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Unveiling the photophysical mechanistic mysteries of
tetrazine-functionalized fluorogenic labels

This image contrasts a dark, unripe persimmon with a bright,
mature one, visually symbolizing the fluorescence recovery
of a tetrazine-based fluorogenic label. In bio-orthogonal
reactions, the tetrazine fragment undergoes a transformation
that restores fluorescence, akin to the persimmon’s color
change as it ripens.

Image reproduced by permission of Xiaogang Liu from
Chem. Sci., 2025, 16, 4595.
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Tetrazine-based fluorogenic labels are widely utilized in medical and biological studies, exhibiting
substantial fluorescence enhancement (FE) following tetrazine degradation through bio-orthogonal
reactions. However, the underlying mechanisms driving this fluorogenic response remain only partially
resolved, particularly regarding the diminished FE efficiency in the deep-red and near-infrared (NIR)
regions. This knowledge gap has impeded efforts to optimize these labels for extended emission
wavelengths and improved FE ratios. This review offers a photophysical perspective, discussing the
fluorescence quenching pathways (i.e., energy flows and charge separation) that regulate the fluorogenic
properties exhibited in various types of tetrazine labels. Moreover, this work examines the emerging role
of intramolecular rotations in certain tetrazine-based structures and the integration of additional
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wavelength constraints while achieving improved FE. By examining these photophysical mechanisms,

DOI: 10.1035/d4sc07018f this review aims to advance the understanding of tetrazine-functionalized fluorogenic labels and provide
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In recent decades, tetrazine-functionalized fluorogenic labels
have found widespread utilization in biological and medical
contexts.’” This popularity arises from their remarkable chemo-
selectivity, rapid reaction kinetics, exceptional biocompatibility,

Xiaogang Liu is an Associate
Professor at the Singapore
University of Technology and
Design (SUTD) and a council
member of the Singapore
National Institute of Chemistry
(SNIC). He obtained his PhD in
physics from the University of
Cambridge in 2014 under the
mentorship of Professor Jacque-
line M. Cole. Since joining SUTD
in 2017, he has led the Fluores-
cence Research Group, which
focuses on developing function-
alized dyes by elucidating structure-property relationships. The
research of his team seeks to shift dye chemistry from traditional
trial-and-error methods to precise molecular engineering. In
recognition of his contributions, he received the “Shimadzu-SNIC
Industry Award” in Applied and Translational Chemistry from
SNIC in 2022 and was named a “Materials Chemistry Frontiers
Emerging Investigator” by RSC in 2023.

A\ (
N\
N\

Xiaogang Liu

Chem. Sci., 2025, 16, 4595-4613 | 4595


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc07018f&domain=pdf&date_stamp=2025-03-08
http://orcid.org/0000-0001-5417-0783
http://orcid.org/0000-0002-2553-2068
https://doi.org/10.1039/d4sc07018f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07018f
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016011

Open Access Article. Published on 23 2025. Downloaded on 17.10.2025 19:11:27.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

and tunable optical properties.®™* These attributes make them
ideal for diverse employments in living systems, including in
bioimaging,"** drug delivery,"”* disease diagnosis,**>* path-
ophysiological therapy,”®° and hazardous substance
detection.***** Notably, bio-orthogonal imaging, leveraging the
unique fluorogenicity of these tetrazine labels, stands out
among numerous in vivo applications. In their native form,
these labels are typically non-fluorescent due to the presence of
a tetrazine fragment. However, upon tetrazine degradation via
different bio-orthogonal reactions (Fig. S1, ESIf), such as
inverse electron-demand Diels-Alder (iEDDA) reactions with
dienophiles,*¢ [4 + 1] cycloadditions with isocyanides,
superoxide-responsive triggering,*® and light-activated tetrazine
photo-fragmentation,**** a significant fluorescence enhance-
ment (FE) can be observed. This unique fluorogenic response
effectively avoids the requirement for the tedious washing steps
and mitigates the interference from the background emissions,
thereby increasing both convenience and the signal-to-noise
ratio in bio-orthogonal imaging.***” Notably, bio-orthogonal
activations with different counterparts result in diverse changes
in physical and chemical properties, including reaction
kinetics, molar absorption coefficients, ultraviolet-visible (UV-
vis) absorption peaks, emission maxima, quantum yields, and

37-39
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FE ratios.*** These variations arise from the distinct products
generated during the reactions. Consequently, selecting suit-
able triggers to degrade tetrazine is critical for optimizing FE
ratios and improving other key parameters.

Despite their advantages, persistent challenges restrict the
optimization of high-performance tetrazine-derived labels with
enhanced fluorogenicity. A primary issue is the undetermined
mechanistic basis for their activable photoluminescence effect,
particularly the fluorescence quenching that occurs in the
precursors before bio-orthogonal reactions. Additionally,
extending fluorescence into the deep-red and near-infrared
(NIR) regions while maintaining high FE ratios remains chal-
lenging. It is, therefore, necessary to understand the photo-
physical mechanisms that drive the fluorogenicity of these
labels for advancing their versatile bio-orthogonal utilizations.
This knowledge will be foundational in developing next-gener-
ation labels with superior fluorogenic performance.

This review systematically analyzes over a decade of research
on tetrazine-based fluorogenic labels from a distinctive stand-
point of photophysics (Scheme 1). Section 2 categorizes these
labels according to their linking modes and emission wave-
lengths, offering a foundation for the detailed analysis. Sections
3 and 4 highlight the photophysical mechanisms governing
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Scheme 1

[llustration of four fluorescence working mechanisms in tetrazine labels across (a) visible and (b) deep-red-to-NIR spectral regions. FL

— fluorophore; Tz — tetrazine; L — entire label (FL and Tz share a unified -conjugation network); S — ground state; ICT — intramolecular charge
transfer; LE — locally excited; EnT - energy transfer; IC — internal conversion; ET — electron transfer; CC — charge centralization; PET -
photoinduced electron transfer; PCC — photoinduced charge centralization.
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their fluorogenic properties across the visible and deep-red-to-
NIR spectra. In the visible range, fluorescence quenching in
precursors is mainly induced by energy flows (Scheme 1a), i.e.,
energy transfer (EnT) and internal conversion (IC).*>* As
emission wavelengths extend into deep-red and NIR regions,
charge separation (Scheme 1b), including photoinduced elec-
tron transfer (PET) and photoinduced charge centralization
(PCC),>*** predominates fluorescence quenching. The effec-
tiveness and limitations of these mechanisms are subsequently
analyzed by considering various factors affecting these photo-
physical processes and their fluorogenic behaviors. Section 5
brings focus to two emerging phenomena associated with (dis)
aggregation: the “Matthew effect” and torsion-induced disag-
gregation (TIDA),>**” providing unique opportunities for label
development through the modulation of aggregation-disag-
gregation processes. Section 6 explores how the intramolecular
motions, e.g., twisted intramolecular charge transfer (TICT),
introduce additional quenching channels that deactivate the
NIR fluorescence of flexible tetrazine labels. Incorporating
additional quenchers for NIR dyes to modulate their fluores-
cence intensities is also proposed as a future direction. These
strategies hold the potential to transcend the traditional wave-
length dependence of these labels, henceforward broadening
their bio-orthogonal imaging applicability in the NIR range.

2. Classification of tetrazine labels

Tetrazine labels are generally categorized based on the
connection mode between the tetrazine fragment and the main
fluorophore, specifically whether the two maintain continuous
T-conjugation (Scheme 2). The most prevalent arrangement
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involves linking the former to the latter through non-conju-
gated spacers with varying lengths, effectively isolating their
conjugation systems (Scheme 2a). The non-conjugated linking
bridge spatially separates tetrazine and the main fluorophore,
allowing each to retain its electronic properties. Upon tetrazine
degradation, the fluorescence of the main fluorophore is greatly
restored. For instance, Weissleder and co-workers developed
a series of tetrazine-isolated labels by attaching tetrazine frag-
ments to various fluorescent derivatives, including boron-
dipyrromethene (BODIPY), coumarin, and fluorescein, via long
non-conjugated linkers (Scheme 2a left).® The bio-orthogonal
activation of these labels via trans-cyclooctenol (TCO-OH)
effectively restored their fluorescence, yielding emission peaks
between 480 and 573 nm and FE ratios from 3.3 to 20.6-fold. In
another study, Weissleder et al. reduced the linker length by
attaching a tetrazine moiety to a BODIPY derivative via an
orthogonal phenyl ring (Scheme 2a middle),* achieving a 1600-
fold FE ratio upon bio-orthogonal reactions with TCO-OH.
Besides, Wombacher and co-workers engineered a series of
rhodamine-tetrazine labels displaying a “face-to-face” configu-
ration (Scheme 2a right), effectively minimizing the distance
between the rhodamine and tetrazine units. This design maxi-
mizes the quenching effect and enables efficient fluorescence
recovery upon bio-orthogonal reactions.®

Alternatively, recent studies have introduced another way to
incorporate tetrazine into the main fluorophore, using either
a single bond or a conjugated linker (i.e., alternating single and
double bonds; Scheme 2b). Besides, tetrazine can also be
directly incorporated into the backbone of the fluorophore,
allowing it to become a fully integrated component with
continuous m-conjugation. Such a molecule exhibits high

OH

Scheme 2 General features (top) and representative structures (bottom) of (a) tetrazine-isolated and (b) tetrazine-integrated labels before and
after iEDDA reactions with TCO-OH or bicyclononyne (BCN). FL — fluorophore; Tz — tetrazine.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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planarity, characterized by a small dihedral angle between tet-
razine and the main fluorophore. This structural arrangement
endows seamless fusion of the tetrazine's conjugation with that
of the main fluorophore, facilitating their electronic interac-
tions. After the bio-orthogonal reactions, fluorescence is
emitted from the entire label, involving the residual tetrazine
component. For example, the group of Vrabel grafted different
substituents onto the 3-position and 6-position of tetrazine,
creating various conjugation-fused tetrazine-integrated labels
(Scheme 2b left).®**> The entire labels emitted multiple color
fluorescence upon the iEDDA reactions with different dien-
ophiles, as tetrazine moieties (in precursors) and their residues
(in resultants) have non-negligible contributions to the -
conjugations of the labels. Park and co-workers further explored
monochromophoric tetrazine-fused labels by directly attaching
tetrazine fragments to various SF fluorophores (Scheme 2b
right).*

The development of tetrazine-derived fluorogenic labels has
progressed into the deep-red and NIR regions, enhancing their
suitability, e.g., reduced phototoxicity, minimized auto-
fluorescence interference, increased tissue penetration, and
improved biocompatibility, for bio-orthogonal imaging appli-
cations. Consequently, the peak emission wavelength (2e,) has
emerged as an additional criterion for classifying these labels
on another scale.

Although these labels generally exhibit strong FE ratios post-
bio-orthogonal reactions (with reduced FE in the NIR region),
the fluorescence quenching mechanisms in the pre-reacted
states vary distinctly. These mechanisms under different cate-
gories are detailed and discussed in Sections 3 and 4.

3. Energy flows drive the
fluorogenicity in tetrazine labels within
the visible spectrum

3.1 Energy transfer to a dark state (ETDS) in tetrazine-
isolated labels

It is well established that connecting tetrazine to various fluo-
rescent dyes via different spacers effectively quenches fluores-
cence. As depicted in Fig. 1, this quenching phenomenon has
been described across a diverse range of conventional dye
structures, including BODIPY (1-1a, 1-3¢, 1-2a-c, 1-8a,b, and 1-
5¢,d),*****7"7° fluorescein (1-1b, 1-3a, 1-6a-d),*”***””* rhodamine
(1-3b, 1-5a and 1-11a-c),*>*””> coumarin (1-4-d and 1-10a-d),”>"*
naphthalene (1-9a-d),”” naphthalimide (1-12a-d),”® cyanine (1-
13a-b),” and nitrobenzoxadiazole (NBD; 1-15a,b).*® It also
extends to specially synthesized chromophores like Seoul-Fluor
(SF; 1-7a-c¢) and carbon-dipyrromethene (C-DIPY; 1-14a).°%7®
Together, these dyes cover a wide range of the visible spectrum,
making tetrazine-based quenching applicable to diverse fluo-
rophore families (Fig. 1).

The low background emissions in precursors are mostly
considered quenching by energy transfer (EnT). In a visible
tetrazine-isolated label, the main fluorophore serves as an
energy donor, whereas the tetrazine functionalizes as an energy
acceptor. Energy absorbed by the main fluorophore is

4598 | Chem. Sci, 2025, 16, 4595-4613
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transferred to the tetrazine through EnT, dissipating its fluo-
rescence via non-radiative decays. Choi et al. summarized that
the EnT processes observed in tetrazine-isolated labels can be
classified into three types:”® Forster resonance EnT (FRET),*
Dexter EnT (DET),* and through-bond EnT (TBET).** FRET
occurs when the excited-state donor (main fluorophore) trans-
fers energy to the ground-state acceptor (tetrazine) via dipole-
dipole coupling interactions. This process requires significant
overlap between the fluorophore's emission spectrum and tet-
razine's absorption spectrum, along with matched transition
dipole moments. The FRET efficiency is highly sensitive to the
donor-acceptor distance, following an inverse sixth power
dependency. It often takes place when the donor-acceptor
separation is from 10-100 A (1-10 nm). In comparison, DET
requires direct electronic interactions, which necessitate close
spatial proximity and orbital overlap between the fluorophore
and tetrazine, typically requiring distances below 10 A (1 nm). It
is worth noting that in FRET/DET-type labels, tetrazine is often
linked through a non-conjugated and flexible bridge. The
inherent flexibility of these non-conjugated bridges allows the
resulting labels to adopt multiple configurations, featuring
various distances between the fluorophore and tetrazine.
Consequently, the same label could exhibit both FRET and DET
quenching processes, depending on the configurations.
Conversely, a TBET-type label utilizes a rigid conjugated spacer
to connect the main fluorophore to tetrazine with an orthogonal
configuration, enhancing the EnT efficiency dramatically.®
Currently, distinguishing TBET from FRET or DET experimen-
tally remains challenging, as TBET likely represents a special-
ized form of EnT (including both FRET and DET) facilitated by
the rigid conjugated bridges.

To streamline the photophysical models for visible tetrazine-
isolated labels, Liu and co-workers proposed a unified fluores-
cence quenching mechanism, i.e., energy transfer to a dark state
(ETDS), emphasizing the inherent non-radiative nature of tet-
razine. Taking 1-7b’ (a simplified version of 1-7b with a methyl
substitution; Fig. 2a) as a representative, they demonstrated
how a long linker isolates tetrazine from the main fluorophore,
preserving the independence of their conjugated systems.>
This molecule delineates two contrasting states induced by the
two independent conjugations. The computational results
revealed that during vertical excitation, the main fluorophore,
i.e., the SF part, introduces a bright state with a strong oscillator
strength (f = 0.427; Fig. 2b left), dominating the light absorp-
tion upon photoexcitation. This bright 7-m* transition state
demonstrates a substantial intramolecular charge transfer (ICT)
feature with a significant charge transfer distance (dcr = 1.604
A; Fig. 2c left). Below this bright state, a locally excited (LE) state
(der = 0.012 A) emerges as a dark one (f = 0.005), arising from
the tetrazine-centred n-m* transition. Following excited-state
geometric relaxation, the energy of this dark state stabilizes at
2.097 eV, lying 1.046 eV below that of the bright one. The
negligible overlap in hole-electron distributions between the SF
and tetrazine fragments further characterizes 1-7b’ as a dual-
conjugation system, with two electronically independent -
systems. Consequently, EnT from the SF fragment (energy
donor) to tetrazine (energy acceptor) effectively quenches the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Representative molecular structures of tetrazine-isolated fluorogenic labels with visible fluorescence. The numbers in each bracket show
the Aem (nmM) and FE ratios (-fold), respectively. The reaction conditions are listed in Table S1, ESI.{

fluorescence of 1-7b’ by non-radiative decays, resulting in feeble
background emissions. In contrast, the subsequent bio-
orthogonal reaction with BCN realizes the transformation from
1-7b’ into 1-7b’-BCN, removing tetrazine's dark state and acti-
vating the fluorescence of the SF fluorophore (Fig. 2 right). Due
to the negligible involvement of tetrazine in SF's conjugation, 1-
7b’ and 1-7b’-BCN share similarities in terms of bright state (de)
excitation energies and hole-electron distributions. Therefore,
both the peak absorption wavelength (1.,s) and 2., of 1-7b

© 2025 The Author(s). Published by the Royal Society of Chemistry

remain nearly constant regardless of the bio-orthogonal reac-
tions.®® This ETDS mechanism is applicable across various tet-
razine-isolated labels, independent of fluorophore types.

To improve the EnT quenching efficiency and achieve
a higher FE ratio after bio-orthogonal reactions, regulating the
distance between the main fluorophore and tetrazine is essen-
tial. Sauer and co-workers proposed using a flexional spacer to
induce a stacking conformation, minimizing the fluorophore-
tetrazine distance.** Similarly, Wombacher and co-workers

Chem. Sci., 2025, 16, 4595-4613 | 4599
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Fig. 2 (a) Molecular structures and (b) photophysical processes with

(c) the corresponding hole—electron distributions, charge transfer
distances (dc7), and oscillator strength (f) values for different states of
1-70’ (left) and 1-7b/-BCN (right) in ethanol (EtOH). Hole — highlighted
in mauve; electron - highlighted in green; FL — fluorophore; Tz -
tetrazine; So — ground state; LE — locally excited; ICT — intramolecular
charge transfer. Reproduced with permission from ref. 53. Copyright
2023, The Royal Society of Chemistry.

developed rhodamine-based tetrazine labels with a “face-to-
face” stacking arrangement between the main fluorophore and
tetrazine.®® Employing a short and flexible oxymethyl spacer
significantly reduced the donor-acceptor distance from 9.2 A in
1-11a to 4.2 A in 1-11b (Fig. 3a), thereby enabling higher EnT
efficiency in 1-11b. Following bio-orthogonal activations, this
design boosted the FE ratio by approximately 13.8-fold.
Moreover, Weissleder and co-workers reported a series of
BODIPY-derived tetrazine-isolated labels with robust fluoro-
genic effects by carefully engineering the spacer group.*® By
connecting the tetrazine moiety to the BODIPY core through
arigid benzene ring, this design minimizes vibrations and long
EnT distances typically associated with flexible linkers. This
structural choice not only brings the donor and acceptor closer
but also optimizes the orientation of their transition dipoles.

4600 | Chem. Sci,, 2025, 16, 4595-4613
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60 and 73. Copyright 2021, American Chemical Society. Copyright
2013, Wiley-VCH. Copyright 2014, Wiley-VCH.

The EnT efficiency is enhanced by the parallel alignment of
the BODIPY emission and tetrazine absorption dipoles (Fig. 3b).
Unlike the modest 15-fold FE ratio displayed by the previous 1-
1a,”® featuring a long flexible linker, these new labels demon-
strated exceptional fluorogenic properties, evidenced by the FE
ratio reaching up to 1600-fold post-iEDDA reactions.> The
excellent fluorogenic signal underscores the potential of spacer
engineering in designing tetrazine-isolated BODIPY labels.
Inspired by these findings, Weissleder and colleagues extended
this approach to different coumarin-based tetrazine labels.”
Their iEDDA products exhibited a broad emission range from
455 to 502 nm, with ultrahigh FE ratios ranging from 2500 to 11
000-fold. For instance, 1-4c and 1-4e share the same core fluo-
rescent skeleton but differ in the spacer (Fig. 3c). The highly
rigid spacer in 1-4c enables a remarkable FE ratio (2500-fold)
following bio-orthogonal reactions, in stark contrast to only 60-
fold in the post-reacted 1-4e (using a flexible spacer). This study
also emphasized the importance of aligning fluorophore-tetra-
zine transition dipoles to enhance fluorescence quenching, as
illustrated in Fig. 3d. Further expanding this design strategy,
New and co-workers” applied it to naphthalimide dyes, yielding
red-emitting labels with FE ratios up to 200-fold in post-trig-
gered 1-12d. These studies further underscore the broad
applicability of short and rigid spacers, essential for the TBET
mechanism, in achieving high fluorogenicity across various
tetrazine-isolated systems.

Besides, the FE ratio is also associated with the different bio-
orthogonal activation modes for disabling the tetrazine moiety.
For example, Weissleder and co-workers demonstrated that
after cycloaddition with TCO-OH through the iEDDA reaction,
1-2b exhibited a 340-fold increment in the FE ratio.”® In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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contrast, Xiao and colleagues reported a distinct 178-fold FE
ratio resulting from the photo-fragmentation of the tetrazine
moiety in 1-2b.** Similarly, 1-4b displayed variable FE ratios
when subjected to different bio-orthogonal activations.*”?
These findings highlight the importance of selecting appro-
priate reaction modes for the bio-orthogonal disintegration of
tetrazine to achieve optimal FE ratios.

In designing ETDS-dominated tetrazine labels, reducing
the fluorophore-tetrazine distance is essential for efficient
EnT, thereby effectively minimizing background noise and
enabling substantial FE ratios upon bio-orthogonal reactions.
This regulation of donor-acceptor distances stimulated the
emergence of next-generation tetrazine labels, specifically
tetrazine-integrated designs with “zero” donor-acceptor
distance. These innovative labels introduce a distinct
quenching pathway that diverges from traditional ETDS
mechanisms, representing a significant advancement in flu-
orogenic labelling technology.
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3.2 Internal conversion to a dark state (ICDS) in tetrazine-
integrated labels

The labels discussed in Section 3.1 require spacers of varying
sizes to attach the tetrazine to different fluorophores, effectively
isolating the m-conjugations of the two fragments. While a short
EnT distance facilitates fluorescence quenching before and
enhancement after bio-orthogonal reactions, a novel approach
has emerged to further minimize the distance in traditional
tetrazine labels. This method directly incorporates tetrazine
into the skeleton of the main fluorophore, creating a fused -
conjugated system with “zero” donor-acceptor distance (Fig. 4).

Vrabel et al. proposed a design approach to develop tetra-
zine-merged fluorogenic labels by regulating the substituent
groups on both sides of the tetrazine (2-1a-i).** This method
effectively integrated the tetrazine fragments into the conju-
gated systems of the generated labels.®>*® These multi-coloured
labels exhibited strong potential for bio-orthogonal imaging
applications. Other groups have reported similar tetrazine-
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Fig. 4 Representative molecular structures of tetrazine-integrated fluorogenic labels with visible fluorescence. The numbers in each bracket
show the Aem (NM) and FE ratios (-fold), respectively. The reaction conditions are listed in Table S2, ESI.
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fused fluorophores. For instance, Park et al. introduced the
monochromophoric design rule by directly attaching tetrazine
fragments to various SF fluorophores (2-2a-d), yielding labels
with emission ranges from 484 to 581 nm and FE ratios
exceeding 600-fold. This fusion strategy also finds its general-
izability in various dye families (Fig. 4 and S2, ESI}), covering
coumarin (2-3a-d),* kaleidolizine (KIz; 2-4a-c),** Huaxi-Fluor
(HX; 2-5a,b),*” acridine (2-6a),®* BODIPY (2-7a-e),* cyanine (2-
8a,b),”” cyanine-styryl (2-9a,b),°*** and 2-(4-(dimethylamino)
styryl)-4H-chromen-4-one (DMAC; 2-10a,b).**

Liu and co-workers identified a generalizable mechanism
behind the fluorogenicity of tetrazine-integrated labels, termed
internal conversion to a dark state (ICDS).*® The simplified 2-2a
(2-2a’) was selected as a representative example (Fig. 5a). This
example demonstrates how the direct attachment of tetrazine to
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Fig. 5 (a) Molecular structures and (b) photophysical processes with

(c) corresponding hole—electron distributions, dct, and f values for
different states of 2-2a’ (left) and 2-2a’-BCN (right) in EtOH. Hole —
highlighted in mauve; electron — highlighted in green; L — entire label;
Tz — tetrazine; So — ground state; LE — locally excited; ICT - intra-
molecular charge transfer; ET — electron transfer; PET — photoinduced
electron transfer; Cl - conical intersection. Reproduced with
permission from ref. 53. Copyright 2023, The Royal Society of
Chemistry.
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the SF fluorophore enables significant electronic interactions
between the two moieties. Unlike 1-7b’, where the tetrazine is
geometrically and electronically isolated from the SF fluo-
rophore, 2-2a’ exhibits a planar conformation, allowing efficient
electronic communication across the entire label. The photo-
physical analysis revealed that the most stable state is still the
tetrazine-induced dark LE state (f= 0.005; dcr = 0.051 A) during
the photoexcitation, similar to that of 1-7b’ (Fig. 5 left). Situated
1.020 eV above this dark state is a bright state (f= 0.377; Fig. 5b
left), which dominates the light absorbance. Yet, in contrast to
the tetrazine-isolated configuration, where the ICT state is
merely induced by the SF fragment in 1-7b’, the w—7t* transition
of 2-2a’ extends across the entire label. This indicates a signifi-
cant contribution of tetrazine to the bright state transition. The
integrated nature of tetrazine and SF in 2-2' is also reflected by
a 0.349 eV reduction in the S, vertical excitation energy
compared to that of 1-7b’, where only the SF moiety participates
in the bright state transition. This alteration is also corrobo-
rated by the experimental data, i.e., the A5 Of 2-2a (415 nm) is
longer than that of 1-7b (375 nm) by 40 nm.®® Hence, the inte-
grated T-conjugation renders 2-2a’ as a single-entity system.
Following geometric relaxation, the bright state energy is posi-
tioned 0.754 eV above the dark one. The energy absorbed by the
entire label (involving the SF fragment and tetrazine) transi-
tions to its tetrazine fragment via internal conversion (IC),
resulting in the fluorescence quenching of 2-2a’.

In contrast, the BCN-triggered bio-orthogonal reaction
disrupts the dark state associated with tetrazine, unleashing the
fluorescence through a new bright 7w—m* transition state (f =
0.735; Fig. 5b right). It is worth noting that the tetrazine residue
in 2-2a’-BCN also has clear contributions to this bright state
transition (Fig. 5c¢ right). The bio-orthogonal reactions modify
the structure of tetrazine, thus increasing the bright state
energy from 3.289 eV in the precursor to 3.780 eV in the post-
reacted label. This elevation is corroborated by the hyp-
sochromically shifted A, from 415 nm in 2-2a to 386 nm in its
iEDDA product.®® This spectral variation distinguishes these
ICDS labels from ETDS-type tetrazine labels. In ICDS labels,
tetrazine residues contribute to bright state transitions,
considerably impacting the absorption spectrum post-reaction.

Inspired by the ICDS mechanism and the integrated conju-
gation characteristic, Liu's group proposed several fluorophore
design strategies. In one approach, they introduced an addi-
tional coumarin molecule at the right end of 2-3a, positioning
the tetrazine centrally within the entire label to extend the -
conjugation network (2-11a; Fig. 6a).”* Following the BCN
adduction, this approach leads to bathochromic shifts in both
Aabs and Aem, compared to those of 2-3a-BCN, as seen in 2-11a-
BCN (Fig. 6b and S3, ESIf). Meanwhile, they modified the -
bridge structure of 2-5b by swapping the positions of the -CH,—
unit with the thiophene ring, yielding its constitutional isomer
(2-11b; Fig. 6¢).°* This alteration promotes quinoidization
within the m-bridge, greatly enhancing ICT and reducing the
bright state energy.®* As a result, both A, and Aep, of 2-11b-BCN
are significantly redshifted compared to those of 2-5b-BCN
(Fig. 6d and S3, ESI¥).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Design strategies of (a) expanding the m-conjugation and (c) exchanging the m-conjugation order to induce redshifted tetrazine dyes.
Calculated absorption and emission spectra of (b) 2-3a-BCN/2-11a-BCN and (d) 2-5b-BCN/2-11b-BCN in EtOH. Reproduced with permission

from ref. 53. Copyright 2023, The Royal Society of Chemistry.

Although the tetrazine-based fluorogenic labels generally
exhibit favorable FE ratios in the visible spectrum, these ratios
significantly decrease when their emission wavelengths shift to
deep-red and NIR regions.”*®* This reduction is due to the
inhibition of the energy flows, either via EnT or IC.>** As dis-
cussed in Section 3, both ETDS and ICDS mechanisms rely on
a stable dark state, generated by the tetrazine's n—m* transition,
as an energy “sink”, with the bright m-m* state of the fluo-
rophore acting as the energy “source”. This energy positioning
allows effective fluorescence quenching through sufficient EnT/
IC from the main fluorophore (or the entire label) to the tetra-
zine, resulting in minimal background emissions (Scheme 3
left). Nevertheless, the excitation/deexcitation energy of the
bright state drops on bathochromically shifting the A;ps/Aem Of
the main fluorophore (or the entire label). Yet, the tetrazine-
induced dark LE state remains almost constant. When the
bright state approaches the dark one, state crossing during
geometric relaxation may invert their positions (Scheme 3
middle). This swap reduces energy flow efficacy and suppresses
the fluorescence quenching effect. Furthermore, in a typical NIR
dye, the bright state is usually more stable than tetrazine's dark
state (Scheme 3 right), making EnT and IC energetically

unfavorable and decreasing the fluorescence quenching effi-
ciency. This analysis highlights the intrinsic challenges in
developing tetrazine-functionalized labels with high fluo-
rogenicity in the deep-red and NIR regions.

Nonetheless, several tetrazine-isolated and tetrazine-inte-
grated fluorogenic labels with deep-red to NIR emissions have
been developed in recent years, effectively circumventing the
energy requirements described above. These intriguing
advancements have motivated researchers to expand upon
existing mechanisms, further enhancing our understanding of
fluorescence quenching processes in long-wavelength tetrazine
labels and improving their fluorogenic properties.

4. Charge separation dominates
fluorogenicity in deep-red and near-
infrared (NIR) tetrazine labels

4.1 Photoinduced electron transfer (PET) in tetrazine-
isolated labels

Several studies have reported tetrazine-isolated labels featuring
deep-red to NIR emissions following iEDDA reactions (Fig. 7). In
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Scheme 3 Wavelength/energy level-dependent photophysical processes in tetrazine-based labels. FL — fluorophore; Tz — tetrazine; L — entire
label; So — ground state; ICT — intramolecular charge transfer; LE — locally excited; EnT — energy transfer; IC — internal conversion.
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2017, Wu and O'Shea pioneeringly proposed the generation of
NIR-fluorescent tetrazine-isolated labels by linking tetrazine to
different aza-BODIPY skeletons (3-1a-c).”> These labels dis-
played moderate FE ratios from 7 to 48-fold with average Acp,
values of around 708 nm. They suggested that photoinduced
electron transfer (PET) might contribute to the fluorescence
quenching in these precursors. Sauer et al. subsequently re-
ported rhodamine, phenoxazine, and cyanine-based tetrazine-
isolated dyes (3-2a-j), showcasing a broad emission range from
637 to 712 nm and discernible FE ratios (2-13-fold).** Chen and
co-workers successfully developed BODIPY-derived tetrazine
labels emitting across deep-red to NIR regions and achieving
impressive FE ratios between 158 and 647-fold (3-3a-e).°® Xu
and colleagues later designed a BODIPY-cyanine tetrazine label
(3-4a), displaying a redshifted 2., at 733 nm and a remarkable
FE ratio (1073-fold).*” Mao et al. carried forward this approach
to rhodamine and cyanine families, producing compounds with
far-red to NIR emissions up to 806 nm and FE ratios as high as
1459-fold (3-5a-e).”* Yet, the quenching mechanism of these
tetrazine-isolated labels in deep-red and NIR spectra remains

controversial. The unclear correlation between their fluo-
rogenicity and molecular structures hampers further
amelioration.

In 2024, Shen and co-workers conducted comprehensive
computational investigations on these labels, rationalizing that

4604 | Chem. Sci., 2025, 16, 4595-4613

PET is the dominant mechanism responsible for fluorescence
quenching in tetrazine-isolated labels emitting deep-red-to-NIR
fluorescence.* Their findings suggest that even when the ETDS
is suppressed, the fluorescence of these precursors can still be
quenched by PET. Upon removal of the tetrazine fragments, this
quenching channel is blocked, enabling fluorescence recovery
in the post-reacted labels.

For instance, in label 3-4a reported by Xu and co-workers
(Fig. 8a),” the tetrazine is installed on the main fluorophore,
i.e., a NIR BODIPY-cyanine fragment, via a benzene spacer,
forming a dual-entity system (with two separate w-conjugation
networks: one for the fluorophore and the other for the tetra-
zine). During photoexcitation and deexcitation, the tetrazine-
induced dark state lies at higher energies than the fluorophore-
caused bright state (Fig. 8b left). To be specific, the tetrazine
leads to an elevated dark LE state, described by a negligible f
value (0.007) and a small dcr (0.038 A) upon vertical excitation
(Fig. 8c left). Conversely, the w—m* transition of the BODIPY-
cyanine skeleton generates a bright ICT state (f = 1.148),
contributing to light absorption. This bright state is beneath the
dark one by 0.258 eV and stabilizes at 2.279 eV following
geometric relaxation, prohibiting EnT to the tetrazine. However,
another dark state (f= 0) is discovered 0.245 eV below the bright
ICT state. In its transition, the hole is delocalized throughout
the main fluorophore. In contrast, the electron concentrates on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of Chemistry.

the tetrazine fragment, illustrating a complete charge transfer
feature with a large dcr (9.930 A), indicative of the electron
transfer (ET) phenomenon. Hence, BODIPY-cyanine and tetra-
zine can be viewed as the electron-donor and electron-acceptor,
respectively. The PET pathway is activated to quench the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of Chemistry.

fluorescence of the main fluorophore, resulting in 3-4a emitting
almost no fluorescence. The subsequent iEDDA reaction with
tetrazine eliminates the dark state (Fig. 8 right). Moreover, both
excitation and deexcitation/emission energies remain almost
the same after the iEDDA reaction, as the tetrazine moiety and
residue do not participate in the conjugated system of the
BODIPY-cyanine dye.

It is worth noting that PET has been identified as the leading
quenching mechanism in the deep-red-to-NIR tetrazine-isolated
labels. However, its efficiency remains restricted in some
scenarios. This efficiency, often reflected by the FE ratios upon
bio-orthogonal activations, is strongly influenced by the elec-
tronic energy difference (AE;) between the lowest unoccupied
molecular orbitals (LUMOs) of the main fluorophore (acting as
an electron-donating group) and tetrazine (serving as an

Chem. Sci., 2025, 16, 4595-4613 | 4605


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07018f

Open Access Article. Published on 23 2025. Downloaded on 17.10.2025 19:11:27.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

electron-withdrawing group; Fig. 9a top).”* A large AE;, suggests
that the LUMO energy of tetrazine is much higher than that of
the main fluorophore, thereby inhibiting the ET and reducing
the quenching effect (Fig. 9b top). For example, due to varia-
tions in AEy, 3-4a and 3-1c bio-orthogonal resultants displayed
starkly different FE ratios, i.e., 1079-fold and 7-fold, respectively.
With a small AE;, of 0.171 eV, 3-4a shows more effective PET
quenching (Fig. 9a bottom). In comparison, the AE;, value of 3-
1c reaching 0.692 eV (Fig. 9b bottom) results in a less efficient
PET, leading to higher background emissions and a lower FE
ratio. Besides, shortening the ET distance is also crucial for
promoting sufficient PET quenching.

View Article Online

Review

These two factors, ie., minimal AE; and reduced ET
distance, are essential for systematically optimizing the PET
efficiency in NIR tetrazine-isolated labels. To achieve this, Shen
et al. demonstrated a design strategy by structurally modifying
silicon-rhodamine (Si-rhodamine; Fig. 9c).>* By introducing
dual electron-donating groups to the main skeleton of 3-6a, the
gap between the highest occupied molecular orbital (HOMO)
and LUMO (AEH-L) is reduced to the redshifted A,,s and Aep, in
the generated 3-6b. Meanwhile, this modification also lowers
AE;, to 0.079 eV. Additionally, the close stacking configuration
between the modified Si-rhodamine and tetrazine reduces the
ET distance from 7.157 A to 5.692 A. Therefore, this approach,
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addressing both the energy level alignment and electron
transfer distance, shows promise for enhancing the wavelength
and FE ratios of tetrazine-isolated labels. Similarly, Mao and co-
workers engineered a mono-substituted amino-tetrazine at the
meso-position of various rhodamine and cyanine scaffolds to
further minimize the ET distance (Fig. 7).°* The resulting
molecules (3-5a-e) exhibit substantial turn-on ratios, demon-
strating the efficacy of this design strategy.

4.2 Photoinduced charge centralization (PCC) in tetrazine-
integrated labels

Recently, Shen et al. unveiled a distinctive charge separation
pathway called photoinduced charge centralization (PCC;
Fig. 10a).>* This pathway was serendipitously discovered while
investigating the photophysical properties of tetrazine-inte-
grated fluorogenic labels in the visible region. Further studies
confirmed that the PCC mechanism predominantly quenches
deep-red-to-NIR fluorescence in tetrazine-integrated labels with
fused m-conjugations (Fig. 10b).*

For example, in the NIR tetrazine-merged label 4-1b, re-
ported by the group of Park,* tetrazine is directly bonded to the
main fluorophore, forming a fused m-conjugated system.
During vertical excitation, the most stable state is the bright ICT
state generated by the w-7* transition spanning the entire label
(Fig. 10c and d left). The tetrazine-induced dark LE state sits
above the bright state by 0.252 eV during excitation and 0.212 eV
during deexcitation, thereby suppressing IC from the entire
label to the tetrazine. Yet, after geometric relaxation, a low-
energy dark charge centralization (CC) state turns out to be the
most stable one at 1.713 eV. In this CC state, the hole is delo-
calized throughout the entire label, while the electron concen-
trates on the tetrazine, demonstrating tetrazine's significant

Tian et al. (2022)
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role in the charge distribution of both the hole and the electron.
Consequently, photoexcitation drives charge transfer from the
entire label to concentrate on its internal tetrazine. The dark CC
state effectively quenches the fluorescence of the entire label.
Like other tetrazine labels, upon activation by BCN, the result-
ing compound exhibits strong fluorescence due to the inhibi-
tion of PCC (Fig. 10c and d right and Fig. S4, ESIt}).

Although the PCC process is similar to the well-known PET,
it possesses several distinguishing features. PET necessitates
the isolation of tetrazine from the main fluorophore, ensuring
that their m-conjugations remain independent (Fig. 10a left).
Upon photoexcitation, almost complete charge separation
occurs from the main fluorophore to the tetrazine, with almost
no spatial overlap in the hole-electron distribution of the ET
state. In contrast, PCC involves a unified w-conjugation system,
where tetrazine is fused with the fluorophore both geometrically
and electronically (Fig. 10a right). Upon photoexcitation, charge
transfer occurs from the entire label to tetrazine, forming a CC
state with considerable overlap between hole and electron
distributions. This overlap region typically resides in the tetra-
zine fragment.

This unique PCC pathway not only enhances the mecha-
nistic understanding of fluorogenicity in long-wavelength tet-
razine-fused labels but also enriches photophysics and physical
chemistry by introducing a novel photoinduced charge separa-
tion process. However, reports on PCC-driven tetrazine-inte-
grated dyes are scarce. The applicability and generalizability of
this mechanism in regulating the fluorogenicity of long-emis-
sion tetrazine labels remains an area that warrants further
experimental investigations.

To this end, building on the PCC mechanism and the

conjugation-fused structure, Shen and Liu theoretically
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designed a tetrazine-integrated label featuring a quinoidal -
conjugation bridge to achieve redshifted wavelengths
(Fig. 10e).>® Their simulations modelled interactions between
the label and various counterparts (Fig. 10f), and produced
seven distinct compounds with varied absorption and emission
wavelengths (Fig. 10g and S5, ESIT). These differences stem
from the diverse w-7* bright state transitions, affected by the
electron-withdrawing strengths of the tetrazine residues.
Interestingly, post-reaction labels emit multicolor fluorescence
based on their specific triggers, potentially enabling multiplex
NIR bio-orthogonal imaging and the simultaneous visualization
of various intracellular processes. This approach highlights the
versatility of the PCC mechanism and its potential to advance
intracellular NIR-imaging technologies.

5. Influence of aggregation/
disaggregation on the fluorescence
modulation of tetrazine labels

5.1 “Matthew effect”: aggregation-enhanced fluorogenicity
in tetrazine labels

In recent years, researchers have explored the attachment of
tetrazine to various aggregation-induced emission luminogens
(AIEgens), including 2-4a-c as shown in Fig. 4, as well as 5-1a-i,
5-2a-f, and 5-3a-c in Fig. 11. Kim and co-workers proposed that
tetrazine-modified AIE labels could serve as effective fluoro-
genic agents for film-state and in vivo imaging applications.®®
These labels were synthesized by conjugating tetrazine at
different positions on Klz skeletons (Fig. 4), leading to distinc-
tive behaviors that deviate from conventional click activation
responses. For instance, 2-4a does not display a strong FE ratio
in tetrahydrofuran (THF) after the iEDDA reaction (Fig. 12a).
However, adding water promotes aggregation, producing
a blueshifted A, and a 22.5-fold FE increment (Fig. 12a and b).
In solid-state applications, tetrazine-AIE labels exhibited
substantial FE responses (up to 67.8-fold) following reactions
with trans-cyclooctene (TCO) in spin-coated films, further vali-
dating their aggregation-induced emission properties. Coinci-
dentally, Tian et al. advanced this area by developing a set of
tetrazine-linked tetraphenylethylene (TPE) fluorophores as AIE
bio-orthogonal fluorogenic labels (5-1a-j; Fig. 11).”® Upon acti-
vation, these labels exhibited tunable emissions ranging from
472 to 597 nm and remarkable FE ratios of up to 2400-fold in
aggregate phases. For instance, after undergoing BCN adduc-
tion in DMSO, 5-1d displayed minimal fluorescence. However,
increasing the water fraction caused a dramatic FE increase,
reaching a 1486-fold enhancement (Fig. 12c and d). Meanwhile,
they further innovated by designing a “double-quenched”
system in which two tetrazine groups were attached to distinct
phenyl rings on a TPE fragment (5-1j-i; Fig. 11). In this setup,
the destruction of one tetrazine group did not yield significant
FE. A strong FE response can be observed only by disrupting
both tetrazine groups, demonstrating a sequential activation
strategy. Moreover, these BCN adducts showed marked AIE
effects, with FE ratios increasing alongside water content.
Building on this foundation, Tian and collaborators developed
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Fig. 12 (a) Emission spectra and (b) dynamic light scattering results of
2-4a after reacting with TCO in THF, a THF/water mixture (v/v = 1/1),
and water. Emission spectra of (c) 5-1d and (e) 5-2a after reacting with
BCN in DMSO-water mixtures with various water contents; the water
content-dependence of relative fluorescence intensities of BCN-
triggered (d) 5-1d and (f) 5-2a; the inset image shows the physical
appearances of BCN-triggered labels in different DMSO-water
mixtures under UV light. Reproduced with permission from ref. 86, 98
and 99. Copyright 2021, Elsevier. Copyright 2022, The Royal Society of
Chemistry. Copyright 2022, The Royal Society of Chemistry.

naphthalimide-tetrazine AlIEgens,” expanding the utility of
tetrazine-based AIEgens and showcasing the adaptability of this
approach across different fluorophores (5-2a-f; Fig. 11, 12e and
f). This cumulative work underscores the versatility of tetrazine-
modified AIE systems and their potential for bioimaging and
other fluorogenic applications.

To decipher the photophysical mechanism that drives the
fluorogenic properties of tetrazine-based labels with aggrega-
tion-induced characteristics, Tang and co-workers conducted
a detailed mechanistic analysis of these labels (5-3a-c; Fig. 11).
Inspired by the “Matthew effect” from the psychosociological
theory,' they adapted this concept to describe the photo-
physical processes unique to these labels (Scheme 4).%¢

Before the bio-orthogonal reactions, in the monomer form of
5-3c, as with other tetrazine-integrated labels (Scheme 4a),
a tetrazine-generated low-lying dark LE state is observed
underneath the label-caused bright ICT state. Additional

© 2025 The Author(s). Published by the Royal Society of Chemistry
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b Aggregate of Precursors

Ilustration of the "Matthew effect” in tetrazine labels represented by 5-3c and its bio-orthogonal product triggered by BCN in the

monomer and aggregate phases. Hole — highlighted in pink; electron — highlighted in cyan; L — entire label; Tz — tetrazine; Sqg — ground state; LE
— locally excited; ICT — intramolecular charge transfer; TICT — twisted intramolecular charge transfer; IC — internal conversion; ET — electron
transfer; PET — photoinduced electron transfer. Reproduced with permission from ref. 56. Copyright 2024, Wiley-VCH.

fluorescence quenching occurs due to the label's structural
flexibility, which allows intramolecular rotations that bring the
molecule into a twisted configuration, creating a twisted intra-
molecular charge transfer (TICT) state. Thus, the fluorescence
of 5-3c¢ is synergistically quenched by multiple non-radiative
decay channels, i.e., IC and TICT, enhancing quenching effi-
ciency prior to the iEDDA reactions. Even when the dye unin-
tentionally binds to biomolecules and restricts intramolecular
rotations, energy dissipation through IC can still minimize
background emission.

Next, due to low solubility in water, most monomers of 5-3¢
tend to aggregate prior to iEDDA reactions (Scheme 4b). In these
aggregates, pairs of molecules form dimers with complex elec-
tronic states, including four dark states below the bright ICT
state. The two lowest states, S, and S,, are well-known LE states
associated with n-mt* transitions in the tetrazine fragments.
Above these states, two additional dark ET states (S; and S,)
emerge due to interactions between neighboring molecules,
displaying significantly larger dcr values than S; and S,. After
photoexcitation, fluorescence in aggregated 5-3c¢ is suppressed
through both IC within each monomer and PET between
neighboring molecules. Thus, multiple dark states in aggre-
gates synergistically enhance quenching, yielding extremely low
background emissions. Notably, the dark ET states of S; and S,
are specific to the aggregated form.

After undergoing iEDDA reactions, most tetrazine labels
regain fluorescence as the reaction disrupts the tetrazine-
induced dark LE state. Nonetheless, fluorescence recovery is
limited in the BCN adduct of 5-3. Despite the elimination of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

tetrazine-caused dark LE state, the TICT state and other non-
radiative decay channels, persisting due to intramolecular
rotations, continue to quench fluorescence in the post-reacted
label (Scheme 4c and Fig. S6, ESIT). In contrast, when aggre-
gation occurs in the products, these intramolecular rotations
are hindered by restricted free volume and reduced local
polarity, which prevents the formation of the non-emissive TICT
state (Scheme 4d). This aggregation thus triggers robust fluo-
rescence activation, accompanied by dramatic FE responses.

Therefore, aggregation in tetrazine precursors provides
additional quenching pathways via PET on top of tetrazine's
intrinsic dark states, effectively reducing background emis-
Following bio-orthogonal reactions, aggregation
enhances emission in the resulting fluorophores by inhibiting
intramolecular rotations, markedly boosting FE values. The
developed labels displayed unique aggregation-enhanced fluo-
rogenic behaviors, ie., aggregation-caused quenching (ACQ)
before bio-orthogonal reactions and AIE afterwards. This
strategy advances the design, functionality, and versatility of
tetrazine-based labels, paving the way for innovative bio-
orthogonal imaging applications.

sions.

5.2 Torsion-induced disaggregation (TIDA) in tetrazine-
isolated NIR labels

Pu and collaborators discovered a unique torsion-induced
disaggregation (TIDA) phenomenon in NIR cyanine-tetrazine-
based dyes (Fig. 13).*” In these dyes, tetrazine does not act as
a typical energy or electron acceptor. Instead, tetrazine ligation
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and subsequent bio-orthogonal reactions enhance steric
hindrance, promoting disaggregation and utilizing disaggre-
gation-induced-emission to achieve the FE effect. In this
configuration, tetrazine is linked to a cyanine fluorophore
(CyP7), which exhibits NIR fluorescence and a small Stokes shift
through a non-conjugated spacer. Owing to its flat configura-
tion, CyP7 exhibits a pronounced ACQ effect, as evidenced by
the diminished peak fluorescence intensity with concentrations
exceeding 2 pM (Fig. 13b). However, unlike conventional tetra-
zine-based dyes, attaching tetrazine to CyP7 does not induce
significant fluorescence quenching. This is because ETDS does
not apply to NIR dyes, and the AE;, between tetrazine and CyP7
is too large to activate effective PET quenching. In contrast,
tetrazine attachment counteracts the inherent ACQ effect of
CyP7. The fluorescence maximum of tetrazine-linked CyP7 (6-
1a) remains relatively constant even at higher concentrations
(Fig. 13b), though some partial aggregation likely persists. Upon
bio-orthogonal reaction with TCO derivatives, the increased
steric hindrance further promotes disaggregation, leading to
a 2.5-fold FE ratio at a dye concentration of 8 pM.

This remarkable TIDA effect broadens our understanding of
tetrazine-based systems, challenging the perception of tetrazine
solely as a fluorescence quencher. Although direct experimental
data, such as crystal structures, are lacking to confirm cis-trans
isomerization in the CyP7 scaffold, it is convincing that bio-
orthogonal reactions with tetrazine increase steric hindrance and
promote disaggregation. This strategy may offer a pathway to
convert many ACQ-prone fluorophores into fluorogenic systems.
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6. Future directions

This section further proposes two design strategies to overcome
the conventional wavelength limitations of tetrazine labels in
the NIR spectrum by introducing additional novel quenching
mechanisms to enable effective fluorogenicity. One approach
involves linking tetrazine to a flexible NIR fluorophore (Scheme
5a). In the deep-red-to-NIR region, fluorescence quenching
through the aforementioned energy flows or charge separation
from the main fluorophore to tetrazine is generally restricted.
However, rotatable bonds in the main fluorophore can induce
a TICT state (or other dark states or conical intersection points),
effectively quenching fluorescence in the monomeric phase.
Following bio-orthogonal activations, the post-reacted labels
would exhibit weak luminescence due to intramolecular rota-
tions (Scheme 5b). As the reactions progress, the post-reacted
labels accumulate, forming aggregated complexes (Scheme 5c).
This aggregation restricts intramolecular rotations, thus deac-
tivating the TICT quenching pathway and enabling strong
fluorescence signals, i.e., a favorable FE effect. Alternatively, bio-
orthogonal reactions may anchor the labels to specific cellular
locations, such as protein cavities or organelle membranes.
Such binding could similarly restrict intramolecular rotations,
restoring fluorescence and producing a marked FE effect.

An alternative strategy lies in attaching a quencher to a tet-
razine-linked NIR fluorophore and designing a chemical reac-
tion that specifically cleaves the quencher from the label.'**

Initially, this quencher can substantially reduce the fluo-
rescence of the tetrazine-conjugated fluorophore. Upon

C Phase 3: Resultant (Aggregate, Bright)
L/ N
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aggregation

non-radiative
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Scheme 5 Proposed design strategy and working mechanism. Sq — ground state; ICT — intramolecular charge transfer; LE — locally excited; TICT

— twisted intramolecular charge transfer.

4610 | Chem. Sci,, 2025, 16, 4595-4613

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07018f

Open Access Article. Published on 23 2025. Downloaded on 17.10.2025 19:11:27.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

cleavage of the quencher, the quenching pathway is inter-
rupted, leading to a marked increment in fluorescence inten-
sity. Simultaneously, the tetrazine group can interact bio-
orthogonally with its counterparts to achieve targeted localiza-
tion. This approach facilitates controlled and reaction-depen-
dent fluorescence activation, making it ideal for applications
that demand high specificity in fluorescence signaling.

In both strategies discussed, the tetrazine moiety functions
primarily as a targeting agent rather than an energy or electron
acceptor governing fluorogenicity. Specifically, the bio-orthog-
onal reactivity of tetrazine is employed to guide the label to the
targeted location, while fluorescence is regulated through
modulating intramolecular motions or cleaving the attached
quencher. By decoupling the roles of bio-orthogonal targeting
and fluorescence regulation, these methods also provide
opportunities to integrate alternative quenching mechanisms
into tetrazine labels, overcoming the traditional wavelength-
dependent limitations in fluorogenicity.

7. Conclusions

Overall, this review comprehensively summarized the photo-
physical mechanisms of fluorogenicity in tetrazine-based fluo-
rogenic labels, detailing label categorization by using
connection modes and wavelengths. Within the visible spec-
trum, energy transfer (EnT) and internal conversion (IC)
dominate quenching in tetrazine-isolated and tetrazine-inte-
grated labels, respectively, while photoinduced charge separa-
tion processes, including photoinduced electron transfer (PET)
and photoinduced charge centralization (PCC), become central
in the deep-red and NIR regions. The review also highlights how
molecular aggregation/disaggregation phenomena, such as the
“Matthew effect” and torsion-induced disaggregation (TIDA),
can modulate fluorogenic properties. Looking ahead, the review
suggests advancing the fluorogenic behaviors of tetrazine labels
by optimizing intramolecular rotations and integrating alter-
native quenching mechanisms to achieve NIR fluorogenicity
without compromising bio-orthogonal functionality. These
photophysical insights aim to inspire research into next-
generation tetrazine-functionalized labels with enhanced fluo-
rogenic properties, paving the way for expanded applications in
bio-orthogonal contexts.
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