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ABSTRACT: A variety of bioorthogonal chemical tools have been developed and widely used in the study of biological phenomena
in situ. Tetrazine bioorthogonal chemistry exhibits ultrafast reaction kinetics, excellent biocompatibility, and precise optical
regulatory capabilities. Fluorogenic tetrazine bioorthogonal probes have achieved particularly diverse applications in bioimaging and
disease diagnosis and treatment. This Viewpoint briefly introduces the characteristics and advantages of tetrazine bioorthogonal
chemistry, some design strategies of fluorogenic tetrazine probes, and the status of applications of these tools to in vivo imaging, as
well as disease diagnosis and treatment. Finally, we discuss challenges and propose future trends in the field of fluorogenic tetrazine
probes. This Viewpoint offers insights into the development of new bioorthogonal tools for chemical biology research and for the
design of new drugs.

F irst described by Carolyn Bertozzi in 1997," “bioorthog- relatively high signal-to-noise ratio that has facilitated in vivo
onal chemistry” utilizes chemical reactions of non-native imaging in studies of metabolic changes during analyses of
functional groups to explore biological processes without disease-related microenvironments and cancer-associated
disrupting the function of native biomolecules. In addition to proteins.'* NIR-sensitive probes have also been used clinically
the use of these tools to study living organisms, the continuing in the diagnosis, prognosis, and treatment of multiple diseases.
development of highly efficient bioorthogonal reactions” has Manipulation of the fluorescence properties of tetrazine
enabled the spatiotemporal control of proteins and epigenetic probes has also been applied to the development of
signals,” the directed activation of prodrugs,” and the specific bioorthogonally activatable phototherapy. Here, in addition
targeting of compounds used for molecular imaging or to quenching fluorescence by disturbing the excited singlet
radioimmunotherapy.679 state, tetrazine can also dampen the excited triplet state of a
Reactions involving tetrazine have been found to exhibit the photosensitizer to reduce photodynamic efficiency. When
ultrafast kinetics and biocompatibility that are required for applied to off-target tissues, this strategy can improve tumor
bioorthogonal chemistry. The rate constant of the reaction targeting and thus treatment outcomes in addition to reducing
between tetrazine and the dienophile trans-cyclooctene (TCO) toxic side effects. Thus, bioorthogonally activatable photo-
approaches 10" M™" s™', suggesting the possibility of analyzing therapy represents a promising strategy for the precise targeted
modified targets that are present below nanomolar concen- therapy of several types of cancer.'’
trations.”'® Additionally, reaction involving tetrazine afford the Multiple strategies have been developed to apply the

possibility of targeted fluorescence imaging with low back-
ground emissions. This property involves a n—n* electron
transition of tetrazine near 520 nm, which quenches the
photoexcitation energy of adjacent fluorophores, decreasing
undesired background fluorescence. Fluorescence turn-on is
achieved within this dark environment upon a bioorthogonal

fluorogenic characteristics of tetrazine probes to the tracking
of the dynamics of subcellular structures, the study of
interactions among subcellular structures and cells, the
quantitative analysis of biomolecules, and the monitoring of
biological signaling within live cells. Combined with advanced

imaging techniques such as stimulated emission depletion

reaction with specific targets that converts tetrazine into (STED) and total internal reflection fluorescence (TIRF),
(dihydrogen)pyridazine, thereby revealing fluorescence with a fluorogenic tetrazine probes have achieved high- and super-

PR . . 10,11
high signal-to-noise ratio. Due to these advantages, many resolution and high-contrast imaging of mitochondria,

recent efforts have focused on the development of fluorogenic .. . .
; ) ; ; oo lysosomes, lipid droplets, the endoplasmic reticulum, the
tetrazine probes for a variety of biomedical applications

(Figures 1 and 2).'%'>"?

Efforts have been put forth to engineer tetrazine-based
probes to improve the flexibility of their fluorogenic properties.
For example, the development of probes with fluorescence in
the near-infrared (NIR) range has taken advantage of the deep
tissue penetration and low tissue autofluorescence associated
with NIR radiation. NIR fluorogenic tetrazine probes exhibit a
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Figure 1. Representative applications of fluorogenic tetrazine bioorthogonal probes.
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Figure 2. Chemical structures of representative fluorogenic tetrazine bioorthogonal probes.
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nucleus, the cytoskeleton, the Golgi apparatus, and other
subcellular structures.'”'®™>° The design of tetrazine probes
with mutually orthogonal reactivity toward different bio-
orthogonal partners has permitted advanced multiplex imaging,
involving the simultaneous labeling and visualizing of the
dynamics of multiple subcellular structures in live cells.'®

Tetrazine probes have also been targeted to specific
biomolecules. For example, to monitor DNA and RNA during
mitotic cycles, a fluorogenic intercalating acridine-tetrazine
probe was developed to react with metabolic vinyl deoxyur-
idine or uridine.”’ The design of a 2TCOa-modified 2'-
deoxycytidine triphosphate reporter that was readily incorpo-
rated into DNA upon metabolic labeling, led to comprehensive
fluorescence imaging of DNA in living cells, when combined
with a fluorogenic tetrazine-coumarin partner probe.”” To
detect tumor-associated miRNA in live cells, a fluorogenic
tetrazine-mediated transfer reaction with enhanced turnover
has been developed, and it has been used to identify the target
when present in picomole quantities.”*

Tetrazine-based bioorthogonal chemistry techniques have
also been applied to the protein visualization.”* When
combined with metabolic labeling that glycoprotein decorated
with BCN dienophile, fluorogenic tetrazine—Oregon Green
conjugates have been employed to monitor the changes in
sialylated glycoconjugates during the development of zebrafish
embryos.” To analyze the activation and dynamic subcellular
localization of phospholipase D, a series of probes was
designed to be utilized by this enzyme as a substrate in place
of water. Metabolic labeling with these TCO-containing
alcohols followed by tetrazine-BODIPY probe staining led to
detailed maps of enzyme action within cells upon introduction
of a variety of drugs.”® Fluorogenic tetrazine probes have also
been designed to allow imaging studies of multiple other
aspects of cells, including the potentials of the plasma
membrane and organellar membranes, ®*’ lipid metabolism,*®
pathology-related microenvironmental changes,”” and cell
interactions.’® These efforts have led to important advances
in related research fields.

Significant progress has already been achieved in the design
of fluorogenic tetrazine probes, but many challenges remain.
For instance, a general tetrazine quenching strategy that can be
applied to all dyes has not yet been developed; notably, the
physicochemical mechanisms leading to quenching are not
fully understood, and current tetrazines are limited in the ways
that they quench NIR dyes. The rational design of fluorogenic
tetrazine probes using computational chemistry, including
artificial intelligence and machine learning, is necessary in
order to improve the quenching of classical fluorophores and
to facilitate novel dye design strategies. In addition, fluorogenic
probes with deeper tissue penetration are required in order to
take advantage of the penetrative properties of NIR-II light and
to more effectively monitor changes in whole organisms.
Finally, as new tetrazine probes are developed, the targetability
and biocompatibility should be comprehensively considered to
expand their application range, especially considering the
potential power of dual-targeting bioorthogonal systems of
tetrazine and dienophile probes in the simultaneous and
synergistic study of multiple targets. In summary, proposing
new mechanisms and developing new fluorogenic tetrazine
probes promises to provide indispensable tools for life science
research and more options for precise diagnosis and treatment
of diseases.
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