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Abstract

Over the past decade, genetically encoded fluorescent biosensors that report metabolic changes 

have become valuable tools for understanding brain metabolism. These sensors have been targeted 

to specific brain regions and cell types in different organisms to track multiple metabolic processes 

at single cell (and subcellular) resolution. Here, we review genetically encoded biosensors used to 

study metabolism in the brain. We particularly focus on the principles needed to use these sensors 

quantitatively while avoiding false inferences from variations in sensor fluorescence that arise 

from differences in expression level or environmental influences such as pH or temperature.

Introduction

The last ten years have witnessed a revolution in our ability to monitor brain signaling and 

metabolism using engineered fluorescent biosensors. Although calcium sensors have been 

used for decades, first in the form of engineered dyes and later genetically encoded 

biosensors, many more biosensors have recently become available both for signaling 

(through second messengers, kinases, and reactive oxygen species) and for key metabolites 

(glucose, ATP, NADH, NADPH, and other metabolic cofactors and intermediates; Figure 1). 

This review will focus on the general principles needed for informed “responsible use” of 

metabolic biosensors, which present specific challenges of quantitation and interpretation.

Monitoring neuronal activity at the single-neuron level is the most prominent and wide-

spread application of biosensors in neurobiology. Calcium or voltage sensors can reveal 

action potential activity in large populations of neurons [1–3], and detailed quantitation 

involves relatively straightforward scoring of the temporal pattern of biosensor fluorescence.

By contrast, monitoring slower metabolic processes in neurons or glial cells requires a 

different type of quantitation to assess both the baseline levels and magnitude of change in 

the biosensor target. The quantitative challenges go beyond the difficulties of achieving 

absolute calibration of the biosensor response; they extend to the difficulty of comparing the 

relative levels of metabolites in two different cells within the same preparation, and to the 

more pernicious problem of “aliasing”: when a biosensor appears to report a change in its 

target analyte even when there has been no change. Critical environmental sensitivities of 

many biosensors, particularly sensitivity to small (and commonly seen) changes in pH and 
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temperature, are often overlooked or de-emphasized. A complementary concern is that 

although an unchanging biosensor signal may indeed indicate that the underlying analyte is 

unchanging, it can also occur if the biosensor is saturated or de-saturated, due to a poor 

match between the sensitivity range of the sensor and the physiological range of the target.

Accurate interpretation of a signal therefore requires a clear understanding of both biosensor 

behavior and the physiological environment in which the biosensor is used. While certain 

physiological parameters (temperature) can be controlled and monitored, others are more 

elusive (pH, concentration of ions and other off-target ligands) and require sensor 

multiplexing. This complicates data collection and analysis and may necessitate the use of 

sophisticated equipment. It is therefore vital that these scenarios be considered when 

evaluating which biosensor(s) to use, planning experimental pipelines, and interpreting 

results. Here, we present common features and caveats of different classes of biosensors, 

along with experimental considerations and strategies for the responsible use of metabolic 

biosensors in a physiological context.

Fluorescence intensity imaging

Biosensors convert a change in analyte concentration into a change in fluorescence output. 

But when comparing the biosensor report from two different cells, it is important to 

distinguish differences in fluorescence due to analyte concentration from differences in 

fluorescence due to different levels of biosensor protein expression. The most common way 

to do this is by “ratiometric” imaging—using the fluorescence measured at two different 

emission or excitation wavelengths to factor out differences in sensor expression levels. 

Below, we discuss the slightly different applications of emission ratio or excitation ratio 

measurements.

A caveat for the use of all ratiometric measurements is that the ratio values measured are 

often microscope-dependent, due to differences in bandpass filters and in the spectral 

content of microscope light sources. Comparing measurements between different 

microscopes requires accurate calibration of the sensor response in each microscope.

Table 1 lists different classes of biosensors that have been used to study metabolism in 

neurons, arranged by the analyte that they sense; these are also mentioned in context in later 

sections of this review.

Emission-ratiometric biosensors

Emission-ratiometric biosensors give signals that are measured as the ratio of two different 

emission wavelengths, generally emitted from two different fluorescent protein (FP) 

domains in the biosensor. In a “FRET design” biosensor, both FPs are coupled to the sensing 

or ligand-binding domain, and Förster resonance energy transfer from a “donor” to an 

“acceptor” FP leads to changes in the emission ratio [4]. Other biosensors use just a single 

FP coupled to the sensor domain, but a second FP in the same polypeptide provides an 

unchanging fluorescence signal that allows normalization to compensate for cell-to-cell 

variation in expression level [5].
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Regardless of the particular design, the use of two FPs gives rise to complications that can 

affect normalization accuracy. For instance, as one images more deeply in a tissue, 

wavelength-dependent scattering will attenuate shorter wavelengths more than longer 

wavelengths [6]. This effect can be substantial: an additional 100 μm depth is predicted to 

give ~10% change in 525 nm : 625 nm emission ratio [7]. Also, commonly observed 

differences in FP maturation rate or photobleaching can produce different values of the 

emission ratio in different preparations, or over time in the same preparation.

For FRET sensors, other well-described corrections [4,8,9] are needed to compensate for 

overlap in excitation and emission spectra of the component FPs, and these corrections are 

microscope-dependent.

Excitation-ratiometric biosensors

Other sensors exploit the change in excitation spectrum of a single FP that has been coupled 

to a sensing process; this allows comparison of fluorescence at two different excitation 

wavelengths to normalize for changes in biosensor concentration. Many sensors in this 

category use a “circularly permuted” FP (cpFP), in which the original N- and C-termini are 

joined together and new N- and C-termini are generated near the chromophore. This 

arrangement permits conformational changes in a scaffold (binding protein) linked to these 

new N- and C-termini to affect fluorescence by altering the environment surrounding the 

chromophore.

The use of one FP instead of two resolves many of the issues suffered by two-color FP 

sensors, and it allows biosensor multiplexing [10–12]. However, the two excitation 

wavelengths are subject to the same depth-dependent light scattering described in the 

previous section. For two-photon excitation, for example, an additional 100 μm depth is 

predicted to decrease the 800 nm : 900 nm ratio by ~20% [7,13].

Unfortunately, the same property that enables excitation-ratio sensing also usually confers a 

strong pH sensitivity to many cpFP sensors. The WT GFP chromophore exhibits two distinct 

absorption bands at ~395 nm and ~475 nm, which usually arise from protonated and 

unprotonated (anionic) species that can be interconverted by pH changes in the physiologic 

range [14–16]. Activation of the sensor shifts the pKa of the FP and thus the mixture of 

species, leading to a substantial change in excitation spectrum [3,17–19]. But this same 

change in excitation spectrum can be mimicked by a simple change in pH, with no change in 

the sensor target—so that a pure change in pH can masquerade as a change in analyte 

concentration.

Errors resulting from this pH sensitivity can best be corrected using direct pH measurement 

by a co-expressed pH sensor [20,21]. A less effective method to control for changes in 

environment is to do parallel experiments with a “dead” or disabled sensor protein, which 

will then respond only to changes in pH (hopefully absent!). However, the “dead” sensor 

tracks the pH sensitivity of only one conformation of the sensor, typically the unliganded 

form, so that the correction can be incorrect at most analyte concentrations [17,19,22–25].
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Environmental changes masquerading as biosensor changes: the problem 

of aliasing

The pH sensitivity of many cpFP-based biosensors is a specific example of a general 

problem in which biosensors may report a change in analyte when there has been none: 

instead, an environmental change alters fluorescence under the “alias” of the analyte. The 

two most common environmental sensitivities are to pH and temperature changes, although 

changes in ion concentration can also modify sensor responses. Obviously it is crucial to be 

aware of such aliasing, and either to control for it or to make an improved biosensor that is 

more immune to it.

New approaches to sensor design have managed to engineer pH insensitive sensors by using 

FPs or cpFPs with a low pKa [26–28], but pH sensitivity remains a challenge for many 

existing sensors. Specific examples of this are provided in later sections of this review.

“Temperature aliasing” is also a concern, as all fluorophores display some degree of 

temperature sensitivity [29,30] and temperatures in live-cell imaging experiments can 

change when solutions are exchanged. Fortunately, samples can be temperature controlled, 

and temperature fluctuations in the bath can be easily monitored during the course of an 

experiment [31,32]. Subcellular temperature changes, for example inside mitochondria, have 

been tracked with synthetic probes [33,34].

Table 2 provides details of several typical examples of the pH and temperature aliasing 

problems based on the literature; these are also mentioned in context below. To help sensor 

users avoid misinterpretation of their data, it would be ideal for sensor makers to provide 

information like this—the change in apparent analyte concentration in the physiological 

range that is produced by a 0.1 unit pH change or a 1°C temperature change—in a readily 

accessible form.

Fluorescence lifetime imaging

Fluorescence lifetime imaging (FLIM) provides an alternative to ratio imaging that also 

corrects for variation in biosensor concentration. Fluorescence lifetime is the time between 

photon absorption and photon emission, i.e. the amount of time a fluorophore spends in the 

excited state. If analyte binding to a biosensor changes the decay rate at which the excited 

state of the fluorophore returns to the ground state—for instance, by a change in quenching 

or a change in energy transfer (FRET)—this will be measurable as a change in fluorescence 

lifetime. Because fluorescence lifetime is independent of fluorescence intensity, there is no 

need to normalize for expression levels. FLIM uses a single excitation and single emission 

wavelength, and thus is immune to the wavelength-dependent scattering issues encountered 

during ratiometric imaging [6,35].

Not all biosensors exhibit a change in fluorescence lifetime. If the biosensor response to 

analyte binding involves mainly a change in absorbance, or if the unbound state of the sensor 

is nearly completely non-fluorescent (as in the case of the highly developed GCaMP 

sensors), no change in lifetime will be measurable. Sometimes biosensors in this category 
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can be converted to lifetime-readout sensors by swapping out the fluorescent protein or by 

changing the protein linkers that connect the FP and binding scaffold domains [26,27,35,36].

FRET sensors that exhibit a lifetime change [37,38] can be re-engineered to use less of the 

visible spectrum by substituting a dim or “dark” acceptor for the longer-wavelength FP that 

acts as the acceptor [39–44]. This frees up the wavelengths of the emission of the original 

acceptor for use with a separate biosensor, for multiplexed sensor measurements [9,37].

FLIM sensors, like other sensors, are still subject to aliasing by environmental changes. 

Higher temperatures typically lead to shorter fluorescence lifetimes. While it is 

straightforward to control and monitor temperature fluctuations in the bath solution during 

an experiment, it is much more challenging to calibrate for subcellular temperature changes 

or pH changes. To address this, a number of FLIM sensors are designed to be resistant to pH 

[26,27,37]; alternatively, pH and temperature sensors can be used to monitor these changes 

[33–35].

Fluorescent sensors of metabolism in neurons

We now turn to survey the available biosensors for metabolic parameters in neurons.

Energy demand and production

The metabolic hallmark of neuronal activity is an increased energy demand in response to 

neurotransmission and the generation of action potentials [45]. To monitor energy 

consumption and production in response to neuronal activity, a number of sensors have been 

engineered to track changes in ATP and cellular energy (see Figure 1 and Table 1). The 

Perceval and PercevalHR [20,46] sensors measure the ratio of ATP to ADP concentration 

(ATP:ADP), which is directly related to cellular energy charge. The ATeam [38], QUEEN 

[25] and iATPSnFR [19] families of sensors measure the concentration of ATP itself.

PercevalHR is an excitation-ratiometric sensor constructed by combining a cpVenus with an 

ATP-binding bacterial regulatory protein, GlnK1 [20,46]. While GlnK1 can bind both ATP 

and ADP, only ATP binding triggers a substantial conformational change, which is 

communicated to the cpFP. The high binding affinity for both ATP and ADP ensures that the 

binding site is always occupied, while the ratio of ATP and ADP concentrations determines 

which nucleotide is occupying the site, and thus the level of fluorescence output. This is an 

important measurement in its own right, as ATP:ADP is the driving force for many 

reactions, can control the direction of flux through metabolic enzymes like phosphoglycerate 

kinase, and can serve as an indicator of energy production/consumption [20,46].

The ATeam series, on the other hand, is specific for ATP concentration. It utilizes the epsilon 

subunit of the bacterial F0F1-ATP synthase as a scaffold, sandwiching it between two 

fluorophores to generate an ATP-dependent change in FRET efficiency [38]. QUEEN and 

iATPSnFR use the same scaffold domain as the ATeams; but instead of a two-fluorophore 

FRET system, they employ a single circularly permuted fluorescent protein, cpEGFP or 

cpSFGFP (Superfolder GFP), respectively, to generate changes in fluorescence intensity in 

response to different ATP concentrations [19,25].
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While these fluorescent sensors are quite sensitive and specific, the activity of ATP-

dependent enzymes (e.g. kinases and phosphatases) presents a number of experimental 

challenges in living cells. For example, ATP buffering by creatine kinase (CK) and adenylate 

kinase (AK) partially masks perturbations in ATP levels in response to external stimuli [47], 

and the combined action of kinases and phosphatases must be pharmacologically inhibited 

to achieve accurate sensor calibration in cells [48].

Nevertheless, these sensors have been successfully used to address questions of metabolic 

responses in neurons. PercevalHR has been used in primary neuronal culture to detect 

decreases in ATP:ADP in response to metabolic inhibition [20], but showed little response to 

electrical stimulation simulating short theta bursts [49]. Low affinity variants of ATeam, 

AT1.03 and AT1.03YEMK, have been used to study the relationship between energy 

consumption and activity-induced changes in ionic flux [48–51]. High frequency electrical 

stimulation in the optic nerve [50] and the somatosensory cortex of anesthetized mice [49] 

generated decreases in the ATP pool that could be captured by AT1.03YEMK.

Beyond the physiological challenges of using ATP sensors, pH and temperature aliasing can 

be a concern, as discussed above. It has been demonstrated that intracellular pH in neurons 

acidifies following excitation, up to 0.1–0.2 pH units in response to strong stimulation 

[52,53]. For PercevalHR, a 0.1 pH increase at a fixed ligand concentration generates a 23% 

change in sensor output (Table 2) [20], a significant change that could masquerade as a 

biologically relevant change in ATP:ADP. Co-expression of the red pH sensor pHRed allows 

for pH bias correction, but requires more sophisticated imaging techniques and precludes 

multiplexing PercevalHR with other red sensors.

ATeam is largely insensitive to pH changes (less than a 2% increase for a +0.1 pH change, 

Table 2), but exhibits strong temperature aliasing. AT1.03 experiences a −16% change in 

output following a 1°C increase in temperature (Table 2). This is largely due to the thermal 

sensitivity of the small epsilon subunit of the F0F1-ATP synthase, but as mentioned above, 

temperature changes also alter the output of the fluorophore directly.

NADH-NAD+ redox state

Many electron transfer reactions in cells rely on oxidation-reduction of the common cellular 

cofactor NAD+ and its reduced form, NADH. NADH-NAD+ redox is intrinsically tied to 

energy status, as it participates both in glycolysis and in oxidative phosphorylation. The 

cytosolic NADH:NAD+ ratio can inform on the glycolytic state of the cell, conversion of 

lactate to pyruvate, and mitochondrial shuttling of NADH. Existing NADH sensors are 

constructed from a single cpFP and the bacterial transcriptional repressor, Rex, taken either 

from Thermus aquaticus (T-Rex) in the case of the NADH:NAD+ sensors Peredox [26] and 

SoNar [54], or from Bacillus subtilis (B-Rex) in the case of the NADH-specific sensor Frex 

[55]. Rex exists as a homodimer, and each monomer contains its own nucleotide binding 

pocket. Ligand binding results in transition from an open to a closed conformation.

Both SoNar and Frex utilize cpYFP (pKa ~7.5–8), which imparts the sensors with a strong 

pH dependence. This can be partially corrected for by normalizing to cpYFP alone [54,55], 

but as discussed above, this approach does not account for pH-dependent changes of the 

Koveal et al. Page 6

Curr Opin Neurobiol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



liganded form of the sensors and is limited to comparisons of populations of cells. To avoid 

this problem, Peredox was engineered with a circularly permuted T-Sapphire (pKa ~ 5.6), 

making it relatively insensitive to pH (−2% change in sensor output for a 0.1 pH increase, 

Table 2) [26,56]. However, Peredox is sensitive to temperature. Both lifetime and intensity 

measurements show a 14% signal decrease for every 1ºC increase in temperature (Table 2). 

Therefore, experimental temperature must be carefully calibrated and controlled to ensure 

proper quantitation of the Peredox signal. With this in mind, Peredox has been used in slice 

and in vivo to monitor hippocampal NADH:NAD+, revealing that cytosolic NADH:NAD+ 

transiently increases in response to stimulation, reflecting an activity-dependent increase in 

glucose consumption as opposed to lactate uptake [52].

Fuel preference

Fluorescent biosensors have also been used to explore the fuel preference of neurons and 

metabolic crosstalk between neurons and glial cells [57–59]. Glucose and lactate (and by 

extension pyruvate) have been at the core of the discussion on fuel preference in the nervous 

system [60,61].

Existing glucose sensors are based on bacterial glucose-galactose binding proteins (GGBPs), 

periplasmic binding proteins that have two lobes connected by a flexible hinge region. 

Glucose binding occurs at the hinge, bringing the two lobes closer together as the hinge 

closes around the ligand. The FLIPglu series of glucose sensors takes advantage of the 

reduction in distance between the two lobes by fusing the E. coli GGBP MglB to a CFP/YFP 

FRET pair [62–65]. The newer Green Glifons (intensity readout) [66] have flanked MglB 

with a split Citrine to generate a single FP version of that glucose sensor. Similarly, 

iGlucoSnFR (excitation ratiometric) [67] and iGlucoSnFR-TS (lifetime readout) [27] have 

single cpFPs inserted into the hinge region of the GGBP of T. thermophilus to generate 

glucose-dependent changes in fluorescence.

Lactate and pyruvate sensors have been constructed from bacterial transcriptional regulators. 

Like Rex, these regulators are homodimers wherein each monomer contains a ligand 

binding/regulatory domain and a DNA binding domain. Laconic, a lactate sensor, fuses the 

E. coli lactate-binding domain LldR to the mTFP/Venus FRET pair [68], while Pyronic, a 

pyruvate sensor, applies a similar strategy to the E. coli pyruvate-binding domain PdhR [69].

These sensors have been used in combination to probe fuel consumption in neurons 

[27,49,52,62,70]. The glucose sensor FLII12Pglu700μΔ6 [62] and Laconic showed that 

neurons co-cultured with astrocytes are fueled both by glucose and lactate [49]. In 

Drosophila motor neurons, the same sensors along with Pyronic revealed picrotoxin-induced 

increases in pyruvate and lactate, accompanied by a reduction in intracellular glucose [70]. 

And in resting neurons in the hippocampus, iGlucoSnFR-TS showed that reducing 

consumption by partial inhibition of GAPDH elevates the intracellular glucose concentration 

[27].

Of course, many of these measurements report only on the change in ligand concentration; 

using fluorescent sensors to measure metabolic fluxes remains a challenge. Changes in flux 

magnitude can be inferred by pharmacologically separating consumption/production rates 
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from transport rates [49,52,71]. For example, blocking the glucose transporter GLUT allows 

the rate of decrease in glucose concentration to be interpreted as the rate of glucose 

consumption [72,73].

Future Directions

Many exciting sensors for tracking neuronal excitability and cellular metabolism have been 

developed, but some of the most promising have yet to be used in neurons or intact tissue. 

These include semisynthetic sensors, like the NAD- and NADP-Snifits, which pair a 

genetically encoded scaffold with synthetic dyes via a self-labeling SNAP- or HALO-tag to 

achieve high contrast sensors with improved kinetics [74–76]. Many popular synthetic dyes, 

like Cy5, are pH insensitive [77], and impressive strides have been made in engineering 

membrane-permeable dyes that can be used with self-labeling tags [75,78–80]. Other purely 

synthetic sensors, like the JC-1 indicator of mitochondrial transmembrane potential (Δψm) 

[81–85], have been valuable tools in studying metabolism in cultured neurons and in slice. 

Unfortunately, delivery of many dyes into cultured cells or tissues can be difficult, and not 

all dyes are compatible with the two-photon imaging necessary for imaging in thick, light-

scattering brain tissue.

A major advantage of genetically encoded sensors is the ability to control their cellular 

localization via targeting sequences. Several sensors have been targeted to organelles like the 

nucleus or the mitochondrion, as well as to different locations within a neuron like axons 

and dendrites, allowing the study of metabolic compartmentalization within the cell 

[24,26,35,38,55,86–89]. However, not all sensors are amenable to mitochondrial targeting or 

membrane immobilization and will require more substantial re-engineering to achieve this 

kind of manipulation without spoiling the desired sensor properties.

Other genetically encoded sensors for tracking important metabolites like NADP+ or 

NADPH [24], phosphate [90], citrate [91], α-ketoglutarate [92] and molecular oxygen 

[93,94] have been made, but have yet to be used in the brain. While this may simply take 

time, there can also be other reasons including low sensitivity, insufficient signal intensity, or 

a poor match of the sensor’s affinity range to the physiological concentration of metabolites 

in neurons.

Finally, optimization of new and existing biosensors for robustness against aliasing would be 

a big leap forward in providing sensors whose responses can be reliably interpreted by all 

experimenters (and all sensor makers should characterize and communicate clearly the 

environmental influences on their sensors). Elimination of off-target sensitivities would 

produce sensors that could be deployed after minimal calibration, either alone or 

multiplexed, to quantitatively measure critical changes in metabolism and excitability in the 

brain.
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Highlights

1. Genetically encoded biosensors give quantitative readouts of key brain 

metabolites

2. Biosensors allow investigation of the relationship between activity and 

metabolism

3. Environmental changes (pH, temperature) can masquerade as changes in 

analyte
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Figure 1. Metabolic targets of fluorescent biosensors in neurons
Key substrates, intermediates and cofactors in brain energy metabolism are presented in this 

diagram of neuronal metabolism. Solid green boxes indicate analytes that have been 

successfully measured using genetically encoded fluorescent biosensors expressed in the 

cytosol and mitochondrial matrix of neurons. Dashed gray boxes indicate target analytes of 

existing sensors that have not yet been utilized in neurons.

Cytosolic measurements of pyruvate, lactate and glucose have been essential in studying fuel 

preference in neurons at rest and during stimulation, while NADH:NAD+ and ATP sensors 

have provided insight into the relationship between excitability and energy demand. 

Targeting sensors to intracellular organelles like the mitochondria have enabled study of the 

compartmentation of energy production. In the future, biosensors for analytes like NADPH, 

inorganic phosphate, citrate, α-ketoglutarate, mitochondrial glutamate and O2 could further 

inform on the cellular energy state and the overall redox state in neurons.
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Table 1:

Genetically encoded fluorescent biosensors used for the study of neuronal metabolism

Sensor Scaffold Fluorescent 
Protein(s)

Excitation 
a

Emission 
a

Sensor 
Design

Dynamic 
range: 

fold 
change 

or Δ 
lifetime

Affinity (Kd 
or KR) Reference

ATP

ATeam1.03

F0F1-ATP 
synthase, ε 
subunit (B. 

subtilis)

mseCFP/ 
mVenus

435 nm 
(D)

475 nm 
(D)

527 nm 
(A)

FRET 2.3-fold 
(37°C) 3.3 mM [38]

ATeam1.03YEMK

F0F1-ATP 
synthase, ε 
subunit (B. 

subtilis)

mseCFP/ 
mVenus

435 nm 
(D)

475 nm 
(D)

527 nm 
(A)

FRET n.r.

1.2 mM 
(37°C)

2.6 mM (20–

22°C) 
b

[38]
[48]

QUEEN-2m

F0F1-ATP 
synthase, ε 
subunit (B. 

subtilis)

cp-EGFP 400 nm / 
494 nm 513 nm Ratiometric 

(excitation)
>3-fold 
(25°C) 2.4 mM [25]

QUEEN-7μ

F0F1-ATP 
synthase, ε 
subunit (B. 

PS3)

cp-EGFP 400 nm / 
494 nm 513 nm Ratiometric 

(excitation)

~4.3-fold 
(37°C)
~5-fold 
(25°C)

14 μM
7.2 μM [25]

iATPSnFR1.0

F0F1-ATP 
synthase, ε 
subunit (B. 

PS3)

cp-SFGFP 488 nm 515 nm Intensity 2-fold 
(RT) 350 μM [19]

iATPSnFR1.1

F0F1-ATP 
synthase, ε 
subunit (B. 

PS3)

cp-SFGFP 488 nm 515 nm Intensity 1.88-fold 
(RT) 138 μM [19]

ATP:ADP

PercevalHR

GlnK, 
nucleotide 

binding protein 
(M. jannaschii)

cp-mVenus 482 nm / 
455 nm 529 nm Ratiometric 

(excitation)

4.6-fold 
(37°C)
~4-fold 

(RT)

ATP:ADP ≈ 
6.1

ATP:ADP ≈ 
3.5

[20]

NADH

Frex
B-Rex, NADH 
binding protein 

(B. subtilis)
cpYFP 488 nm / 

405 nm 525 nm Ratiometric
(excitation)

~9.5-fold 
(RT) 3.7 μM [55]

NADH:NAD+

SoNar
T-Rex, NADH 
binding protein 
(T. aquaticus)

cpYFP 420 nm / 
485 nm 528 nm Ratiometric 

(excitation)
~15-fold 

(RT)
NADH:NAD

+ ≈ 1/40
[54]

Peredox
T-Rex, NADH 
binding protein 
(T. aquaticus)

cp-T-
Sapphire

400 nm 510 nm Intensity 
b 2.5-fold 

(35°C)
NADH:NAD

+ ≈ 1/90
[26]

800 nm 
(two-

photon)
525 nm Lifetime

0.9 ns 
(35°C)
0.8 ns 
(25°C)

NADH:NAD
+ ≈ 1/255

NADH:NAD
+ ≈ 1/529

[36]

Glucose

FLII12Pglu700μΔ6
MglB, glucose/

galactose 
eCFP/ 
Citrine

433 nm 
(D)

485 nm 
(D) FRET 1.5-fold 

(RT) 660 μM [62]
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Sensor Scaffold Fluorescent 
Protein(s)

Excitation 
a

Emission 
a

Sensor 
Design

Dynamic 
range: 

fold 
change 

or Δ 
lifetime

Affinity (Kd 
or KR) Reference

binding protein 
(E. coli)

528 nm 
(A)

Green Glifon600

MglB, glucose/
galactose 

binding protein 
(E. coli)

Citrine 480 nm 530 nm Intensity ~5-fold 
(RT) 590 μM [66]

Green Glifon4000

MglB, glucose/
galactose 

binding protein 
(E. coli)

Citrine 480 nm 530 nm Intensity ~6-fold 
(RT) 3.8 mM [66]

iGlucoSnFR

GGBP, 
glucose/ 
galactose 

binding protein 
(T. 

thermophilus)

cpGFP 485 nm 515 nm Intensity 3.32-fold 
(RT) 7.7 mM [67]

iGlucoSnFR-TS

GGBP, 
glucose/ 
galactose 

binding protein 
(T. 

thermophilus)

cp-T-
Sapphire

790 nm 
(two-

photon)
525 nm Lifetime

0.34 ns 
(37°C)
0.38 ns 

(37°C)
c

2.2 mM

1.8 mM 
c [27]

Lactate

Laconic

LldR, lactate 
binding 

transcription 
regulator (E. 

coli)

mTFP/ 
Venus

430 nm 
(D)

480 nm 
(D)

535 nm 
(A)

FRET ~1.2-fold 
(25°C)

Biphasic:
K1 = 8 μM

K2 = 830 μM
[68]

Pyruvate

Pyronic

PdhR, pyruvate 
dehydrogenase 

complex 
repressor (E. 

coli)

mTFP/ 
Venus

430 nm 
(D)

480 nm 
(D)

535 nm 
(A)

FRET ~1.24-
fold (RT) 107 μM [69]

D: FRET donor; A: FRET acceptor; n.r.: not reported; RT: room temperature

a
The provided excitation and emission wavelengths refer to the imaging parameters used in the referenced article, which may differ from the peak 

excitation and emission wavelengths of the solitary fluorophore(s).

b
Peredox intensity can be normalized for different expression levels in cells by fusing the sensor with an analyte and pH insensitive fluorescent 

protein (e.g. citrine or mCherry). Then, the readout of the sensor is reported as the emission ratio of the two fluorescent proteins (sensor/reference).

c
This calibration was performed in permeabilized cells. Unless otherwise stated, all other calibrations in this table were performed in vitro.
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Table 2:

Aliasing effects of temperature and pH on representative biosensors used for the study of neuronal metabolism

Sensor Dynamic range: fold change or 
Δ lifetime

Affinity (Kd or KR) ALIASING: Change in apparent [analyte] 
+0.1 pH +1°C References

ATP

ATeam 1.03 2.3-fold (37°C) 3.3 mM +1.7% −16% [38]

ATP:ADP

PercevalHR 4.6-fold (37°C) ATP:ADP ≈ 6.1 +23% −3.6% [20]

NADH:NAD+

Peredox
2.5-fold (35°C) NADH:NAD+ ≈ 1/90 −2.0% −15% [26]

0.9 ns (35°C) NADH:NAD+ ≈ 1/255 −1.6% −14% [36]

Lactate

Laconic ~1.2-fold (25°C)

Biphasic:
K1 = 8 μM

K2 = 830 μM 
a

−48% −8.3%
[68]

[95]
b

Approximate aliasing effects were estimated at the K0.5 of each sensor, as calculated for near-physiologic pH (7.2–7.4) and the temperatures 

specified between parenthesis in the field for the dynamic range. Because of non-linear effects on the sensor readout, percentage changes for 
stronger perturbations (higher than 1°C or 0.1 pH units), or at different [analyte], may deviate from the values reported here.

a
For simplicity, the dose-response curves for Laconic were fitted to a Hill equation and the aliasing effects of temperature and pH were estimated at 

[lactate] = 1 mM. The fitted curves presented Hill coefficients < 1, suggesting that Laconic have two binding sites with negative cooperativity.

b
This study was only used to estimate the effect of temperature.
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