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Precise spatiotemporal control over fluorescence labeling is a powerful approach for selective marking and
tracking of proteins of interest within living systems. Here, we report a photoclickable labeling platform
based on the 2,3-diaryl-indanone epoxide (DIO) photoswitch scaffold and the self-labeling protein
HaloTag. Upon illumination, the protein-bound DIO undergoes reversible photoisomerization to form a
metastable oxidopyrylium ylide (PY) that reacts with ring-strained dipolarophiles via [5 + 2] cycloaddition,
enabling covalent spatiotemporal labeling. We synthesize and characterize a library of DIO-HaloTag and
DIO-SNAP-tag ligands, systematically examining the effects of linker architecture and scaffold substitution
on the photoswitching and photoclick reactivity in vitro and on living cells. We identify a naphthyl-
substituted DIO ligand exhibiting superior photoswitching and photoclick efficiency, allowing fast, selective

Received 19th January 2026, labeling of HaloTagged proteins on the surface of living cells using visible light activation (405 nm). Using

Accepted 2nd March 2026 this system, we achieve two- and three-color labeling of defined cell surface regions with excellent spatial
and temporal precision, additionally allowing combinatorial labeling. Together, this work establishes a

versatile framework for multiplexed, light-directed protein labeling compatible with living systems, with
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Introduction

Precise spatiotemporal control of fluorescence is essential for
dissecting complex biological processes in space and time,
enabling selective marking and long-term tracking of proteins
of interest within a biological sample." This can be achieved
using photo-responsive fluorophores, including light-controllable
fluorescent proteins or small-molecule dyes,*” targeted to pro-
teins of interest. However, these unimolecular systems typically
operate within a single spectral channel, restricting their utility to
single color imaging. Extending photoactivation strategies to
selectively label distinct protein subsets in different colors can
offer a powerful method for long-term tracking and dynamic
barcoding in complex biological environments. A particularly
attractive strategy toward this goal is to control fluorophore
conjugation photochemically, such that the labeling event itself
is light-triggered.® In principle, this can enable repeated labeling
cycles with different fluorophores, yielding highly multiplexed
and programmable fluorescent tagging of cellular protein targets.
Several approaches have been explored using photoresponsive
systems, including host-guest pairs,” photocaged self-labeling
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promising future applications including multiplexed long-term tracking and cellular barcoding.

tags or ligands,'®'" and photoclick reactions.’®® Despite these

advances, achieving multicolor and spatiotemporally resolved
protein labeling at the subcellular level remains challenging.
Indeed, the activated species must remain localized to prevent
off-target labeling by diffusion, and must either fully react or
deactivate rapidly after reaction to allow sequential re-labeling.
To date, only a few systems have demonstrated true sequential
multicolor labeling,”'® and broadly applicable, subcellular-scale
approaches compatible with live-cell imaging are still lacking.
Here, we present a photoclickable labeling system based on
the self-labeling protein HaloTag,"”'® enabling sequential mul-
ticolor labeling of proteins on the surface of living cells with
excellent spatiotemporal control using visible light (Fig. 1a).
Our design is based on the 2,3-diaryl-indanone epoxide (DIO)
scaffold, which undergoes reversible photoisomerization to
form a metastable oxidopyrylium ylide (PY) intermediate."®°
The PY species can spontaneously react via [5+2] cycloaddition
with ring-strained dipolarophiles such as bicyclononyne (BCN)
and trans-cyclooctene (TCO) (Fig. 1b).>* This reactivity was
recently exploited for single-color fluorescence labeling on
live-cell surfaces via antibody conjugation.>® We reasoned that
integrating this photoswitchable-photoclickable platform with
a broadly applicable self-labeling protein tag could yield a
robust and generalizable strategy for photo-controlled protein
labeling compatible with living systems. For this purpose, we
rationally design and synthesize a small library of DIO-ligands
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Fig. 1 (a) General approach for spatiotemporal multiplexed fluorescence

protein labeling using photoclickable HaloTag ligands. (b) Photoswitching
and subsequent click reaction of protein-bound DIO with bicyclononyne
(BCN) or trans-cyclooctene (TCO) attached to fluorophores, to yield
fluorescently labeled proteins.

of the self-labeling HaloTag"”"® and SNAP-tag,>* and systematically
investigate their reactivity iz vitro and on the surface of living cells.
We develop a naphthyl-substituted DIO ligand which undergoes
efficient photoclick reaction with fluorophores on HaloTag, in only
a few seconds of illumination with visible light (405 nm). With
this novel system, we achieve multicolor labeling of specifically
targeted regions on living cell surface, both at the cellular and
subcellular level. To the best of our knowledge, this is the first
example of such controlled multicolor marking on a single cell,
opening promising applications for dynamic imaging of cells or
cell surface protein targets.

Results and discussion
Design and synthesis

To engineer a system for generalizable photo-controlled protein
labeling, we set out to adapt the DIO-PY photoclickable scaffold
to the well-established self-labeling protein tags HaloTag'’'®
and SNAP-tag.”” In particular, we reasoned that the mode of
attachment to the protein would be critical for function.
Indeed, the tight interaction of the protein tag with its ligand
is known to substantially alter the local environment around
the substrate,*® which in this instance could potentially impair
photoswitching and/or subsequent click reaction. We therefore
examined both HaloTag and SNAP-tag systems, and designed a
small library of DIO ligands (Fig. 2a and Fig. S1). We started
with the simplest, unsubstituted, DIO scaffold, functionalized
at the 6-position of the indanone core with the respective
protein tag ligand. For HaloTag, we assessed the influence of
linker length (compounds 1-3) and rigidity (compound 10). For
SNAP-tag, we compared the conventional benzyl-guanine (com-
pound 4) and benzyl-chloropyrimidine (compound 5) ligands.>*
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In addition, substitution on the phenyl rings at the 2,3-position
of the DIO scaffold has been shown to substantially affect their
properties,®® and we therefore also included sterically hindered
derivatives (naphthyl analogs 6 and 7), and compounds bearing
electron-withdrawing substituents (CF; derivatives 8 and 9), to
fine-tune reactivity. The 6-carboxy DIO derivatives were synthesized
via a palladium-catalyzed annulation from the corresponding
1,2-diphenylethynes, followed by epoxidation (Fig. S2-S6). The
resulting functionalized DIO intermediates were then subjected
to amide coupling with the NH,-substituted ligands to afford
compounds 1-10.

Photophysical properties in vitro

This new library of DIO-based ligands was characterized in vitro.
The DIO — PY photoswitching was induced by illumination at
375 nm (700 uW cm™2), using a custom-built LED device (Fig. $7).>°
In the dark, the free ligands 1-10 showed no absorption in the
visible range, consistent with the chemical structure of the DIO
scaffold (Fig. S8). Illumination at 375 nm in a PBS:MeCN (1:1)
mixture led to formation of the reactive PY species, evidenced by an
increase in absorption in both the UV (350-400 nm, n — m*
transition) and visible regions (450-650 nm, n — 7* transition).
Importantly, formation of the PY isomer was fully reversible upon
illumination at 545 nm (700 pW cm’ ), indicating efficient back-
isomerization to the initial state, and allowing multiple 375 nm/
545 nm switching cycles with minimal loss in performance, except
for compounds 6, 8 and 9 which showed lower fatigue resistance
(Fig. S9). The DIO — PY photoconversion was also thermally
reversible in the dark, with half-lives (/5 re1ax) ranging from 15 to
200 min for the free ligands at room temperature, in the same
range as previously reported (Fig. S9 and Table $1).>° Compounds
1-5 displayed comparable photoswitching amplitude and kinetics
(e between 600 and 2200 M~ ' cm ™" at the photostationary state
(PSS), t1/2 relax between 60 and 87 min~", Table S1), indicating
that the ligand itself does not significantly affect photoswitching.
Compounds 6 and 7 were red-shifted by 20 nm, and exhibited
substantially higher absorption at the PSS (¢ = 10000 and
5400 M~ cm™", respectively), while relaxation kinetics were
similar to compounds 1-5. Introduction of CF; substituents on
the phenyl rings (8,9) accelerated thermal relaxation,*® while, in
contrast, compound 10 showed markedly slower relaxation. In
aqueous buffer alone, all ligands exhibited substantial aggrega-
tion (Fig. S10); however, light-induced formation and disappear-
ance of the ~520 nm absorption band confirmed that
photoswitching still occurred under these conditions. Only free
ligand 7 did not display measurable photoswitching behavior in
aqueous buffer, possibly due to aggregation due to the combi-
nation of hydrophobic naphthyl groups and the long HaloTag
ligand.

Next, we evaluated the properties of ligands 1-10 covalently
bound to their respective self-labeling protein tags in solution.
Binding efficiency to the purified proteins was assessed via
pulse-chase assay with JFe3;5-HaloTag or -SNAP-tag ligands
(Fig. $11).”° All ligands except 5 achieved >90% protein labeling
within two hours, and in all cases complete labeling was
obtained after five hours at room temperature. Importantly, all

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Chemical structures and photoswitching of DIO ligands 1-10 synthesized and studied in this work. (b) Absorption spectra of ligands 1-10

bound to HaloTag or SNAP-tag in the dark (dashed lines), and at the photostationary state (PSS) reached after illumination at 375 nm (solid lines).

protein-bound ligands except 6 retained photoswitching, as
evidenced by the increase in visible absorption upon illumina-
tion at 375 nm (Fig. 2b and Fig. S12). Surprisingly however, all
bound ligands displayed an ~80 nm blue shift of the visible
absorption (Amax = 437-474 nm) compared to the free com-
pounds, suggesting that the PY isomer interacts closely with
the protein surface. The protein-bound PY isomers exhibited
weak fluorescence (lem = 474-537 nm, ¢ < 0.24, Fig. S13).
Photoswitching amplitude varied markedly across protein-
ligands conjugates (Fig. 2b and Fig. S12): more efficient switch-
ing was observed with increasing linker length (e.g. 3 > 2 > 1),
evidenced by larger absorption at the photostationary state. In
contrast, the rigid spacer in 10 resulted in a lower turn-on. SNAP-
tag ligands 4 and 5 displayed photoswitching amplitude compar-
able to compound 2, likely reflecting the greater conformational
flexibility of the SNAP-tag surface.”” Within the naphthyl series,
compound 6 exhibited negligible switching, likely due to its poor
binding to HaloTag, whereas 7 showed large absorption
increase. CF;-substituted compounds 8,9 displayed smaller
photo-responses. Overall, the protein-bound ligands exhibited
slower photoswitching kinetics compared to the free ligands
(Table S2), and did not display thermal relaxation over two hours
(Fig. S14), further evidencing the strong impact of the protein
scaffold on the photoswitching properties. Nevertheless, the
photoisomerization was reversible upon illumination at
450 nm (Fig. S12). Overall, the similar behavior observed regard-
less of ligand linker length, and for both HaloTag and SNAP-tag,
supports a non-residue-specific effect stemming from the inter-
action with the protein, which could potentially arise from local
PH, polarity or electrostatics around the protein surface. We
investigated this using either ligand 7 (as the best performing
compound, vide infra), or the simplest ligand 1 (Fig. S15-518).
Varying the pH in the range 4-9 did not elicit any shift in

© 2026 The Author(s). Published by the Royal Society of Chemistry

absorption spectrum for either the free ligand (Fig. S15) or the
protein-bound ligand (Fig. S16), allowing to exclude protonation
effects. Varying solvent polarity did also not result in any shift in
absorption spectrum of the PY species (Fig. S17). Finally, we
examined the photoswitching of free ligand 7 in the presence of
bovine serum albumin (Fig. S18). In this instance, illumination
at 375 nm led to formation of the ~450 nm absorption peak,
similarly as with HaloTag and SNAP-tag. Overall, the behavior of
the PY isomer on protein is highly reminiscent of the behavior of
rhodamine derivatives,”” which displays a shift in equilibrium
between two isomers upon interaction with a variety of protein
partners. This suggests that the PY form could exist in equili-
brium between two forms, one absorbing around 550 nm and
strongly favored in solution, and one absorbing ~450 nm, long-
lived and stabilized on protein surfaces, while retaining photo-
responsive behavior.

As increasing linker length did not abolish the protein-
switch interaction, we next examined whether altering the
protein structure itself could eliminate this interaction, hence
restoring photoswitching behavior similar to that of the free
ligand. Our previous study showed that HaloTag circularly
permuted at position 178 (cp178HaloTag) retained binding to
JFs35-HaloTag ligand without fluorescence turn-on, evidencing
minimal interaction with the bound fluorophore.*® We there-
fore investigated the photoswitching of compound 7 with
cpl78HaloTag (Fig. S19). Compound 7 efficiently bound to
the modified protein (Fig. S19b). Upon illumination at
375 nm, photoswitching occurred, yielding two absorption
bands at 460 and 561 nm, therefore partially recovering the
red-shifted absorption characteristic of the free ligand. This
isomerization was somewhat reversible upon illumination at
545 nm, which suggests that the reduced interaction with
cpl78HaloTag partially restores free-ligand-like photoswitching

RSC Chem. Biol., 2026, 7, 729-736 | 731
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behavior. Overall, all compounds except compound 6 exhibited
reversible photoswitching upon 375 nm/450 nm illumination
when bound to HaloTag or SNAP-tag, and we next examined
their potential as photoclickable protein-labeling partners.

Photoclick reaction in vitro

The metastable PY species formed upon illumination has been
shown to undergo spontaneous [5+2] cycloaddition with bicyclo-
nonyne (BCN) and trans-cyclooctene (TCO) derivatives, yielding a
covalent adduct under physiological conditions (Fig. 1b).”° To
assess whether our protein-bound system retained similar reac-
tivity, we illuminated the DIO-protein tag conjugates in the
absence or presence of endo-BCN, in aqueous buffer (Fig. S20).
In the absence of endo-BCN, photoswitching proceeded as
described above, evidenced by the gradual increase in visible
absorption around 440 nm. In contrast, no absorption increase
was observed in the presence of endo-BCN. This indicates that
the species formed upon illumination rapidly reacts with endo-
BCN to form the non-absorbing covalent adduct, supporting that
all the DIO-protein conjugates undergo efficient photoclick
reaction under physiological conditions. Interestingly, when
excess endo-BCN was added only after illumination (once the
photostationary state had been reached), the visible absorption
showed only minor decrease, suggesting very slow click reaction
under these conditions (Fig. S21a and b). The free ligand did not
show this behavior, undergoing rapid reaction with endo-BCN
regardless of illumination/addition order (Fig. S21c and d).
These observations suggest that the species reactive toward the
click reaction on protein is not the long-lived form absorbing
around 440 nm, but rather a transient intermediate generated
during the photoswitching process, which could likely be the
550 nm absorbing PY species visible in free ligand solution.

View Article Online
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To further evaluate the possibility to use the photoclick
reaction for fluorescence protein labeling, we synthesized click-
able fluorophore 11 (JF540-BCN, Fig. 3a and Fig. $22-S24), and
examined its [5+2] cycloaddition with protein-bound ligands 1-10
by SDS-PAGE gel electrophoresis (Fig. 3b and e). The DIO-protein
conjugates were incubated with excess JFs5;o-BCN and either kept
in the dark or illuminated (375 nm, 700 pW cm ™2, 10 min). After
removal of unreacted dye and denaturation, gel electrophoresis
clearly revealed light-dependent fluorescence labeling. For all
HaloTag ligands (1-3, 6-10), the click reaction was highly effi-
cient, fully saturating the HaloTag as evidenced by the positive
control for maximal intensity JFs4o-HaloTag ligand (Halosgo,
Fig. 3b).>® On a side note, compound 6 (which did not show
measurable photoswitching on protein, see Fig. S12) surprisingly
showed efficient photoclick reaction, which suggests that it still
undergoes photoswitching but with a switching amplitude or
thermal relaxation rate making it non measurable under our
conditions. Ligands 6 and 7 exhibited minor residual labeling in
the dark, likely due to their red-shifted absorption spectra which
render them more sensitive to residual ambient light during
handling. In contrast, SNAP-tag ligands 4 and 5 displayed
reduced photoclick efficiency, reaching only 40-50% labeling
under identical conditions. As protein-bound 4 and 5 exhibited
similar photoswitching as 2 (Fig. 2b), this significant difference
can be attributed solely to the protein scaffold, with the SNAP-tag
environment partly impairing the photoclick reaction. Kinetic
analysis of 3-HaloTag revealed that the reaction reached >80%
completion within 5 min under our illumination conditions, and
that equimolar amount of JFs,0-BCN was sufficient for complete
reaction (Fig. S25a-d). Light-intensity titration indicated that
photoswitching, rather than cycloaddition, was the rate-limiting
step (Fig. S25¢e and f). Overall, these results demonstrate that the
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Fig. 3 Photoclick reaction with protein-bound 1-10 in vitro. (a) Structure of JFs49-BCN 11. (b) and (c) Normalized JFs49 fluorescence/Coomassie signal
ratio in the dark (black triangles) and after photoclick reaction (purple dots) for protein-bound ligand 1-10, quantified on the corresponding SDS-PAGE
gels in (d) and (e) mean + SEM for three replicates. HaloTag and SNAP-tag labeled with the corresponding JFs49 ligand (Halossg and SNAPs4g,
respectively) were used as positive control for maximal labeling. X: no ligand; L: protein ladder. * In (d) and (e) indicates the illuminated samples, the other
samples were kept in the dark.
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photoclick reaction proceeds efficiently for protein-bound ligands
in vitro, leading to controlled fluorescence protein labeling, with
the HaloTag conjugates showing the highest reactivity.

Photo-controlled protein labeling on the surface of living cells

We next evaluated the use of ligands 1-10 with living cells, first
by assessing protein labeling efficiency inside cells. SNAP-tag—
HaloTag was expressed in the cytosol and, similarly as in vitro,
the labeling efficiency was determined by pulse-chase assay
using JFe35-HaloTag ligand or JFe;5-SNAP-tag ligand to quantify
remaining unbound protein after incubation with ligands 1-10
(Fig. S26-S28, see Methods). Ligands 1, 3, 7, 9, 10 showed
>75% labeling after two hours, whereas 2, 6 and 8 produced
somewhat weaker labeling (40-65%). SNAP-tag ligands 4 and 5
showed negligible labeling in these conditions, possibly due to
lower membrane permeability.

Next, we investigated the photoclick reaction, first on the
surface of living cells. Living U20S cells co-expressing a SNAP-
tag-HaloTag fusion on the cell surface (targeted to PDGFR cell
surface receptor) and EGFP in the cytosol were first labeled with
DIO ligands 1-10. For the clickable fluorophore, we used the
commercially available, cell-impermeant CF®647-TCO, as TCO
compounds were also show to undergo photoclick reaction with
the DIO-PY scaffold in cellular experiments.”® The clickable
fluorophore was added to the medium before the plates were either
illuminated at 375 nm for 5 min, or kept in the dark (Fig. 4a).

o
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Fig. 4 (a) Photoclick labeling with CF®647-TCO on living U20S cells co-
expressing cell surface SNAP-tag—HaloTag fusion and cytosolic EGFP.
(b) Fluorescence turn-on of cells labeled with ligands 1-10 or no ligand
(X) after photoclick reaction with CF®647-TCO (2 uM) induced by illumina-
tion at 375 nm for 5 minutes (700 uW cm™2). Mean + SEM for N > 200 cells
in each condition, two independent replicates. (c) Representative widefield
fluorescence images for compound 7 incubated with CF®647-TCO and
kept in the dark (left panel) and after photoclick reaction (right panel). Scale
bars: 50 pm.
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Excess fluorophore was washed away, and click efficiency was
quantified by widefield fluorescence microscopy (Fig. 4b, ¢ and
Fig. 529-532). While most ligands led to only a modest increase in
far-red fluorescence following illumination, ligand 7 exhibited the
highest performance, yielding ~4-fold increase in farred fluores-
cence intensity after photoclick reaction, with fluorescence signal
localized on the cell surface, consistent with protein-targeted
photoclick labeling (Fig. 4c and Fig. S30). Flow cytometry confirmed
these findings, showing ~ 3-fold higher fluorescence signal for 7
compared to the other ligands (Fig. S33 and S34). Unfortunately,
the photoclick experiment was unsuccessful when HaloTag
was expressed intracellularly (see Supplementary Note and
Fig. S40-S42). Although specific labeling was detected in
HaloTag-expressing cells, the signal was weak and accompanied
by non-specific fluorescence in subcellular compartments. The
photoswitching behavior observed for protein-bound com-
pounds is likely responsible for the poor intracellular reactivity.
Indeed, efficient click labeling requires the clickable fluorophore
to be present locally during the photoswitching event (Fig. S21),
a condition that may not met in the crowded intracellular
environment where fluorophore availability may be limited.
Altogether, these results underscore that further engineering
will be required to improve the performance of this first-
generation system in living cells.

As ligand 7 displays comparable performance to the other
HaloTag ligands in vitro (both in terms of protein labeling and
photoclick reactivity), the basis for its markedly enhanced
activity on the surface of living cells remains unclear. This
discrepancy may arise from subtle differences in photo-
switching properties, including photoisomerization quantum
yield or photostationary state composition, or from differences
in click reaction kinetics that are not captured under our in vitro
assay conditions. Importantly, these parameters are difficult to
quantify for protein-bound compounds. Generally, this observa-
tion reflects the important differences between cellular environ-
ments and simplified in vitro systems, highlighting the necessity
of systematic evaluation in live-cell contexts to identify suitable
tools. Overall, ligand 7 clearly outperformed all other com-
pounds, enabling efficient, selective, and non-toxic (Fig. S35)
photoclick labeling of HaloTag protein fusions on the surface of
living cells.

The efficient photoclick reaction on HaloTag can enable
selective, sequential labeling of HaloTag-expressing cells or
cell-surface regions with distinct colors defined by targeted
illuminated areas, thereby allowing fluorescence barcoding of
spatially and temporally defined targets. This approach, how-
ever, requires that all reactive species formed during labeling
with the first color are fully inactivated before introducing the
second color, to prevent signal leakage into undesired regions.
The DIO-PY system was only previously used in single color
labeling.”® However, its thermal and photochemical reversibility
makes it particularly well suited for sequential multicolor photo-
labeling. We therefore evaluated the best-performing ligand 7 for
two-color surface labeling of living cells (Fig. 5a and Fig. S36).
Living U20S cells co-expressing cell surface HaloTag and intra-
cellular EGFP were labeled with ligand 7. CF®647-TCO was

RSC Chem. Biol., 2026, 7, 729-736 | 733
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Fig. 5 Spatiotemporal multicolor labeling of living U20S cells expressing extracellular SNAP-tag—HaloTag fusion and labeled with ligand 7. (a) Confocal
images of two-color sequential labeling. Illumination of selected ROIs was performed at 405 nm for 20 s (TL-T4) in the presence of CF"647-TCO or
Cy3-TCO (2 uM) (see Methods). From left to right: fluorescence in EGFP channel with selected ROIs for the four successive cycles; fluorescence images
for the Cy3 (middle top) and CF¥647 (middle bottom) channels, after each photoclick cycle; overlay of the Cy3 and CF®647 channels after final cycle,
with line profile quantification underneath. Representative images of five independent experiments. Scale bars: 50 pm. (b) and (c) Confocal images of the
result of a three-color sequential labeling with CF®488A-TCO, Cy3-TCO and CF®647-TCO, with illuminated ROIs in each round indicated in the

respective channel. Representative images of three independent experiments. Scale bars: 20 pm.

added to the medium, and selected cell regions were illuminated
for 20 seconds using the confocal laser scanning microscope.
Interestingly, the small spectral red-shift observed for compound
7 enabled activation to be performed with visible light at 405 nm
(scanning speed, 4 ps per pixel, 41 kW ¢m™?, see Methods).
After washing away excess dye using a microfluidics system,
the photoclick process was repeated with the blue-shifted
Cy3-TCO, illuminating different cellular regions. Gratifyingly,
spatially defined and highly selective two-color labeling was
clearly visible, with no detectable signal in non-illuminated
regions. This indicates that external deactivation of potentially
remaining reactive species is not necessary between cycles,
greatly simplifying the workflow. This could be a direct con-
sequence of the photoswitching behavior observed for the
protein-bound ligands (vide supra), showing that the species
reactive towards the click reaction is only transiently formed
upon illumination before formation of a thermally stable,
non-reactive species. Importantly, only a few seconds of illu-
mination are required to achieve clearly visible labeling. The
resulting fluorescence labeling was stable over time, and
imaging over time clearly shows motion of labeled surface
proteins (Fig. S37 and Movie S1). By using cells not expressing
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EGFP, this strategy could be readily extended to three-color
labeling, even within a single cell, demonstrating the versati-
lity and precision of fluorescence labeling in defined sub-
cellular regions (Fig. 5b, ¢ and Fig. $38). Ultimately, the number
of accessible unique fluorescence identifiers is limited by the
multiplexing capability of the microscope. However, multiple
fluorescence barcodes can still be generated using only a small
number of fluorophores by performing combinatorial labeling.
In practice, the labeling can be precisely controlled simply by
adjusting the degree of photoactivation, defined by the micro-
scope illumination time/power. Using this approach, we demon-
strate that four cells can be distinctively labeled using only two
fluorophores in two photoclick cycles (Fig. S39). Quantifiable
labeling could be achieved with as little as 5 seconds of illumi-
nation. This combinatorial labeling could be quantified, with the
ratio of signal intensity in the two channels showing good
correlation with illumination time (Fig. S39c). Although this
optical barcoding strategy using a limited set of fluorophores
will require system-specific calibration, these results demon-
strate the proof-of-principle for highly multiplexed fluorescence
barcoding of HaloTagged protein targets on the surface of
living cells.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

In conclusion, we synthesized and systematically characterized a
family of DIO-based photoclickable ligands for self-labeling protein
tags, enabling light-controlled protein labeling under physiological
conditions. Through systematic variation of linker length, rigidity,
and protein tag partner, we established structure-property relation-
ships governing photoswitching efficiency and photoclick reactivity,
and evidence the strong influence of the protein environment on
these properties. Among this family of ligands, the novel naphthyl-
DIO ligand 7 emerged as the most efficient, showing robust light-
induced labeling of HaloTag protein fusions on the surface of living
cell. We demonstrate that this system enables highly specific, multi-
color labeling of spatially and temporally defined cells and cell
surface regions. The short illumination time required and the
spontaneous deactivation of the reactive intermediate enable a rapid
and streamlined labeling workflow, establishing this system as a
practical tool for fluorescence barcoding.

Unfortunately, this first-generation tool did not show suitable
performance inside living cells. Achieving intracellular protein
labeling will require further investigation of the photoswitching
mechanism, and optimization of the system, which could be
achieved through structural modifications of the photoswitch scaf-
fold, as well as protein engineering on the self-labeling tag. Never-
theless, the current iteration already enables precise labeling on the
cell surface, and, to the best of our knowledge, constitutes first
example of multicolor protein labeling at the subcellular scale. This
already opens promising applications for multiplexed cell or cell-
surface protein tracking on live samples, such as distinctly marking
several subsets of cell-surface proteins to visualize how they rear-
range during cell division, or distinctly marking multiple cells within
a sample to follow their fate/migration over time. Additionally, this
platform could be readily applied to other clickable fluorescent
partners including functional reporters such as biosensors, and
extended to non-optical applications such as affinity capture handles
or oligonucleotides barcodes.”®**® Together, these results demon-
strate that tailoring the DIO-PY system to the self-labeling HaloTag
enables robust spatiotemporally controlled protein labeling on living
cells, hereby expanding the toolbox for light-directed multiplexed
protein tagging.
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Abbreviations

BCN Bicyclononyne

DIO 2,3-Diaryl-indanone epoxide
HTL HaloTag ligand

PSS Photostationary state

PY Oxidopyrylium ylide
STL SNAP-tag ligand
TCO trans-Cyclooctene.
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