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of Chemistry Photoactivatable fluorophores enable selective fluorescence activation within a defined region of interest at
a precisely controlled time point. This high degree of spatiotemporal control over fluorescence emission
facilitates advanced imaging modalities and super-resolution microscopy techniques, allowing real-time
monitoring of dynamic processes and nanoscale visualization of structural features. The development of
photocage groups is the general and most popular strategy for designing photoactivatable fluorophores.
Herein, we present hydroxy-pendant phenyl tetrazole as a novel photocage for push-pull
photoactivatable fluorophores. Upon photolysis, this tetrazole-based photocage undergoes rapid
cleavage with nitrogen extrusion, followed by nitrile imine-mediated nucleophilic addition and
subsequent proton transfer to afford the corresponding hydrazone photoproduct. This tetrazole to
hydrazone photoconversion leads to an electronic inversion from electron-withdrawing to electron-rich
character, thereby triggering fluorescence turn-on via charge recombination. This phenyl tetrazole

. photocage was applicable in coumarin (Cou), nitrobenzoxadiazole (NBD), and naphthalimide (NP)
iizzgﬁ% gt;rc’jv‘;z:eoggzs fluorophores. The NP-based photoactivatable fluorophores enabled spatiotemporally resolved, targeted
live-cell fluorescence imaging in both confocal and stimulated emission depletion (STED) microscopy,

DOI: 10.1039/d55c03279b exhibiting rapid photoresponse, non-toxic byproduct release, bright fluorescence emission, and a high
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Introduction

Photoactivatable fluorophores, showing turn-on fluorescence
upon light irradiation, are valuable tools for tracking cellular
dynamics, spatiotemporally controllable imaging, and super-
resolution microscopy (SRM)." The general design strategy for
photoactivatable fluorophores involves covalently conjugating
the fluorophore with a photolabile caging (photocage) group to
suppress its native fluorescence. Upon photoirradiation,
controlled photochemical transformation of the photocage
regenerates the active fluorophore, typically through either
restoration of the original chromophore or conversion of the
caging moiety to an auxochrome.” To date, numerous photoc-
ages have been developed, including the widely used o-nitro-
benzyl and its derivatives,* diazoketone,* thiocarbonyl group,’
azidophenyl moieties,® tetrazine,” oxime,® and 2,3-dihydro-1,4-
oxathiine group,’® each operating through distinct photochem-
ical activation mechanisms. The predominant mechanism for
photocage-mediated fluorescence activation relies on fluores-
cence quenching in the excited state through energy/electron
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transfer and subsequent restoration of emission occurring
upon photolytic cleavage or structural transformation of the
caging group. For example, the o-nitrobenzyl caging group can
quench fluorophores through a photoinduced electron-transfer
(PeT) process. Therefore, mono-2-nitrobenzyl-caged Tokyo-
Green, displaying minimal fluorescence due to singlet excited-
state quenching via PeT, exhibits substantial fluorescence
enhancement by removal of the o-nitrobenzyl cage (Fig. 1a).**
Similarly, the 2,3-dihydro-1,4-oxathiine group induces fluores-
cence loss through an analogous PeT process. Following irra-
diation, fluorophore-generated singlet oxygen mediates
oxidative conversion of the oxathiine moiety to its correspond-
ing ester derivative, thereby terminating the PeT pathway and
restoring fluorescence emission (Fig. 1b).° Moreover, tetrazine
and oxime have been utilized as general fluorescence quenchers
through distinct mechanisms: tetrazine derivatives quench via
fluorescence resonance energy transfer (FRET) with the fluo-
rophore, while oxime groups function by electronically attenu-
ating the intrinsic charge transfer (ICT) process of the
fluorophore (Fig. 1c and d).”® An alternative fluorophore caging
strategy employs photocage groups that structurally constrain
fluorophores in their inactive forms.**® This approach typically
requires precise structural matching between the caging moiety
and the target fluorophore. One representative implementation
involves a diazoketone caged rhodamine fluorophore (Fig. 1e),
where the caging group maintains rhodamine in a non-
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Fig. 1 Photoactivatable fluorophores with different types of photo-
cage groups. (a) Photoactivatable fluorescein derivatives with a mono-
2-nitrobenzyl-caged group. (b) 2,3-Dihydro-1,4-oxathiine-tagged
photoactivatable coumarin fluorophore. (c) Tetrazine as a photocage
to turn on the BODIPY fluorophore. (d) Oxime as a photocage for a 10-
methylacridin-9(10H)-one fluorophore. (e) Photoactivatable 2-diazo-
ketone caged rhodamine B.

fluorescent spirocyclic form until photolytic cleavage restores
the fluorescent xanthene structure.* For most of the photocage
groups, it takes from tens of minutes to hours for completion of
the photouncaging reactions as monitored using UV-Vis/fluo-
rescence spectra. Efficient photocages with rapid photolysis
kinetics for real-time applications in dynamic biological
systems are still highly desirable.

Herein, we present hydroxy-functionalized phenyl tetrazole
as a general photocage for push-pull fluorophores, showing
rapid photolysis kinetics. Tetrazoles represent an important
class of nitrogen-rich heterocycles characterized by a five-
membered ring structure comprising four nitrogen atoms and
one carbon atom. In particular, aryl tetrazoles serve as photo-
sensitive moieties that undergo rapid photolytic cleavage to
generate a reactive nitrile imine (NI) intermediate with the
extrusion of nitrogen.' In the presence of alkenes, these
photogenerated NI dipoles participate in 1,3-dipolar cycload-
dition with olefins to form the pyrazoline product.** This
nitrile imine-mediated tetrazole-ene cycloaddition (NITEC)
has found broad utility in biomolecular labelling and mate-
rials science." Notably, the electrophilic character of NI
intermediates enables additional reactivity pathways through
nucleophilic addition reactions,* further expanding their
versatility. We hypothesized that nitrile imine-mediated tet-
razole-nucleophile addition (NITNA) could serve as an effective
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strategy for designing photoactivatable fluorophores based on
three considerations: (i) 2,5-diaryl tetrazoles undergo rapid
photolysis with clean release of benign nitrogen, (ii) the
photoinduced NITNA reaction likely induces an electronic
inversion character from electron-deficient tetrazole'® to an
electron-rich hydrazone product, and (iii) the electron donor-
acceptor (D-A) type architecture represents conventional
scaffolds employed in organic fluorophore design. Therefore,
in the caged state, the phenyl tetrazole moiety, conjugated at
the electron-donating terminus of D-A type fluorophores (T-
Flo), disrupts the intrinsic push-pull electronic configuration.
Upon irradiation, the photogenerated NI intermediate (NI)
undergoes intramolecular nucleophilic addition with the
pendant hydroxyl group, yielding a hydrazone derivative (H-
Flo). This transformation leads to charge recombination to
regenerate the electronic D-A structure, enabling significant
fluorescence enhancement (Fig. 2a).

Results and discussion
Design, synthesis, and structures

To validate this hypothesis, we selected three representative
push-pull fluorophore scaffolds: coumarin (Cou), nitro-
benzoxadiazole (NBD), and naphthalimide (NP). Accordingly,
we designed a series of diaryl tetrazole-based probes (T-Cou, T-
NBD, and T-NP) featuring an ortho-hydroxymethylene substit-
uent on the phenyl tetrazole cage to facilitate the formation of
a favorable five-membered ring during the intramolecular
nucleophilic addition (Fig. 2a and b). These probes were
successfully synthesized through multistep organic trans-
formations (Schemes S$1-S3f). Upon photoirradiation, we
anticipated that the tetrazoles would undergo photolytic
cleavage to generate the NI intermediate while releasing
nontoxic N,, followed by intramolecular nucleophilic addition
with the proximal hydroxyl group and subsequent proton
transfer to yield the corresponding hydrazone products
(Fig. 2¢). To our delight, irradiation (310 nm, hand-held lamp,
9W) of the tetrazole precursors indeed afforded the expected
hydrazone derivatives (H-Cou, H-NBD, and H-NP), which were
unambiguously characterized by NMR and high-resolution
mass spectrometry (HRMS). Details of the synthesis and char-
acterization data are elaborated in the ESI (Schemes S1-S3 and
Fig. $22-S27, S35-5401).

Photophysical properties

To evaluate the suitability of ortho-hydroxy phenyl tetrazole as
a general photocage for photoactivatable fluorophores, we then
evaluated the photophysical properties of probes T-Cou, T-NBD,
and T-NP. Significantly, the tetrazole-caged coumarin T-Cou
demonstrated negligible fluorescence emission, with a remark-
ably low fluorescence quantum yield (FQY) below 0.1%. This
substantial fluorescence quenching likely stems from effective
disruption of the electron-donating feature of the amine
through tetrazole attachment, thereby inhibiting the intrinsic
intramolecular charge transfer (CT) process. The photoinduced

chemical transformations were monitored using time-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Structures and reactions of hydroxy-tetrazole caged photoactivatable fluorophores. (a) Schematic of the design principle and reaction
process of hydroxy-tetrazole caged photoactivatable fluorophores. (b) Structures of preactivated fluorophores T-Cou, T-NBD, and T-NP. (c)
Structures of photoactivated fluorophores H-Cou, H-NBD, and H-NP. (d) Structures of microtubule-, endoplasmic reticulum (ER)-, and lyso-
some-targeting photoactivatable fluorophores.
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Fig.3 (a—c) Changes in UV/Vis absorption and fluorescence emission spectra of T-Cou (a), T-NBD (b), and T-NP (c) upon UV irradiation (310 nm)
at 10 uM. Inset: photographs of T-Cou (a), T-NBD (b), and T-NP (c) under 365 nm UV light before and after 1 min of irradiation. (d) *H NMR spectra
of aromatic regions of preactivated fluorophore T-NP and photoactivated product H-NP (400 MHz, in CDCls). (e) Time-dependent HPLC traces
of photoactivatable fluorescent probes T-NP1, T-NP2, and T-NP3 upon 310 nm irradiation in THF for 0—8 mins.
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Table 1 Photophysical properties of photoinduced products in
solution®

Amax  €max Aem Stokes shift

(nm) M 'em™) (nm) (em™) Dy
H-Cou 378 4.2 x 10° 437/482° 1579 0.32/0.029”
H-NBD 505 4.2 x 10* 574/595° 2380 0.014/0.007¢
H-NP 451 4.9 x 10* 537/560° 3550 0.44/0.072¢

@ Measured in THF (10 uM). ” Measured in PBS (10 uM). © Measured in
THF/PBS = 1:1 (10 uM).

dependent UV-Vis and fluorescence emission spectroscopy. The
absorption spectrum of T-Cou, featuring primary maxima at 300
and 330 nm, gently decreased during illumination with 310 nm
light over 60 s, concomitant with the emergence and rapid
intensification of a new absorption band at ~375 nm (Fig. 3a).
Fluorescence analysis demonstrated a substantial 30-fold
enhancement at ~437 nm during only 1 of minute irradiation
(30-fold, 10~ M in THF, Table S17). The spectral signatures are
identical to those of the chemically synthesized H-Cou reference
(Fig. S17), confirming the formation of the anticipated hydra-
zone product. Compared to the non-emissive T-Cou, the pho-
toactivation product H-Cou displayed significantly higher
intensity of fluorescence with an FQY of 0.32 (Table 1). Simi-
larly, both T-NBD and T-NP displayed analogous fluorescence
turn-on profiles upon photoirradiation by forming hydrazone
products (Fig. S2 and S37), achieving remarkable 63-fold and 94-
fold emission enhancements at 574 nm and 537 nm, respec-
tively (Fig. 3b and c). The corresponding hydrazone products H-
NBD (FQY = 0.014) and H-NP (FQY = 0.44) showed substantially
improved quantum yields relative to their non-activated
precursors T-NBD and T-NP (FQYs less than 0.1%).

To understand the electronic perturbation during the photo-
uncaging process, we conducted "H NMR analyses and theo-
retical calculations. Taking T-NP to H-NP transformation as
a representative example, the "H NMR signals revealed signifi-
cant upfield shifts for aromatic protons in photoproduct H-NP
compared to the caged precursor T-NP (Fig. 3d). Specifically,
protons 1 and 4, in the benzene adjacent to the tetrazole ring,
displayed a more pronounced shift of approximately 0.6 ppm
than distal protons 2, 3, and 6. Analogous "H NMR perturba-
tions were observed for the coumarin and NBD systems, which
exhibit more pronounced upfield shifts of 1.2 ppm and 1.9 ppm
for H-Cou and H-NBD, respectively compared to their tetrazole
precursors (Fig. S5t). These consistent diamagnetic shifts
unambiguously demonstrate an electronic inversion upon
photoconversion, wherein the electron-withdrawing tetrazole
moiety transforms into an electron-donating hydrazone group.
This electronic switching effect regenerates the active push-pull
configuration through charge recombination, resulting in
increased emission.

We then conducted density functional theory (DFT) and
time-dependent DFT (TD-DFT) calculations to further corrob-
orate the push-pull electronic pattern of emitters H-Cou, H-
NBD, and H-NP.

13850 | Chem. Sci,, 2025, 16, 13847-13854
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Fig. 4 Hole—electron surface analysis and oscillator strength f for the
So—S; transition states of H-Cou, H-NBD, and H-NP based on TD-DFT
calculations at the cam-b3lyp/def2-TZVP level of theory.

Geometry optimizations were performed at the CAM-b3lyp/
def2-TZVP level of theory, and frequency analyses were used to
verify these geometries as true minima on the potential energy
surface. The TD-DFT calculations indicated that the ground
state (So) to first excited state (S;) excitations were mainly
contributed by highest occupied molecular orbital (HOMO)-
lowest unoccupied molecular orbital (LUMO) transitions in all
three fluorophores, exhibiting substantial oscillator strengths
ranging from 0.6638 to 1.0915 (Fig. 4 and S17t). The hole-
electron analysis'® for So-S; transitions demonstrated separated
hole-electron surfaces, leading to significant internal charge
transfer (ICT) from hydrazone (N1-N2-C1) to chromophore
backbones in the first excited states (Fig. 4 and S207), which did
not appear in the caged tetrazole analogues (Fig. S19t). More-
over, the hole surface density was predominantly localized on
diamine moieties and the ortho/para positions of the aniline
rings, confirming the electron-donating nature of the photolytic
hydrazone auxochromic group (Fig. 4). Meanwhile, the fluo-
rophores H-Cou, H-NBD, and H-NP displayed bathochromic
shifts and decreased emission efficiency in polar solvents,
analogous to amine-based donor-acceptor (D-A) fluorophores
(Fig. S9-S11%). This solvatochromic effect corroborates the
push-pull nature of the fluorophores, which underwent
polarity-dependent solvent-solute interactions arising from the
formation of CT structures in the excited state.

Cellular fluorescence imaging

To demonstrate that the tetrazole-based photoactivatable fluo-
rophores can be activated in live cells, we selected T-NP as the
modelling prefluorophore and synthesized three biological
probes T-NP1-T-NP3, for targeting specific biomacromolecules
or organelles (Fig. 2d and Schemes S4, S51) in live cells. In probe
T-NP1, we employed paclitaxel, a well-known anticancer
reagent, as the ligand because it would bind to abundant
intracellular microtubules for fluorescence signal acquisition.”
T-NP2 and T-NP3 with a chlorine and 2-morpholinoethylamine
moiety were supposed to target endoplasmic reticulum (ER) and
lysosome (Lyso), respectively.'® Afterwards, the photoreactivity
and emission properties of probes T-NP1-T-NP3 were evaluated.
The photochemical process was initially tracked by UV-Vis
absorption spectroscopy. Upon irradiation (310 nm, hand-held
lamp, 9W), T-NP1-T-NP3 exhibited the formation of a charac-
teristic hydrazone absorption band at ~460 nm, accompanied

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by a slight decrease in absorbance at ~350 nm (Fig. S6-S87).
This spectral photoresponse is consistent with that observed for
T-NP (Fig. 3c), indicating a similar photochemical trans-
formation pathway.

Meanwhile, the high-performance liquid chromatography
(HPLC) analyses suggested nearly clean photochemical
conversions from tetrazoles to their photolytic products in vitro
(Fig. 3e). As expected, non-fluorescent compounds T-NP1-T-
NP3 displayed rapid fluorescence turn-on (within 1-2 min)
upon light irradiation, yielding fluorogenic products with FQYs
of 0.46-0.55 in THF. The emission bands (A = 540 nm) closely
match that of H-NP, suggesting analogous fluorophore forma-
tion (Fig. S6-S87). In response to polarity, a pronounced bath-
ochromic shifted fluorescence emission (=30 nm) in
phosphate buffered saline (PBS) was observed for the generated
fluorophores (Fig. S6-S87).

We next evaluated the performance of these photoactivatable
fluorophores in live-cell imaging. Cytotoxicity assessment
revealed that T-NP2 and T-NP3 exhibited no cytotoxicity at
concentrations up to 10 pM, while paclitaxel-conjugated deriv-
ative T-NP1 induced a measurable reduction in cell viability
(Fig. S12%). Therefore, HeLa cells were treated with 5 pM T-NP1
for 45 min at 37 °C, washed with prewarmed PBS, and imaged
via confocal fluorescence microscopy. Prior to photoactivation,
no detectable fluorescence was observed inside the cells at the
green channel of 500-600 nm (A, = 488 nm), confirming the
inactivity of the caged fluorophore. Following 310 nm light
(hand-held lamp, 9W) irradiation, fluorescence in the cyto-
plasm appeared, and a 115-fold fluorescence enhancement was

Fig. 5
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observed within 5 min of irradiation, attributed to the photo-
chemical uncaging of phenyl tetrazole (Fig. 5a and Si15at).
Quantitative analysis revealed a 65-fold signal-to-background
ratio calculated from the mean cytoplasmic fluorescence
intensity relative to background signals in the cell-free culture
medium (Fig. S16at). We subsequently investigated the turn-on
ability of T-NP2 for ER-specific imaging. HeLa cells incubated
with 10 uM T-NP2 probes for 3 h showed negligible fluorescence
before activation. Following 310 nm light irradiation for 3.5
minutes, we observed a remarkable 122-fold fluorescence
enhancement (Fig. 5b and S15bt) in the green channel (500-600
nm) with an exceptional signal-to-background ratio of 225
(Fig. 5b and S16bt). The intracellular fluorescence signals of the
green channel from the activation of T-NP2 overlapped well with
those of co-incubated ER-Tracker Red (Ae;, = 615 nm), sug-
gesting the ER-targeted photoactivatable capability of T-NP2.
Photoactivatable fluorophores offer significant advantages
for super-resolution microscopy techniques such as stimulated
emission depletion (STED) imaging.'*** We evaluated the lyso-
some-targeted probe T-NP3 for STED imaging. Initial confocal
microscopy studies indicated that a 108-fold fluorescence
enhancement was observed in the T-NP3-incubated live cells
upon 310 nm light irradiation (Fig. 6a, S15c and dt). The lyso-
somal specificity was validated through colocalization studies,
where the generated fluorescence signals overlaid very well with
the signals in the red channel of Lyso-Tracker Red DND-99
(Fig. 6a and S13%). For STED nanoscopy, HeLa cells were incu-
bated with T-NP3 at a 10 uM concentration for 3 h, followed by
in situ photoactivation (310 nm, 6.0 min). Using 488 nm
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(a) Time-course confocal micrographs of microtubule-targeting probe T-NP1 treated Hela cells after photoillumination with 310 nm

light. Ex =488 nm. The cell culture was treated with a 5 uM concentration of the probe. The fluorescence was viewed in a 500-600 nm window
as a green channel with differential-interference-contrast (DIC) microscopy. (b) Time-course confocal micrographs of ER-targeting probe T-
NP2 treated Hela cells after photoillumination with 310 nm light. Ex = 488 nm. The cell culture was treated with a 10 pM concentration of the
probe. ER-Tracker Red was used as a marker (Ex = 570 nm). A plot of pixel fluorescence along the line in the merged photo is shown. The
fluorescence was viewed in a 500—-600 nm window for T-NP2 as a green channel and 610-740 nm window for ER-Tracker Red as a red channel.
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(a) Time-course confocal micrographs of lysosome-targeting probe T-NP3 treated Hela cells after photoillumination with 310 nm light.

Ex =488 nm. The cell culture was treated with a 10 pM concentration of the probe. Lyso-Tracker Red was used as a marker (Ex =570 nm). A plot
of pixel fluorescence along the line in the merged photo is shown. The fluorescence was viewed in a 500-600 nm window for T-NP3 as a green
channel and 610-740 nm window for Lyso-Tracker Red as a red channel. (b) Confocal and STED images of lysosomes in living Hela cells
incubated with T-NP3 (10 uM) after 310 nm light activation and 488 nm and 660 nm as excitation and STED light, respectively.

excitation coupled with a 660 nm STED beam, we successfully
achieved super-resolved imaging of lysosomal structures
(Fig. 6b). The resulting images revealed distinct lysosomal
morphology at sub-diffraction resolution, clearly resolving their
characteristic dense-precipitated organization (Fig. S147).

Conclusions

In this work, we developed hydroxy-pendent phenyl tetrazole as
a new type of photocage for photoactivatable fluorophores. The
mechanism of fluorescence turn-on is based on the recovery of
intramolecular charge transfer (ICT) of the push-pull fluo-
rophores. Strategically, the inactive fluorophores, with the
electron-deficient phenyl tetrazole attached at the electron-
donor site, undergo photoinduced tetrazole photolytic cleavage,
followed by nucleophilic addition of free hydroxy to nitrile
imine intermediates generate the active form of fluorophores by
charge recombination of electron “push-pull” structures. The
electron-structure reversal was proved using the "H NMR spec-
trum and DFT calculations. This strategy is applicable for
coumarin, nitrobenzoxadiazole, and naphthalimide and the

13852 | Chem. Sci,, 2025, 16, 13847-13854

photoactivation characteristics were demonstrated by both
ensemble spectral measurements and target-directing fluores-
cence imaging in live cells. Notably, the naphthalimide-based
lysosome-targeting probe, which can tolerate STED pulses at
660 nm, was applied to STED imaging to visualize lysosomes in
live cells. Theoretically, using this hydroxy-pendant phenyl tet-
razole photocage is supposed to be a general strategy for con-
structing more push-pull type photoactivatable fluorophores.

Data availability

The full experimental details, synthetic procedures, character-
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