared to
FRET-based indicators. However, simple intensiometric readouts are
susceptible to variations in sensor expression levels, photobleaching,
and cell volume changes, which can complicate quantitative measure-
ments and data interpretation.

To address the limitations intensiometric indicators can be also uti-
lized as a ratiometric tools using a double excitation peaks subject to be
modulated by the ligand binding, normalized the signal by an isosbestic
point in the excitation spectrum, co-expressing a second fluorescent
protein inert for the analyte of interest or fusing a second inert fluo-
rescent protein. Double excitation peaks laid on chromophore proper-
ties, which can exist in two different, interconvertible chemical states: a
protonated (neutral) form and a deprotonated (anionic) form. These two
states possess distinct light absorption properties sensitive to the ligands
of interest. The protonated state is responsible for the excitation peak
around 440 nm, while the deprotonated state absorbs light around 488
nm. This is the case for iNap3, a GEFI for NADPH that functions ratio-
metrically due to its two excitation peaks (Tao et al., 2017). Upon
binding NADPH, its fluorescence intensity increases when excited at
~420 nm while simultaneously decreasing upon excitation at ~485 nm,
providing a large dynamic range for sensitive measurements. This
property was crucial for quantifying NADPH in specific organelles. The
authors created a version of the fluorescent indicator suitable to be
targeted to mitochondrial, iNap3-Mit. By using this targeted GEFI, they
were able to measure the NADPH concentration specifically within the
mitochondrial matrix. This revealed a concentration of approximately
37 pM, which is substantially higher than the ~3 pM measured in the
cytosol (Tao et al., 2017).

An isosbestic point in the excitation spectrum is also a good alter-
native to convert intensiometric to ratiometric readout. When
measuring the ATP:ADP ratio specifically within mitochondria using
PercevalHR, its isosbestic point at 440 nm was exceptionally useful
(Tantama et al., 2013). Mitochondria are highly dynamic, and their
constant movement and shape changes can create signal fluctuations
that mimic real results. Exciting the sensor at its isosbestic point pro-
vides a control signal that is insensitive to movement-based artifacts,
ensuring the final measurement reflects the true mitochondrial energy
state, not just the organelle’s dynamic behavior.

Co-expressing an inert second fluorescent protein with the single-
fluorophore indicator is another possible approach, but it comes with
the trade-off of increased the pressure to the mitochondrial import
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machinery, making the targeting to the mitochondria more difficult and
potentially displaced native mitochondrial imported proteins. For
instance, the pyruvate GEFI PyronicSF can be targeted to mitochondria
and used with a co-expressed mito-mCherry as a normalizer. Using this
strategy, a study produced key quantitative results on mitochondrial
pyruvate metabolism (Arce-Molina et al., 2020). The primary finding
was that the steady-state pyruvate concentration in astrocyte mito-
chondria is low, approximately 21 pM, which is lower than the level in
the cytosol (33 pM). This validated approach also enabled the direct
measurement of mitochondrial pyruvate consumption, with a median
rate of 1.1 pM/s. Furthermore, the sensor revealed metabolic hetero-
geneity, demonstrating that pyruvate concentration and consumption
rates can vary between different mitochondrial populations within a
single cell (Arce-Molina et al., 2020).

Another approach is Matryoshka fluorescent indicator platform
developed to overcome the limitations by creating a ratiometric indi-
cator from a single-fluorophore with a large dynamic range, using as a
normalizer a second fused fluorescent protein inert to the analyte of
interest (Ast et al., 2017). This technology uses a single cassette called
GO-Matryoshka that nests a stable reference FP, the large Stokes shift
LSSmOrange inside a reporter FP, a circularly permuted green FP
(cpEGFP). The Matryoshka biosensor platform was developed to over-
come the intrinsic limitations of intensiometric reporters by creating a
ratiometric indicator with a large dynamic range. This unique structure
allows a single blue excitation wavelength (~440 nm) to elicit both
green fluorescence from the reporter and orange fluorescence from the
stable reference. As the reporter’s green fluorescence changes in
response to an analyte, the orange reference signal remains largely
stable, providing a ratiometric readout. This intrinsic normalization
corrects for expression and instrumental artifacts, allowing for improved
quantitation while retaining the desirable high dynamic range of
single-FP sensors.

4. Mitochondrial targeting of GEFIs

The modular nature of the MTS has been widely exploited in mo-
lecular biology to direct a vast array of proteins to the mitochondrial
matrix. The most common and well-characterized mechanism for
directing proteins to the mitochondrial matrix relies on a cleavable N-
terminal pre-sequence, also known as a mitochondrial targeting
sequence. This pathway is the most frequently exploited for targeting
GEFIs to the matrix, providing a robust method for visualizing mito-
chondrial morphology, dynamics, and distribution in living cells. This N-
terminal pre-sequences are cleavable sequences, usually 15-50 amino
acids in length, although variations exist. They are characterized by an
abundance of positively charged (arginine, lysine) and hydrophobic
amino acids, and they have a propensity to form an amphipathic a-helix,
structure is recognized by the mitochondrial import machinery (Gavel
et al., 1988; von Heijne, 1986).

COX8 or COXVIIL: The pre-sequence from subunit VIII of cyto-
chrome c oxidase (MSVLTPLLLRGLTGSARRLPVPRAK) is one of the most
widely used and effective MTS for targeting exogenous proteins,
including GEFIs, to the mitochondrial matrix in mammalian cells. To
enhance import efficiency, particularly for large or complex fusion
proteins like many GEFIs, tandem repeats of the COX8, e.g., 2xCOX8 or
4xCOX8 are often employed (Rizzuto et al., 1995; Tkatch et al., 2017).

To investigate mitochondrial glutamine, the single-fluorophore GEFI
Mito-GlutaR was fused into four copies of the COX8 mitochondrial tar-
geting sequence to the N-terminus of the GlutaR indicator (Liu et al.,
2025). This strategy effectively localized the fluorescent indicator
within the mitochondrial matrix, enabling a key result through specific
measurement of the organelle’s glutamine pool. The targeted approach
revealed that the free glutamine concentration in mitochondria is
approximately 160 pM, which is significantly lower than the level in the
cytosol. This quantitative comparison supports the conclusion that
mitochondria are a primary site of glutamine consumption in the cell
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(Liu et al., 2025)

Subunit 9 of F1Fo-ATPase (Su9): Another well-established and
commonly used MTS is derived from the N-terminal region (MALS-
RAVSLRASLRVLSASRIRLSPAAQALRRSSTSL) of subunit 9 of the F1Fo-
ATPase from Neurospora crassa (Galanis et al., 1991; Rojo et al., 1995;
van den Boogaart et al., 1982). This sequence has also proven effective
for targeting various proteins to the mitochondrial matrix in diverse
eukaryotic systems.

The lactate single-fluorophore GEFI FiLa-Mit was mitochondria tar-
geted by fusing a signal sequence from Neurospora crassa ATP synthase
to the N-terminus. This strategy successfully localized the fluorescent
indicator to the mitochondrial matrix, enabling direct and specific
measurements of the lactate pool within the organelle (Li et al., 2023).

There are alternative MTS that can potentially be useful to target
GEFIs to mitochondrial matrix. For instance, the Ornithine Trans-
carbamylase that is found in the human Ornithine Transcarbamylase, a
key enzyme in the urea cycle (MLFNLRILLN-
NAAFRNGHNFMVRNFRCGQPLQ) (Horwich et al., 1986; Kanazawa
et al., 1997). The MTS from mitochondrial isoform of Superoxide Dis-
mutase 2, also known as MnSOD a critical antioxidant enzyme in the
matrix, is another good alternative to target GEFIs to mitochondrial
matrix (MLSRAVCGTSRQLAPVLGYLGSRQKHSL) (Kong et al., 2003).
Pyruvate Dehydrogenase Ela Subunit (PDHA1); the leader sequence of
the Ela subunit of the pyruvate dehydrogenase complex is another
well-established alternative to drive proteins towards mitochondria
(MRLTAARALLPRVLCARARASTSVPRSRA) (Ho et al., 1989; Owen et al.,
2000).

Successful mitochondrial protein targeting is a complex process that
extends beyond the mere selection of a MTS. The import efficiency is
critically influenced not just by the MTS, but also by the targeted protein
that can dramatically alter the outcome (Eilers et al., 1988; Vestweber
and Schatz, 1988; Wiedemann and Pfanner, 2017). Since precursor
proteins must be unfolded to pass through import channels, a targeted
protein that is very stable or folds too rapidly can stall translocation,
leading to its degradation or aggregation and triggering cellular pro-
teotoxic stress. Furthermore, MTSs possess a spectrum of potencies, from
“strong” to “weak”. While a strong MTS like the commonly used COX8A
can be highly effective, its overuse at high expression levels can saturate
the import machinery. This creates a stagnation of targeted proteins at
the mitochondrial surface, competitively inhibiting the import of
essential endogenous proteins and causing mitochondrial dysfunction.
In this scenario, the reporter protein ceases to be a passive observer and
becomes an active perturbing agent, confounding experimental results
and highlighting the need for a diverse toolkit of MTSs with varying
strengths to ensure experimental accuracy.

4.1. Considerations for targeting efficiency and compartment specificity

Achieving the proper localization and concentration of a GEFI within
the mitochondrial matrix requires a careful balance between several
factors. This includes the expression level and structural characteristics
of the GEFI, the potency of the MTS, and the number and position of
tandem MTS repeats. The primary goal is to deliver a sufficient amount
of the fluorescent indicator to the mitochondrial matrix to achieve an
optimal signal-to-noise ratio for detecting signals from a single mito-
chondrion. However, this must be accomplished without overwhelming
the mitochondrial import machinery, which is essential for importing
endogenous proteins, or causing significant “leakage” of the indicator
into the cytosol. An excessive cytosolic signal can contaminate mea-
surements and obscure the interpretation of results.

The difficulty in striking this balance is highly dependent on the gene
delivery system used. For instance, transient transfection with plasmids
often leads to high variability in copy number delivered and expression
levels, making it difficult to control the amount of protein produced and
thus increasing the risk of cytosolic leakage. In contrast, viral trans-
duction systems, such as those using lentiviruses or adeno-associated
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viruses, offer better control as they typically result in a more limited
and stable number of gene copies integrated into the host genome. For in
vivo experiments, knock-in models, where the GEFI is inserted into a
specific genomic locus, represent the gold standard. In this scenario,
expression is controlled by endogenous regulatory elements, leading to
more physiologically relevant protein levels (Arce-Molina et al., 2020).
Therefore, combining a tightly controlled expression system with a
potent MTS is a robust strategy. The need for tandem MTS repeats often
depends on the size and structural complexity of the GEFI. Indicators
based on FRET, which are often larger multi-protein constructs, may
require multiple MTS repeats for efficient mitochondrial import. In
contrast, single-fluorophore indicators are typically smaller and can
often be targeted effectively with a single MTS. However, there are ex-
ceptions. For example, ATeam, a FRET-based ATP indicator, and Lap-
ronic, a lactate/pyruvate ratio indicator, are efficiently targeted to
mitochondria using a single MTS, despite being engineered on three
protein moieties (Galaz et al., 2020; Imamura et al., 2009). The key
point is the use of relatively small bacterial binding proteins to build
these fluorescent indicators. It is also crucial to consider that excessive
MTS repeats can sometimes interfere with the indicator’s function or
folding. Consequently, it is advisable to use the minimum number of
MTS repeats necessary for effective targeting. To validate a signal’s
origin  functional  protocols that elicit a  predictable,
compartment-specific response from the GEFI could be useful. This
approach involves applying a specific stimulus known to primarily affect
the mitochondrial environment. The key is that the GEFI population
within the mitochondria will respond differently and predictably
compared to any contaminating GEFI population in the cytosol
(Arce-Molina et al., 2020; Imamura et al., 2009). Additionally, the
co-localization ~with mitochondrial markers or the wuse of
membrane-potential-sensitive dyes could help to assess how much of the
GEFI signal as a mitochondrial origin.

5. Mitochondria-targeted GEFIs for metabolites

Since the inception of the first GEFI for an organic molecule (Fehr
et al., 2002), over 20 different metabolites can now be monitored using
this technology. This collection includes more than 50 distinct GEFIs
(San Martin et al., 2022), ranging from high-performance indicators to
first-generation prototypes suitable for a variety of experimental sce-
narios. The majority of the current GEFIs for metabolite have been
optimized for the cytosol, enabling measurements with single-cell res-
olution. However, as these fluorescent indicators are genetically
encodable tools, they possess the potential to achieve sub-cellular res-
olution. Currently, just a small number of these GEFIs have been tested
for functionality within the mitochondrial matrix (Fig. 2). This techno-
logical gap hampers the assessment of mitochondrial metabolism and its
regulatory nuances in a comprehensive manner, while preserving the
complexity of the intracellular and sub-cellular milieu. To present a
comprehensive picture of the state-of-the-art of mitochondrially tar-
geted GEFIs, we have surveyed the literature to provide to our readers
with an overview of the available fluorescent indicators to probe mito-
chondrial metabolism and the key features required for their used them
within this fascinating organelle.

5.1. Monocarboxylate indicators

Monocarboxylates are small, organic molecules structurally defined
by a single carboxylate group, making them vital, water-soluble carriers
of energy and carbon. Metabolically, they are central intermediates that
link major energy-producing pathways, such as the breakdown of sugars
and fats, with the mitochondrial tricarboxylic acid cycle. Their impor-
tance lies in their ability to shuttle energy between different cells and
tissues, ensuring metabolic flexibility in response to varying physio-
logical demands (Brooks, 1986, 2018; Juel and Halestrap, 1999). For
instance, the end-product of glycolysis pyruvate can either enter
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Fig. 2. Schematical overview of mitochondrial metabolism and the available mitochondria-targeted GEFIs. Major pathways operating in mitochondria: TCA
cycle, amino-acid metabolism, fatty-acid f-oxidation, the urea cycle, and heme biosynthesis; together with key redox transformations that sustain bioenergetics and
redox homeostasis (NAD'/NADH, NADP*/NADPH, FAD/FADH,) and the nicotinamide-nucleotide transhydrogenase (NNT). Metabolites in black denote targets for
which mitochondria-targeted GEFIs are available, while metabolites in gray denote metabolic points where GEFIs have not been developed. Solid arrows denote
established steps; dotted arrows indicate multiple steps for simplicity. IMS, intermembrane space; NAG, N-acetylglutamate; NNT, nicotinamide nucleotide trans-

hydrogenase. Created in BioRender. https://BioRender.com/mf6f223.

mitochondria for full oxidation (Bricker et al., 2012; Herzig et al., 2012)
or be converted to lactate that is shuttled between cells as a fuel source
and signaling molecule (Brooks, 1986; Hui et al., 2017).

Monocarboxylates like lactate and pyruvate are suitable to be
monitored within the mitochondria of intact cells using GEFIs, providing
unprecedented spatiotemporal resolution. Fluorescent indicators such as
FiLa (Li et al., 2023), CanlonicSF (Aburto et al., 2022; Rauseo et al.,
2024), and R-iILACCO1.2 (Nasu et al., 2023) have been successfully
targeted to the mitochondrial matrix, enabling direct visualization and
quantification of the lactate pool. This has led to the key discovery that
lactate is highly enriched in mitochondria at concentrations significantly
higher than in the cytosol. Conversely, the pyruvate sensor PyronicSF
revealed that mitochondrial pyruvate is maintained at a very low
micromolar concentration, establishing the mitochondrial pyruvate
carrier as a key regulator of metabolism. Together, these tools allow
researchers to track the real-time flux of critical metabolites in living
cells, defining the metabolic landscape of these vital organelles. For a
comprehensive view about the features of state-of-the-art of GEFIs for
monocarboxylates that have been targeted at mitochondrial matrix and
their users, see Table 1.

5.2. Krebs cycle metabolite indicators

Krebs cycle, or tricarboxylic acid (TCA) cycle, is the central hub of
cellular respiration, occurring in the mitochondrial matrix. It is a series
of eight enzyme-catalyzed reactions that completely oxidizes acetyl-CoA
derived from carbohydrates, fats, and proteins, into carbon dioxide. As
the first molecule formed in the Krebs cycle, citrate initiates the process
that links nutrient oxidation to energy production.

Currently two sensors for Krebs cycle metabolites have been suc-
cessfully targeted to mitochondria. PancACe (Smith et al., 2024) and
Citronl (Zhao et al., 2020) have enabled the first real-time monitoring of
acetyl-CoA and citrate, respectively. Revealing distinct dynamics of
acetyl-CoA and citrate pools. However, the recent development of these
first-generation tools highlights that we are in the early stages of this
exploration. Indeed, just a small fraction of the Krebs Cycle metabolite
can be probed using GEFIs. This hampers the ability to directly visualize
the central hubs of cellular energy in real-time in the mitochondrial
matrix. For a comprehensive view about the features of state-of-the-art
of GEFIs for Krebs cycle metabolites that have been targeted to mito-
chondrial matrix and their users, see Table 2.
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Table 1
Monocarboxylates fluorescent indicators tested in mammalian systems.
INDICATOR YEAR OF LIGAND READOUT MITO IN VITRO AF or ADDGENE USERS
PUBLICATION BINDING TARGET Kp ARpax (%) NUMBER
MOIETY @
MONOCARBOXYLATES
LACTATE
Mito- 2024 (Rauseo et al., TTHA0766 Intensiometric 1x COX8 293 pM 80 % 224465 NA
Canlonic 2024) (cpGFP)
488
FiLa-mit 2023 (Li et al., 2023) LIdR Ratiometric 1xSu9 130 pM 50 % NA NA
(cpYFP)
485/420
R- 2023 (Nasu et al., LIdR Intensiometric 1xCOX4 4 mM (in 150 % NA NA
iLACCO1.2 2023) (cmpApple) situ)
559
LACTATE/PYRUVATE
Mito- 2020 (Galaz et al., LutR FRET (mTFP/ 4x COX8 2 uM 15 % 140754 NA
lapronic 2020) Venus) (Lac)
12.1 yM
(Pyr)
PYRUVATE
Mito- 2020 (Arce-Molina PdhR Intensiometric 1xCOX8 480 pM 60 % 124813 (Koshenov et al., 2022; Leung
PyronicSF et al., 2020) (cpGFP) et al., 2024; Tiwari et al.,
488 2024)
Mito- 2020 (Arce-Molina PdhR FRET (mTFP/ COX8 107 uM 40 % NA Rauseo et al. (2024)
Pyronic et al., 2020) Venus)
# The maximum fluorescence response observed in mitochondria, as shown in the original paper. NA: not available.
Table 2
Krebs cycle fluorescent indicators tested in mammalian systems.
INDICATOR YEAR LIGAND READOUT MITO IN VITRO AF or ADDGENE USERS
BINDING TARGET Kp ARuax (%)  NUMBER
MOIETY “
KREBS CYCLE METABOLITES
ACETYL-CoA
mito- 2024 (Smith PanZ Intensiometric (SF, NA 274 pM 5% 215710 NA
PancACe et al., 2024) cpGFP)488
CITRATE
mito- 2020 (Zhao CitA Intensiometric(SF, 2x COX8 1.1 mM 15 % 134305 (Koshenov et al., 2022;
Citron1l et al., 2020) GFP)488 Madaris et al., 2023; Zhao

et al., 2023)

# The maximum fluorescence response observed in mitochondria, as shown in the original paper. NA: not available.

5.3. Amino acid indicators

Structurally, amino acids are organic compounds containing both an
amine (-NH2) and a carboxyl (-COOH) functional group, along with a
unique side chain that defines their properties. Metabolically, they are
the fundamental building blocks of proteins. Their importance in energy
metabolism is twofold. First, when required as fuel, amino acids can be
broken down, and their carbon skeletons are converted into key in-
termediates like pyruvate or acetyl-CoA, which then enter the Krebs
cycle to be oxidized for ATP production. This process directly links
protein catabolism to cellular respiration. Second, the Krebs cycle is a
major anabolic hub, providing the necessary precursor molecules for the
biosynthesis of many non-essential amino acids. This dual role makes
amino acids central to both the catabolism and anabolism of molecules
essential for cellular energy and cell structure.

As a specific example of monitoring an amino acid in mitochondria,
the FHisJ a fluorescent indicator for histidine, was targeted to the matrix
by fusing it with a 2xCOX8, creating FHisJ-Mit (Hu et al., 2017). This
enabled the direct quantification of free histidine, revealing that in
glucose-fed cells the mitochondrial concentration was significantly
lower than the cytosol, while in glucose-deprived cells the levels were
comparable. Furthermore, the targeted sensor was used to measure
transport kinetics across the inner mitochondrial membrane with a Ky, of
approximately 55 pM. For a comprehensive view about the features of
state-of-the-art GEFIs for amino acids that have been targeted to

mitochondrial matrix and their users, see Table 3.

5.4. Cofactor indicators

Structurally, cofactors like NAD", NADH, NADP™, and NADPH are
dinucleotides, which are non-protein organic compounds essential for
enzyme function. Metabolically, their importance is paramount. NAD™"
acts as a primary electron acceptor in catabolic pathways like glycolysis
and the Krebs cycle, capturing high-energy electrons from the break-
down of nutrients to become its reduced form, NADH. This NADH is the
crucial currency of energy metabolism, as it donates these electrons to
the electron transport chain to power the synthesis of the vast majority
of cellular ATP. In contrast, the NADPH/NADP™ pair primarily provides
reducing power for anabolic (biosynthetic) reactions. On the other hand,
Coenzyme A is a classic example of a cofactor. Its primary role in energy
metabolism is to act as a carrier for acyl groups, most notably forming
acetyl-CoA. This molecule is the crucial link that feeds the two-carbon
acetyl group, derived from the breakdown of carbohydrates and fats,
into the Krebs cycle for oxidation.

While a variety of GEFIs for NADH and NAD™ have been developed,
their affinity for these cofactors is often too high for the concentrations
known to exist in mitochondria. Specifically, mitochondrial matrix
environment is more reduced by the constant production of NADH from
the Krebs cycle reactions, therefore, within the mitochondrial its esti-
mated concentrations are in the low millimolar range. Consequently,
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Table 3
Amino acid fluorescent indicators tested in mammalian systems.
INDICATOR YEAR LIGAND BINDING READOUT MITO IN VITRO Kp AF or ARyax Addgene USERS
MOIETY TAG (%) *
AMINOACIDS
L-GLUTAMINE
Mito-Gluta- 2025 (Liu et al., GInBP Ratiometric (cpYFP) 4x COX8 407.5 pM 50 % NA NA
R 2025) 488/405
L-HISTIDINE
FHisJ-mit 2017 (Hu et al., HisJ Ratiometric (cp YFP) 2x COX8 22 yM 300 % NA Li et al.
2017) 485/420 (2020)
L-LEUCINE-ISOLEUCINE AND VALINE
mit-OLIVe 2019 (Yoshida LIVBP FRET (YFP/CFP) 527/  2x COX8 97 uM (Leu), 83 uM (isoleu) 90 % NA NA
et al., 2019) 475 589 pM (val)

# The maximum fluorescence response observed in mitochondria, as shown in the original paper. NA: not available.

fluorescent indicators with a high affinity with a dissociation constant
(Kp) in the low micromolar range become fully saturated in this envi-
ronment making it impractical for detection and monitoring. A saturated
GEFI cannot accurately report the dynamic changes in cofactor con-
centration that are crucial for understanding metabolic state. This
highlights a critical point in GEFIs design to work in mitochondria: it is
not enough to simply target an indicator to the mitochondria efficiently;
its detection range must also be carefully optimized to match the con-
centration of the analyte in that specific subcellular compartment. For a
comprehensive view about the state-of-the-art of the current GEFIs for
cofactors that have been targeted at mitochondrial matrix and their
users, see Table 4.

5.5. Energy nucleotide indicators

Structurally, adenosine triphosphate (ATP) is a nucleoside triphos-
phate composed of adenine, a ribose sugar, and three phosphate groups
linked by high-energy bonds. Metabolically, it serves as the universal
“energy currency” of the cell, releasing energy for processes like muscle
contraction and biosynthesis when hydrolyzed to adenosine diphos-
phate (ADP). Therefore, the ATP/ADP ratio is a critical sensor of the
cell’s energy status and a key metabolic regulator (Atkinson, 1968;
Hardie et al., 2012). A high ATP/ADP ratio signals energy surplus,
causing ATP to act as an allosteric inhibitor of key glycolytic enzymes
like phosphofructokinase, thereby slowing energy production (Lynch
etal., 2024; Passonneau and Lowry, 1964). Conversely, a low ratio (high
ADP) signifies energy demand, causing ADP to act as an allosteric acti-
vator that stimulates glycolysis and oxidative phosphorylation to

Table 4
Cofactor fluorescent indicators tested in mammalian systems.
INDICATOR YEAR OF LIGAND READOUT MITO IN VITRO AF or ADDGENE USERS
PUBLICATION BINDING TARGET Kp ARmax NUMBER
MOIETY (%) *
COFACTOR INDICATORS
NAD™
NAD + 2016 ( LigA Ratiometric 1x COX4 65 M 40 % 186791 (Clark, A. J. et al., 2023; Clark et al., 2023;
biosensor Cambronne (cpVenus) 488/ Eller et al., 2019; Gaudino et al., 2019;
et al., 2016) 405 Goyal and Cambronne, 2022; Goyal et al.,
2023; Hoyland et al., 2024; Lu et al., 2022;
Luongo et al., 2020; Murata et al., 2019;
Smith et al., 2019; Ward et al., 2019)
ChemoG- 2023 (Hellweg LigA FRET (eGFP/SiR) COX8 200 pM 40 % 193823 NA
NAD et al., 2023)
NADH/NAD™
mitoRexYFP 2014 (Bilan T-Rex Ratiometric NA 180 nM 30 % 60246 Chen et al. (2017)
et al., 2014) (cpYFP) 490 (NADH)
mt-SoNar 2021 (Hu et al., T-Rex Ratiometric 2x COX8 0.025 30 % NA (Balderas et al., 2022; Weiss-Sadan et al.,
2021) (cpYFP) 488/405 (Kgr) 2023; Wu et al., 2022)
Mito-aY- 2020 (Zhang and T-Rex Intensiometric (aY NA 0.025 40 % NA NA
SonaR Ai, 2020) induced cpYFP) (KRr)
544
NADH
FREX-mit 2011(Zhao et al., Rex Ratiometric NA 3.7 pM 50 % NA (Li et al., 2023; Zhang et al., 2019; Zhao and
2011) (cpYFP) 500/410 Yang, 2016; Zhao et al., 2014; Zou et al.,
2018)
NADPH
iNap3-mit 2017 (Tao et al., T-Rex Ratiometric 2 copies 25.2 yM 50 % NA (Chen et al., 2022; Moon et al., 2020, 2024;
2017) (cpYFP) 420/485 COX8 Plecita-Hlavata et al., 2020)
Mito-aY- 2020 (Zhang and ~ T-Rex Intensiometric (aY NA 2 M 40 % NA NA
iNap1 Ai, 2020) induced cpYFP)
545
NADP-NADPH
NERST 2023 (Molinari NTRC Ratiometric COX8 1 (Kgr) 15 % NA NA
et al., 2023) (roGFP2) 390/490
Coenzyme A
CoaSnifit 2023 (Xue et al., Pank FRET (sfGFP/MaP) = NA 13.9 M 40 % 197946 NA

2023) 510/580

# The maximum fluorescence response observed in mitochondria, as shown in the original paper. NA: not available.
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regenerate ATP (Chance and Williams, 1955; Poorman et al., 1984). This
feedback ensures cellular energy homeostasis.

ATP is the critical biochemical signal that connects the physical
stimulus at the cell membrane to the cell’s functional response. Utilizing
single fluorophore GEFI mitAT1.03, to monitor ATP levels within the
mitochondria of living cells, researchers observed that shear stress
directly triggers a rapid surge in ATP synthesis inside the mitochondria.
This newly generated ATP is then released from the cell, activating
purinergic receptors on the cell surface, which initiates crucial Ca%*
signaling cascades. The investigation demonstrated that this entire
mechanotransduction pathway, from the membrane cholesterol changes
to the final calcium signa, is fundamentally dependent on the rapid in-
crease in mitochondrial ATP, establishing its central role in the cell’s
response to blood flow. For a comprehensive view about the state-of-the-
art of the current GEFIs for energy nucleotide that have been targeted at
mitochondrial matrix and their users, see Table 5.

6. Consideration and challenges

The broad use of mitochondrially-targeted GEFIs is still in its infancy.
Although the number of GEFIs for metabolites is increasing at a rapid
pace, only a limited number of metabolites can be probed within the
mitochondrial matrix using these fluorescence indicators. Major chal-
lenges arise from ensuring proper targeting to avoid leaky signals, and
from uncertainties regarding how GEFI performance is affected by the
structural modifications required for a correct mitochondrial targeting
and the characteristic of the mitochondrial matrix environment. Spe-
cifically, it is often unclear how these factors influence the sensor’s
dynamic range, affinity, and detection limits. These parameters are
critical not only for calibrating the fluorescent signal but also for
achieving a semiquantitative interpretation of the data.

6.1. Calibrating GEFIs within the mitochondrial environment

While GEFIs provide excellent data on relative changes in metabolite
levels, obtaining absolute quantitative concentrations requires accurate
in situ calibration. This remains a significant challenge for
mitochondrial-targeted sensors due to the unique and dynamic
biochemical environment of the matrix, which is difficult to replicate in
vitro. Current methods often involve permeabilizing the plasma mem-
brane with detergents like digitonin, followed by exposing the fluores-
cent indicator to known concentrations of the metabolite. However,
permeabilization can alter the cytosolic environment and by extension
ion gradients, cofactor levels, pH into the mitochondria. Therefore,
these conditions may not fully reflect the conditions experienced by the
GEFI in an intact mitochondrion. The main challenge is the validation of
the Kp and the dynamic range of mitochondrial targeted GEFIs, to design
one or two-point calibration strategies. Unfortunately, these parameters
are obtained from the in vitro experiments using purified protein,
experimental conditions that do not fully reflect the mitochondrial
environment. More specifically, one-point calibration strategies needs
Kp and dynamic range of fluorescent indicators, which implies the use of
two parameters with high degree of uncertainties. On the other hand,
two-point calibration strategies use only the in vitro Kp implying that
both apo and saturated state of the GEFI was achieved. Due to metabolic
constraints and our poor current knowledge about mitochondrial
metabolite transport and permeability, saturation point of a given GEFIs
is difficult to achieve and validate. Therefore, the dynamic range that is
used to calculate the metabolites concentration carry a high degree of
uncertainty. Calibrated data from GEFIs targeted to mitochondria must
be interpreted with caution. Developing less invasive and more reliable
in situ calibration techniques with fluorescent indicators with differen-
tial affinity for the analyte to perform cross calibration protocols, is a
key area for advancement to unlock the full quantitative potential of
mitochondrial GEFIs and improve the parameterization of metabolic
models.
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6.2. pH sensitivity and fluorescent protein artifacts

The distinct environment of the mitochondrial matrix can also
directly influence the fluorescent properties of the FP component of a
GEFL, independent of metabolite binding. For example, the matrix pH is
typically more alkaline than the cytosol ranging from 7.6 to as high as
8.0 under energized conditions. Many FPs are pH-sensitive (Aburto
et al., 2022; Arce-Molina et al., 2020; Tantama et al., 2013; Tao et al.,
2017; Zhao et al., 2011), if not accounted for, such pH-induced fluo-
rescence changes could be misinterpreted as changes in metabolite
concentration. This underscores the need for careful fluorescent indi-
cator characterization within the mitochondrial context and the selec-
tion of FPs known for their robustness or the use of ratiometric
approaches that can mitigate such artifacts.

The fluorescence mechanism in many fluorescent proteins (FPs) is
initiated by an excitation event that triggers an excited-state proton
transfer. This process involves the transition of the chromophore be-
tween its protonated and deprotonated states and is necessary to com-
plete the excitation-emission cycle. The pKa of fluorescent proteins,
which defines the pH at which the chromophore is 50 % protonated,
varies widely from approximately 4.5 to over 12, depending on the
specific variant. This value is a crucial characteristic, as the transition
between protonated and deprotonated states directly impacts fluores-
cence. Consequently, GEFIs based on FPs with a pKa far from physio-
logical pH (cytosolic ~7.4 and mitochondrial ~7.8) will be insensitive
to proton fluctuations in this range. This is the case for GEFIs based on
cyan fluorescent proteins such as Cerulean with a pKa = 4.7 (Rizzo et al.,
2004) or mTurquoise2 with a pKa = 3.1 (Goedhart et al., 2012). Among
green fluorescent proteins, an acid-resistant variant named Gamillus
was recently isolated from the flower hat jelly, Olindias formosa (Shinoda
et al., 2018). This FP presents exceptional acid resistance, with a pKa of
3.4, making Gamillus a prime candidate for engineering novel
acid-resistant, single-fluorophore biosensors. However, the proton
sensitivity of a GEFI does not rely solely on the FP. It can also arise from
the ligand-sensing domain or be an emergent property of the final
chimeric protein. Eliminating this confounding factor is challenging.
One successful strategy involves using random mutagenesis to identify
variants with reduced proton sensitivity in the physiological range
(Hung et al., 2011; Koveal et al., 2022). Nevertheless, pH-induced ar-
tifacts can be distinguished from the true sensor response by using
several control strategies. These include employing non-responsive or
“dead” variants of the GEFI (Arce-Molina et al., 2020), performing
ratiometric measurements at two different excitation wavelengths (Tao
et al., 2017), utilizing the proton-insensitive isosbestic point of the flu-
orophore and coexpressing and targeting to mitochondria a
proton-sensitive fluorescent protein (Liu et al., 2021; Poburko et al.,
2011).

6.3. Potential buffering effects of high-affinity GEFIs

The GEFI itself, if it binds its target metabolite with very high affinity
and is present at high concentrations, could act as a buffer or sink for the
metabolite, thereby perturbing its natural dynamics and altering its free
concentration or kinetics. This phenomenon has been a long-recognized
concern, particularly for the widely used GCaMP and iGluSnFR family of
calcium and glutamate fluorescent indicators, respectively. High con-
centrations of GCaMP can blunt natural calcium spikes and iGluSnFR
can significantly reduce the concentration of glutamate that reaches
postsynaptic receptors, directly altering synaptic transmission and
plasticity (Helassa et al., 2018). These leads to an underestimation of
physiological signaling events and potentially altering downstream
cellular processes. It is generally advisable to use the lowest possible
expression levels that still provide adequate signal-to-noise, and to
include appropriate controls, such as expressing a non-responsive or
catalytically inactive version of the sensor, to assess potential
non-specific effects on mitochondrial or cellular physiology. The
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Table 5
Energy nucleotides fluorescent indicators tested in mammalian systems.
INDICATOR YEAR LIGAND READOUT MITO IN AF or ADGENE USER
BINDING TARGET VITRO ARpax NUMBER
MOIETY Kp (%) *
ENERGY NUCLEOTIDES
ATP
mit-GO- 2011 ( € subunit FRET (GFP/OFP) NA 2.3 mM 40 % NA (Agarwal and Ganesh, 2020; Chamberlain et al.,
Ateam2 Nakano FoF1-ATP 560/510 2021; Choi et al., 2023; Dominguez-Zorita et al.,
etal, 2011) synthase 2023; Golombek et al., 2024; Golombek et al.,
2023; Lefkimmiatis et al., 2013; N’Gadjaga et al.,
2022; Richetin et al., 2020; Rueda et al., 2015;
Shibata et al., 2015; Spurlock et al., 2019;
Spurlock and Mitra, 2021; Tanaka et al., 2014;
Writzl et al., 2017; Zhao et al., 2022; Zhou et al.,
2016)
mit- 2009 ( € subunit FRET (mseCFP/ 2x COX8 3.3 mM 100 % NA (Barsukova et al., 2011; Bischof et al., 2021;
ATeam1.03 Imamura FoF1-ATP cpl73Venus) 527/ Bischof et al., 2024; Charles et al., 2017; Chen
et al., 2009) synthase 475 et al., 2019; Choi et al., 2022; De Marchi et al.,
2011; Depaoli et al., 2018; Forkink et al., 2014;
Fouque et al., 2016; Fouquerel et al., 2014;
Goehring et al., 2012; Gouriou et al., 2020; Gross
et al., 2022; Han et al., 2021; Hayashi et al., 2015;
J et al., 2013; Jia et al., 2024; Kamikubo et al.,
2019; Kealey et al., 2022; Kennedy et al., 2014;
Kioka et al., 2014; Kioka et al., 2020; Koshenov
et al., 2021; Lee et al., 2022; Lee et al., 2019;
Lucantoni et al., 2018a; Lucantoni et al., 2018b;
Lucantoni et al., 2021; Ludtmann et al., 2016;
Ludtmann et al., 2017; Madreiter-Sokolowski
et al., 2016; Matsuda et al., 2020; Nagai et al.,
2017; Nagao et al., 2020; Nakamura et al., 2023;
Nakano et al., 2017; Neary et al., 2014; Nerlich
et al., 2018; Oflaz et al., 2022; Pavlyuchenkova
et al., 2022; Pilic et al., 2024; Quintana-Cabrera
et al., 2021; Quintana-Cabrera et al., 2018;
Rauter et al., 2020a; Rauter et al., 2020b; Rossi
et al., 2020; Satoh et al., 2023; Shindo et al.,
2016; Shintani et al., 2014; Suzuki et al., 2018;
Trinh et al., 2019; van der Stel et al., 2022; van
Hameren et al., 2018; van Hameren et al., 2019;
Vishnu et al., 2014; Waldeck-Weiermair et al.,
2011; Watanabe et al., 2022; Wilde et al., 2020;
Wilde et al., 2019; Wright et al., 2016; Xie et al.,
2017; Xie et al., 2016; Xue et al., 2023;
Yamamoto et al., 2018; Yamamoto et al., 2020;
Yamamoto et al., 2023; Yong et al., 2019;
Zaninello et al., 2024; Zhao et al., 2019)
mito-eATeam 2023 (Sahan € subunit FRET (Ypet/ dAKAP 3.3mM 20 % NA NA
et al., 2023) FoF1-ATP mCerulean)
synthase
mito- 2024 ( € subunit cpSFEGFP 4x COX8 0.5 mM 50 % 214925 NA
iATPSnFR2 Marvin FoF1-ATP
et al., 2024) synthase
mitoMaLionR 2018 (Arai € subunit mApple 565 1x COX8 2 mM 10 % NA (Ferdinandus et al., 2022; Lauterboeck et al.,
etal, 2018) FoF1-ATP 2024; Tsuno et al., 2024; White et al., 2023; Zhao
synthase et al., 2020)
mitoMaLionG 2018 (Arai € subunit GFP citrine variant 1x COX8 2 mM NA NA NA
etal., 2018) FoF1-ATP 505
synthase
qMalLioffG 2023 (Arai € subunit citrine NA 2.2 mM 10 % NA NA
(flim) et al., 2023) FoF1-ATP
synthase
smacATPi 2023 (White € subuni GFP Citrine variant 1x COX8 2 mM 10-30 % NA NA
et al., 2023) FoF1-ATP (cyto) and mApple
synthase (mito)
GTP/GDP
GRISerHR 2022 (Zhang  eIF5B Ratiometric 4x COX8 3 pM 20 % NA NA
et al., 2022) (cpYFP) 488/405
ATP/ADP
RNb- 2013 ( GInK Ratiometric (RFP) NA 3.5 (Kr) 100 % NA NA
PercevalHR Tantama 405/488
et al., 2013)

# The maximum fluorescence response observed in mitochondria, as shown in the original paper. NA: not available.
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expression of any exogenous protein within mitochondria can poten-
tially alter organellar physiology. They may also impose a metabolic
load on the cell due to the energy costs of synthesis, import, and folding,
or could interfere with the mitochondrial protein import machinery or
other protein interactions. This “observer effect” is a subtle but critical
concern, particularly when multiple GEFIs are co-expressed or when
very large and complex sensor constructs are used. Also, the process of
chromophore maturation induces the generation of HyO2, which could
produce changes in the protein and metabolic profile (Barakat et al.,
2024). Strategies to mitigate this include using strong MTS sequences
coupled with weaker, regulatable promoters to achieve the lowest
effective sensor concentration, developing brighter sensors that require
lower expression levels for adequate signal and use dead fluorescent
indicators to confirm that an observed effect is due to the target mole-
cule and not some other artifact of protein overexpression. A “metabo-
lite-dead” or non-responsive version of the fluorescent indicators can be
expressed as a control. If a cellular process is altered in the presence of
fluorescent indicators but not the dead version, it provides strong evi-
dence that the effect is due to metabolite buffering itself.

6.4. Mitochondrial import efficiency and localization

The mitochondrial import machinery is optimized for native mito-
chondrial proteins, which have co-evolved with the import apparatus.
GEFIs, which are often large fusion proteins, can be difficult substrates
for this machinery to handle. However, the frequent use of tandem re-
peats suggests that importing large, engineered proteins like GEFIs de-
mands the use of tandem MTS repeats. Therefore, a single MTS copy may
not always suffice for efficient targeting, especially for FRET-based
fluorescent indicators. Additionally, high protein expression levels
within mitochondria is not without potential consequences. It could
produce saturation of the mitochondrial import systems inducing an
increase leakage to the cytosol. Also, the expression of a foreign protein,
particularly a relatively large one like a GEFI, can impose a burden on
the mitochondrial protein import machinery, consume ATP and mem-
brane potential during import, and potentially interfere with normal
mitochondrial processes or proteostasis. In this regard, modern fluo-
rescent proteins used to engineer GEFIs still display brightness levels
that demand mild to high expression levels to reach workable signal-to-
noise ratio. Therefore, leakage towards the cytosol should be always
expected and controlled. On the other hand, the size and tertiary
structure of the GEFI can influence its import efficiency. Large, bulky, or
rapidly folding proteins may be translocated less efficiently across the
mitochondrial membranes. As mentioned before, using multiple MTS
copies or optimizing linker regions between the MTS and the GEFI are
common strategies to improve mitochondrial import (Galanis et al.,
1991; Thornton et al., 1993). Despite the presence of multiple MTS, a
fraction of the GEFI might still remain in the cytosol or be mis-localized
to other cellular compartments. This can occur due to inefficient import,
saturation of the import machinery, the presence of cryptic alternative
translation start sites, or “leaky” targeting. Rigorous validation of cor-
rect mitochondrial localization, typically through colocalization studies
with established mitochondrial markers e.g., MitoTracker dyes, or
immunofluorescence against endogenous mitochondrial proteins like
TOM20 or HSP60, is essential to ensure that the recorded signals indeed
originate from mitochondria.

7. Perspectives
7.1. Multiplexed imaging of metabolites in mitochondria

The development of GEFIs with diverse spectral characteristics e.g.,
green, yellow, red, and far-red variants, is crucial to face these chal-
lenges. This allows researchers to co-express and image multiple GEFIs
reporting on different metabolites, or to combine a metabolite GEFIs
with fluorescent indicators for other critical parameters like
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mitochondrial Ca?*, pH, membrane potential, or reactive oxygen spe-
cies. Such multiplexed imaging provides a more holistic view of mito-
chondrial regulation and its coordination with broader cellular events.
We envision that development and optimization of GEFIs paralleled by
advancements in fluorescence microscopy techniques, including Fluo-
rescence Life-Time Imaging (FLIM), super-resolution microscopy, and
multiphoton microscopy will make synergy that help to continually
expand the horizons of live-cell imaging, facilitating increasingly com-
plex experimental designs, such as the simultaneous monitoring of
multiple metabolic parameters with sub-cellular resolution. Under-
standing these requires the simultaneous measurement of multiple
parameters.

7.2. In-vivo models

Extending the use of mitochondrially-targeted GEFIs from cell cul-
ture models to living tissues and whole organisms is a major frontier.
This transition presents challenges related to efficient and cell-type-
specific sensor delivery (e.g., using viral vectors or generating trans-
genic animals), imaging depth in scattering tissues, maintaining physi-
ological conditions during imaging, and achieving adequate signal-to-
noise ratios. However, in vivo applications are essential for under-
standing how mitochondrial metabolism is regulated in the context of
complex tissue architecture, intercellular communication, and whole-
body physiology in both health and disease. A recent study assessing
the mitochondrial lactate pool in vivo using mito-CanlonicSF demo-
strates that mitochondrial lactate in neurons covaries with plasma
lactate, a finding that opens up new questions about how exercise im-
pacts neuronal physiology (Rauseo et al., 2024).

7.3. Synergy with advanced imaging technologies

The future of mitochondrial research lies in observing metabolism
not as a static snapshot, but as a dynamic process unfolding within the
complex architecture of living tissues. The convergence of genetically
encoded indicators with a new generation of imaging technologies is
paving the way for this paradigm shift. Looking forward, Light-Sheet
Microscopy stands to revolutionize our understanding of metabolic
programming during development; its inherent gentleness and speed are
now enabling the tracking of ATP dynamics across entire organoids and
embryos, offering unprecedented views of cellular decision-making
(Chhhetri et al., 2022). This capability is complemented by Multi-
photon Microscopy, which pushes the frontier of observation into living
animals, allowing us to finally witness how mitochondrial redox states
respond to real-world physiological events in deep tissues like the brain
(Tantama et al., 2013). Perhaps most critically, Fluorescence Lifetime
Imaging (FLIM) is solving the persistent challenge of robust quantifi-
cation. By providing readouts independent of sensor expression levels,
FLIM is transforming FRET-based biosensors into highly precise tools,
capable of mapping subtle, yet crucial, metabolic vulnerabilities within
complex disease models like cancer spheroids (Knowles et al., 2021).
The integration of these synergistic approaches is no longer a distant
goal but a current reality, promising to unlock a truly holistic under-
standing of mitochondrial function in health and disease.

8. Conclusion

Mitochondria are more than the cell’s powerhouse. They participate
in numerous physiological and pathophysiological processes. To deci-
pher the regulatory mechanisms underlying mitochondrial function, the
organelle must be examined in situ, where its native metabolic and
structural interactions remain intact. GEFIs for metabolites are prom-
ising tools, though still in an early stage of development. Expanding the
repertoire of mitochondrial metabolites that can be probed and opti-
mizing existing indicators will provide a more comprehensive view of
metabolism at subcellular resolution in living systems.
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