
Contents lists available at ScienceDirect

Free Radical Biology and Medicine

journal homepage: www.elsevier.com/locate/freeradbiomed

Review Article

Redox biosensors in a context of multiparameter imaging

Alexander I. Kostyuka,b, Anastasiya S. Panovaa,b, Dmitry S. Bilanb,c, Vsevolod V. Belousovb,c,d,⁎

a Faculty of Biology, Moscow State University, Moscow, Russia
b Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Moscow 117997, Russia
c Pirogov Russian National Research Medical University, Moscow 117997, Russia
d Institute for Cardiovascular Physiology, Georg August University Göttingen, Göttingen D-37073, Germany

A R T I C L E I N F O

Keywords:
Multiparameter imaging
Genetically encoded fluorescent biosensors
Cellular redox parameters

A B S T R A C T

A wide variety of genetically encoded fluorescent biosensors are available to date. Some of them have already
contributed significantly to our understanding of biological processes occurring at cellular and organismal levels.
Using such an approach, outstanding success has been achieved in the field of redox biology. The probes allowed
researchers to observe, for the first time, the dynamics of important redox parameters in vivo during embry-
ogenesis, aging, the inflammatory response, the pathogenesis of various diseases, and many other processes.
Given the differences in the readout and spectra of the probes, they can be used in multiparameter imaging in
which several processes are monitored simultaneously in the cell. Intracellular processes form an extensive
network of interactions. For example, redox changes are often accompanied by changes in many other bio-
chemical reactions related to cellular metabolism and signaling. Therefore, multiparameter imaging can provide
important information concerning the temporal and spatial relationship of various signaling and metabolic
processes. In this review, we will describe the main types of genetically encoded biosensors, the most frequently
used readout, and their use in multiplexed imaging mode.

1. Introduction

Redox reactions play a key role in almost all cellular processes.
Maintaining redox homeostasis is essential for cell survival. Therefore,
redox imbalance usually indicates stress or the development of patho-
logical conditions. However, even in normally functioning cells, redox
fluctuations occur regularly as a part of redox signaling pathways. In
cells, redox signals are transduced via reactive oxygen species (ROS),
primarily hydrogen peroxide (H2O2), or reactive nitrogen species (RNS)
[1–7]. Very recently, ROS were considered to be toxic by-products of
aerobic metabolism, leading to oxidative stress or cell death. However,
it was found that low concentrations of ROS are essential for normal
cell functioning [4,8,9], affecting processes such as the inflammatory
response, cell proliferation, aging and development, and stem cell

biology [5,6,10,11]. The main mechanism by which redox signals are
transduced within a cell is the reversible oxidation of thiol groups of
proteins. The formation of intra- or intermolecular disulfide bonds be-
tween cysteine residues as well as their sulfenylation and nitrosylation
upon oxidation induced by ROS work as a switch for protein activity
[12–16].

Thiol-disulfide exchange reactions are controlled mostly by cellular
enzymatic systems [4,17–21] that depend on the redox state of the
glutathione pool. Glutathione is present in the cytoplasm at high con-
centrations, as it is one of the main cellular antioxidants [22–24]. Thus,
the ratio of oxidized to reduced forms of glutathione (GSSG/2GSH) is
one of the most important cellular redox parameters determining the
redox state of thiol groups of proteins. Along with glutathione, oxidized
and reduced thioredoxin form another important redox couple, TrxSS/
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TrxSH2, involved in the cellular thiol/disulfide exchange reactions
[25]. Other important cellular parameters are the redox states of the
NAD (NAD+/NADH) and NADP (NADP+/NADPH) pools: both of these
molecules are involved in numerous metabolic and signaling reactions.
The main biological function of NAD is the modulation of energy me-
tabolism, whereas NADPH acts as an electron donor for reductive bio-
synthesis, a component of the antioxidant system and a substrate of the
ROS-generating enzyme – NADPH oxidase. However, growing evidence
suggests that NAD, NADP and their derivatives are involved in a
broader variety of cellular processes, such as calcium homeostasis, gene
expression, cell death, immunological reactions, aging and carcino-
genesis [26,27].

Cellular redox reactions form a complex network of interactions,
affecting the course of many cellular processes. A breakthrough in
studying redox processes was the development of genetically encoded
biosensors based on fluorescent proteins (FPs). Currently, such in-
dicators represent one of the most powerful tool sets for imaging cel-
lular parameters with high temporal and spatial resolution in biological
systems of any complexity [28,29]. To date, a variety of genetically
encoded redox-sensors have been developed to investigate H2O2

[30–32], the redox state of GSSG/2GSH [33–35], TrxSS/TrxSH2 [36],
NAD+/NADH [37,38], NADP+/NADPH [39,40]. Each of these types of
biosensors is described in detail in the corresponding literature. How-
ever, in this review, we would like to address the subject of using redox
biosensors in a different light. In living biological systems, all processes
are closely interrelated, forming a complex network of interactions.
Changing one parameter often leads to a change in the other. For ex-
ample, oxidative stress is accompanied not only by a burst of ROS but
also by changes in the redox status of the glutathione and NAD(P)
pools. It is important that not only redox but also all intracellular
processes are related to each other. Therefore, it is desirable to si-
multaneously monitor as many parameters as possible to better un-
derstand the studied phenomenon. Due to the diversity of genetically
encoded biosensors, which differ in their spectral characteristics and
readouts, it has become possible to simultaneously monitor several
parameters in one system.

In this review, we will consider the main types of genetically en-
coded biosensors. To a greater extent, we will focus on redox biosensors
and classify the types of their readouts and their main principles. An
important chapter of this review is devoted to modern applications of
genetically encoded sensors in multiparameter imaging mode.

2. Genetically encoded fluorescent biosensors: main principles

Since the discovery of green fluorescent protein (GFP) from the
jellyfish Aequorea victoria, the collection of fluorescent proteins has
significantly expanded to date. Fluorescent proteins have been found in
many other organisms; moreover, a large number of their synthetic
versions have been obtained [41,42]. They now represent the most
powerful class of techniques for research on biological processes in
living cells and organisms [42–45].

Fluorescent proteins form the basis for the development of geneti-
cally encoded indicators [29,46,47]. No precise definition of the ge-
netically encoded fluorescent indicators exists, but they can be de-
scribed as artificial proteins based on at least one fluorescent protein
that are capable of determining the concentration of an analyte of in-
terest or monitoring changes in certain cellular parameters. The fluor-
escent protein at the core of a biosensor determines its spectral prop-
erties. In addition, biosensors can be classified according to the types of
readout.

Of particular importance are genetically encoded biosensors in the
field of redox biology since participants of cellular redox reactions are
often short-lived and highly reactive molecules such as H2O2. Before the
advent of advanced tools based on fluorescent proteins, synthetic
fluorescent dyes were actively used to measure reactive oxygen and
nitrogen species (H2O2, peroxynitrite (ONOO¯), superoxide anion

radical (О2
•¯), hydroxyl radical (•OH) and others) [48–54]. Some of the

dyes continue to be used at present, particularly because of the lack of
alternative approaches. Moreover, improved dyes are being regularly
developed, some of which are currently a non-alternative approach for
direct detection of the test component, such as in the case of hypo-
chlorite (ClO¯) [55–57]. However, genetically encoded biosensors have
a protein nature and are produced by the cellular protein synthesis
machinery that underlies a number of advantages and disadvantages in
comparison with chemical probes.

First, and probably most important, this technology enables the
creation of transgenic organisms for in vivo research. Tissue-specific,
stage-specific or inducible promoters can ensure the spatial and tem-
porary control of probe expression, making it possible to study the
dynamics of complex biological processes, such as development [58,59]
and aging [58,60,61] in vivo. Some of the synthetic dyes are able to
penetrate into living cells. However, in most cases it is impossible to
target the agent into the cells of a living organism especially in thick
layers. In addition, the procedure of dye targeting itself implies physical
impacts on the object of the study which can affect physiological pro-
cesses and cause undesirable artifacts.

Second, genetically encoded biosensors can be targeted to any in-
tracellular compartment. Subcellular compartmentalization of the
probe usually does not depend on the probe structure but is controlled
by specific tags that can be introduced into the protein sequence [62].
Therefore, another advantage of genetically encoded biosensors over
chemical dyes is that their subcellular localization is much easier to
predict and control. However, it should be taken into account that not
all genetically encoded biosensors function properly in all subcellular
compartments. For example, in the lumen of the endoplasmic reticulum
possessing a high thiol-oxidizing environment, all members of H2O2-
sensitive HyPer family probes [32] except TriPer [63] are almost
completely oxidized [64]. The indicators of the glutathione redox ratio
based on roGFP and similar proteins have the same limitation [34].
Another example is the Peredox biosensor for monitoring the NAD+/
NADH ratio. Because of its extreme affinity for NADH, it cannot be used
in the mitochondrial matrix where there is a high concentration of
NADH [65].

Third, genetically encoded biosensors generally have greater pho-
tostability, less phototoxicity and are not prone to leaking from the cell
in the course of an imaging experiment. It all makes them suitable for
longer recording sessions that cannot be conducted with chemical
probes. Several strategies were developed to increase excretion half-
lives of chemical dyes, however, in most cases they hamper the process
of loading and a direct injection becomes the only option.

On the other hand, genetically encoded biosensors are of a complex
protein nature, therefore they can have many cellular partners and can
undergo different post-translational modifications which can not only
significantly change cellular metabolism, but also regulate the indicator
functioning. For example, some designed probes did not work properly
in some expression systems as they may fail to fold, lose sensitivity for
the measured parameter or demonstrate pronounced cytotoxicity.

Finally, an issue commonly arises whether genetically encoded
biosensors violate the natural biological processes. It seems quite pos-
sible that probes for ROS detection act like scavengers and other probes
which work on the principle of small ligand binding affect the available
concentration of analyte by masking it. Unfortunately, there is not any
easy way to tell beforehand if the biosensor would change the meta-
bolism of a biological object that is why control experiments have to be
conducted in each particular case. For example, Balla and colleagues
studied different inhibitory effects of indicators for phosphatidylinositol
(3,4,5)-trisphosphate (PIP3) detection and the reasons which underlie
them [66]. For this purpose, different pleckstrin-homology domains
that bind PIP3 were expressed in cells as GFP fusion proteins. On the
basis of obtained data they revealed that interaction between sensory
domains of these probes and membrane associated proteins can violate
the access of natural binding partners to the latter affecting functioning
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