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ABSTRACT: Fluorogenic probes are invaluable tools in biology and
medicine, offering high sensitivity and background-free imaging.
However, achieving a high signal-to-noise ratio, target specificity, and
robust cell permeability in wash-free imaging remains a significant
challenge. Here, we report a new class of fluorogenic fluorophores
engineered by incorporating five-membered heterocycles such as
furan or thiophene at 9-position of the xanthene core. This structural
modification enables precise control over intramolecular rotation,
which is suppressed in viscous environments or upon interaction with
biomolecular targets to allow for fluorescence activation independent
of the spirolactone equilibrium characteristic of traditional rhodamine
fluorophores. This rotation-based activation strategy was further
extended to develop furan- and thiophene-substituted carborhod-
amine and silicon-rhodamine fluorophores, demonstrating the versatility and modularity of our approach. Using this design, we
developed practical fluorogenic probes for self-labeling protein tags, including HaloTag, SNAP-tag, and PYP-tag, achieving high cell
permeability and strong fluorescence activation under no-wash live-cell imaging conditions. The HaloTag probe enabled real-time
visualization of the endoplasmic reticulum whorl formation in live cells, showcasing its utility in dynamic cellular imaging. To
enhance the applicability of our design, we developed BRD4- and EGFR-targeting probes by conjugating our fluorophores with JQ1
and gefitinib/erlotinib inhibitors, utilizing a non-covalent binding strategy. The EGFR-targeting probes exhibited strong fluorescence
in cells with high levels of EGFR expression, demonstrating their effectiveness for detecting EGFR overexpression. This work
presents a versatile design strategy that leverages the controlled intramolecular rotation of furan/thiophene rings to create innovative
OFF/ON fluorogenic probes, offering a robust platform for selective, wash-free live-cell imaging of diverse cellular targets.

■ INTRODUCTION
Fluorogenic probes offer straightforward and effective methods
for detecting biomolecules in live-cell imaging due to their high
sensitivity and ability for background-free imaging.1−4 A
fluorogenic fluorophore coupled with self-labeling protein
(SLP) tags, such as HaloTag,5 SNAP-tag,6 and PYP-tag,7 for
detection of biomolecules is a useful technology to monitor
biomolecules within living cells using fluorescence micros-
copy.8,9 In recent years, significant advancements have been
achieved in the development of fluorogenic probes,10−16 which
have been successfully utilized across various fields including
biosensor development,17 drug screening,18 protein function
monitoring,19 and super-resolution imaging.20 Different design
strategies have been employed to create fluorogenic probes,
including photoinduced electron transfer (PeT),21 Förster
resonance energy transfer (FRET),22 intramolecular charge
transfer/twisted intramolecular charge transfer (ICT/
TICT),23−25 and intramolecular spirocyclization.26 Rhodamine
dyes have a rich history dating back to their discovery in the

1880s. They have undergone extensive structural modifications
over 145 years to attain enhanced photostability, brightness,
and fluorogenic responsiveness.27−36 The most promising
fluorogenic probes are developed based on the reversible
spirolactone ring-opening and -closing of rhodamine fluo-
rophores,31−38 taking advantage of their high quantum yield
(QY) and photostability. However, at neutral pH, rhodamine-
based probes exist in a zwitterionic form in their free state,
which limits cell permeability.39,40

To achieve high permeability, researchers favor the non-
fluorescent hydrophobic spirocyclic state of rhodamine, and
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numerous valuable cell-permeable rhodamine dyes have been
developed to date.31−36 However, when conjugated to
hydrophobic ligands, this state can promote aggregation,
leading to cellular toxicity and off-target signals.41 Moreover,
rhodamine fluorophores often emit fluorescence in low-pH
environments due to spontaneous ring opening, posing
challenges for imaging under acidic conditions.42,43 To
eliminate the pH sensitivity of rhodamine-based fluorophores,
a new strategy is needed that does not rely on the fluorogenic
response driven by the spirolactone ring-opening and -closing
mechanism. The Hanaoka and Urano groups have developed
N-phenyl rhodamine dyes that do not rely on the traditional
spirolactone ring-opening and -closing mechanism for a
fluorogenic response.44 Instead, the fluorescence is quenched
due to a twisted intramolecular charge transfer (TICT) state.
The TICT state is suppressed when the dye is bound to a
protein tag or placed in a highly viscous environment, resulting
in enhanced fluorescence emission. This approach also holds
promise for the development of pH-insensitive fluorogenic
probes. However, these N-phenyl rhodamine dye-based probes
have sulfonates to avoid nonspecific binding, rendering them
impermeable to cellular membranes. Thus, there remains a
critical need for a new class of highly cell-permeable, pH-
insensitive fluorogenic probes. These probes should be capable
of detecting intracellular proteins through covalent and non-
covalent interactions to expand their utility in live-cell imaging
and protein detection applications.

Here, we present a straightforward and effective strategy for
developing a new class of fluorogenic fluorophores by replacing

the phenyl ring at the 9-position of the xanthene core with a
five-membered heterocycle such as furan or thiophene. This
structural modification increases the conformational flexibility
of the molecule, facilitating free intramolecular rotation,
resulting in a nonfluorescent state. Moreover, fluorescence is
strongly activated when this rotation is restricted, either in
highly viscous environments or upon binding to biomolecular
targets. By precisely controlling the intramolecular rotation of
these five-membered heterocycles, we can rationally design
fluorogenic probes that respond to a wide range of biological
targets. To test the concept, we developed a new class of
fluorogenic probes for protein labeling by conjugating these
fluorophores with ligands for HaloTag, SNAP-tag, or PYP-tag.
These probes exhibited enhanced fluorescence upon binding
to protein tags and superior cell permeability that enabled no-
wash live-cell imaging for real-time monitoring of protein
functions and dynamics. They performed excellently in merged
color and long-term imaging. Additionally, the HaloTag-based
probe was successfully applied for real-time imaging of
endoplasmic reticulum (ER) whorl formation during ER
stress,45 showcasing its utility in dynamic cellular imaging.
Furthermore, to explore the use of the fluorophore beyond
covalent protein-labeling systems, we developed probes for
detecting the overexpression of the epidermal growth factor
receptor (EGFR)46 and bromodomain-containing protein 4
(BRD4),47 further enhancing the versatility of these newly
designed fluorophores. Our results demonstrate that these
probes detect EGFR overexpression and BRD4 expression in
mammalian cells, offering a promising new strategy for creating

Figure 1. (a) Structures of Tokyo Green and hydroxyphenylfluorone with their QY values measured in 0.1 N NaOH(aq).50 (b) Structures of 2′-
Me-TMR and Ph-TMR with their QY values in ethanol.51 (c) Schematic representation of the concept: replacing the phenyl ring with a five-
membered heterocyclic ring increases rotational freedom. (d) Structures of 2′-Me-TMR-Acid, Ph-TMR-Acid, Fu-TMR-Acid, and Th-TMR-Acid.
(e) The OFF−ON fluorophore concept relies on rotational freedom of the ring that facilitates non-radiative pathways. (f) Upon restriction of the
ring rotation, the radiative pathway becomes favored, leading to fluorescence activation. (g) Schematic representation of the OFF−ON fluorogenic
response through ring rotation restriction that occurs when the fluorophore attached to a protein-targeting unit interacts with the target protein.
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fluorogenic probes for other intracellular targets. This
innovative design is versatile and can be extended to
developing a new class of fluorogenic probes or biosensors
with enhanced properties.

■ RESULTS AND DISCUSSION
Rational Design and Photophysical Properties of a

Fluorogenic Fluorophore. In 1966, Lindqvist and Lundeen
noted that removing the carboxylic acid from fluorescein
reduced its QY.48 Later in 1970, Fink and Wills suggested that
this drop in QY was due to energy loss through non-radiative
pathways.49 In 2005, Urano et al. observed a similar effect in
Tokyo Green (TG), where removing the 2′-methyl group
lowered the QY, likely by permitting rotational motion that
dissipated energy nonradiatively (Figure 1a).50 This led to the
belief that the methyl group rigidifies the structure, thus
preserving the high fluorescence QY in the fluorophore of the
fluorescein analogues. However, in 2021, Arambula et al.
demonstrated that rhodamine and rosamine dyes do not follow
this trend. They showed that the QY values of the dyes
remained unaffected by the same methyl group removal,
indicating that rhodamine and rosamine behave differently
from fluorescein derivatives (Figure 1b).51 Based on these
findings, we hypothesized that the rhodamine fluorophore with
a phenyl ring may not provide adequate rotational freedom at
the 9-position of the xanthene core in the excited state due to
the involvement of a delocalized electronic state. Hence, we
surmised that reducing the steric hindrance at the 9-position,
compared to the phenyl ring, could facilitate rotation. This in

turn would favor a non-radiative pathway, leading to a
significant decrease in fluorescence emission. To investigate
the rotational behavior of the phenyl ring at the 9-position of
the xanthene core, we first synthesized the phenyl-type
fluorophore (Ph-TMR-Acid) and measured the QY in a low-
viscosity solvent, MeOH, and a highly viscous solvent,
glycerol.52 The results showed a lower QY value for Ph-
TMR-Acid in the less viscous MeOH compared with the
highly viscous glycerol (ΦMeOH = 0.33; ΦGlycerol = 0.66).
However, the increase in QY was only 2-fold; thus, we
hypothesized that a five-membered ring would introduce a
greater angular separation between the xanthene core plane
and the five-membered ring, promoting greater rotational
freedom. Moreover, removing the interacting hydrogen atom
on the phenyl ring of Ph-TMR-Acid by employing a
heterocycle was anticipated to further reduce the steric
hindrance between the ring and the xanthene core to enhance
the conformational flexibility (Figure 1c). Thus, we designed
Fu-TMR-Acid and Th-TMR-Acid as fluorogenic fluorophores
by substituting the phenyl ring of Ph-TMR-Acid with furan
and thiophene rings, respectively (Figure 1d). These specific
heterocycles were selected because they have been previously
incorporated into nucleobases to develop molecular rotor-
based probes, which were later applied in aptamer technology
for protein sensing.53,54

In low-viscosity environments, Fu-TMR-Acid and Th-TMR-
Acid exist in a nonfluorescent state due to non-radiative decay
enabled by the free rotation of the furan and thiophene rings
(Figure 1e). When this rotation is restricted by increased

Figure 2. (a) Chemical structures of the fluorophores used in this study. Fluorescence spectra of (b) Ph-TMR-Acid and (c) Th-TMR-Acid (2.5
μM) measured in MeOH (red) and glycerol (blue). Excitation wavelengths: λex (Ph-TMR-Acid) = 553 nm; λex (Th-TMR-Acid) = 565 nm. All
spectra were recorded with 0.25% DMSO as a cosolvent. Temperature: 25 °C.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c12696
J. Am. Chem. Soc. 2025, 147, 47997−48012

47999

https://pubs.acs.org/doi/10.1021/jacs.5c12696?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c12696?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c12696?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c12696?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c12696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


viscosity or binding to biomolecules, the non-radiative
pathways are suppressed, resulting in strong fluorescence
emission (Figure 1f). Therefore, precisely controlling the
rotation-dependent fluorescence emission can be leveraged to
create fluorogenic probes that remain “OFF” in the unbound
state and are switched “ON” upon target binding, enabling the
development of an OFF−ON fluorogenic probe for bio-
molecules (Figure 1g).

To evaluate our fluorogenic design, we first synthesized
furan-containing fluorophore Fu-TMR-Acid. Fu-TMR-Acid
exhibited a fluorogenic response from MeOH to glycerol,
with a noteworthy increase in the QY value in glycerol (ΦMeOH
= 0.04; ΦGlycerol = 0.16) and a 12-fold enhancement in
fluorescence intensity. These performances surpass those of
the phenyl-type fluorophore Ph-TMR-Acid (Figures 2b, S1,
and Table S1). Encouraged by these results, we next
synthesized Fu-CR-Acid and Fu-SiR-Acid based on carborhod-
amine and silicon-rhodamine scaffolds, respectively (Figure
2a). Fu-CR-Acid showed a >17-fold increase in the QY value
and a 104-fold enhancement of fluorescence emission in
glycerol compared to MeOH, suggesting its potential utility in
developing a new class of fluorogenic probes (Figure S1 and
Table S1). However, Fu-TMR-Acid and Fu-SiR-Acid showed
only 4-fold and 1.3-fold increases in QY from MeOH to
glycerol, respectively, indicating a limited fluorogenic response
for probe development with these two designs (Figure S1 and
Table S1). To improve the fluorogenic response, we selected
thiophene as the next five-membered ring for further
exploration and synthesized fluorogenic fluorophores, namely,
Th-TMR-Acid, Th-CR-Acid, and Th-SiR-Acid. These thio-
phene-based fluorophores showed 5−25-fold increases in the
QY value from MeOH to glycerol (Figures 2c and S1 and
Table S1). Moreover, furan/thiophene-based fluorophores
exhibited a bathochromic shift in both absorption and emission
spectra compared to their phenyl-type analogues due to
enhanced coplanarity and extended conjugation with the
furan/thiophene ring (Figures S1−S3 and Table S1). To test
the generalizability of this fluorophore concept, we synthesized
additional TMR-based fluorophores, Th-TMR-Py-Acid and
Th-TMR-Ju-Acid, by replacing the dimethylamine moiety of
Th-TMR-Acid with pyrrolidine or julolidine, respectively, to
suppress the TICT state. Pyrrolidine-based TMR fluorophores
are known to exhibit higher QYs than those with dimethyl-
amine.55 QY measurements of Th-TMR-Py-Acid and Th-
TMR-Ju-Acid showed a significant enhancement in glycerol
compared to MeOH (Figure S1 and Table S1), indicating that
the fluorogenic response is not due to suppression of TICT but
rather to restricted rotation of the thiophene ring in a high-
viscosity medium. Moreover, we synthesized a rhodol-based
fluorophore, Th-CRhodol-Acid, which also showed a weak
fluorogenic response from MeOH to glycerol (Figure S4).
However, when pH 8 buffer was added to 10% glycerol, the
response became more pronounced. Detailed reasoning for this
modification is provided in the Supporting Information
(Figure S4, Table S1, and SI text page S60). Next, we
evaluated the effects of various solvents on the fluorescence
behavior of the probes. CR-based fluorophores except for Th-
CRhodol-Acid showed a strong fluorescence enhancement in
viscous solvents like glycerol, where the high viscosity restricts
intramolecular rotations and reduces non-radiative decay,
leading to increased fluorescence intensity (Figures S4e and
S5). In contrast, TMR-based probes exhibited a moderate
fluorescence enhancement in octanol, although it was less

pronounced than in glycerol. Intermediate polarity and
viscosity of octanol partially restrict the molecular rotation of
TMR-based probes and moderately stabilize the excited state.
This combination reduces non-radiative decay and influences
the fluorescence emission, resulting in increased intensity in
octanol with a hypsochromic shift (Figure S5). To assess
whether fluorophore aggregation contributed to fluorescence
quenching, we measured the fluorescence of the fluorophores
in HEPES buffer in the presence of 0.1% SDS as an ionic
surfactant. Ph-TMR-Acid displayed an increase in fluorescence
intensity, while Fu-TMR-Acid and Th-TMR-Acid showed
minimal changes compared with the presence of glycerol
(Figures S1 and S3b). These observations suggest that the
fluorescence quenching of Fu-TMR-Acid and Th-TMR-Acid is
caused by the rotation of the furan/thiophene ring, rather than
by aggregation.

To further understand the fluorogenic behavior of the
fluorophores, we measured the fluorescence lifetime of all of
the fluorophores in MeOH and glycerol (Figure S6). The
results revealed that all fluorophores exhibited an increase in
fluorescence lifetime from MeOH to glycerol, indicating that
the excited state is elongated due to the suppression of non-
radiative decay in glycerol (Table S1). To investigate viscosity
sensitivity and explore the molecular rotor properties, we
calculated both the radiative (kr) and non-radiative (knr)
pathways for Th-TMR-Acid, as these pathways are crucial for
understanding the behavior of molecular rotors.56 The
molecular rotor mainly decays through the knr pathway,
which significantly decreases when rotation is restricted.57

Upon calculating knr and kr, we found a 2.4-fold increase in the
radiative (kr) pathway from MeOH (7 × 107 s−1) to glycerol
(1.7 × 108 s−1), while the non-radiative pathway decreased
11.7-fold from MeOH (5.36 × 109 s−1) to glycerol (4.6 × 108

s−1) (Figure S7). The viscosity-insensitive fluorophore Ph-
TMR-Acid only showed a 2.7-fold decrease of knr when moved
from MeOH (3.76 × 108 s−1) to glycerol (1.37 × 108 s−1)
(Figure S7). This finding indicates that Th-TMR-Acid acts as a
fluorescent molecular rotor.

To further investigate the effect of the rotation of the
thiophene ring, we performed variable temperature (VT) 1H
NMR on Th-TMR-Ju-Acid (Figure S8), which does not
exhibit a TICT state (Figure S1 and Table S1). Spectra
recorded from 25 °C to −50 °C showed significant downfield
shifts in the thiophene ring protons (0.034 ppm in Ha and
0.011 ppm in Hb), while the xanthene core proton remained
nearly unchanged (0.002 ppm in Hc). These downfield shifts
suggest that rapid rotation of the thiophene ring reduces the
level of conjugation with the xanthene core at higher
temperatures. At lower temperatures, the thiophene ring
rotation becomes restricted and adopts a more coplanar
conformation, enhancing conjugation with the xanthene core.
This increased conjugation alters the electron density in the
thiophene ring, resulting in reduced shielding of the thiophene
protons, which in turn leads to the observed downfield shifts
due to deshielding effects (see the supplementary text above
Figure S8).

Furthermore, we explored the reactivity of the newly
designed fluorophores with reduced glutathione (GSH), as
the 9-position of the xanthene core is known to be vulnerable
to GSH nucleophilicity.58 Th-TMR-Acid and its structural
derivatives showed no reactivity toward GSH (20 mM)
(Figure S9). By contrast, Fu-CR-Acid, Fu-SiR-Acid, Th-CR-
Acid, and Th-SiR-Acid exhibited reactivity with GSH. Among
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Figure 3. (a) Schematic representation of the intracellular fluorogenic response of the HaloTag probe. (b) Structures of HaloTag probes with their
quantum yield (QY) values in the free and bound states, along with absorption (λabs) and emission (λem) maximum wavelengths in the bound state.
(c, d) Emission spectra of Th-TMR-Halo and Fu-CR-Halo (2.5 μM) in the absence (red) or presence of HaloTag (5 μM) (blue) or 0.1% SDS
(black) or BSA (20 μM) (green) in 20 mM HEPES buffer, 150 mM NaCl, pH 7.4; λex (Th-TMR-Halo) = 570 nm; λex (Fu-CR-Halo) = 635 nm. (e,
f) Fluorescence intensity of (e) Th-TMR-Halo and (f) Fu-CR-Halo with the free state and in the presence of BSA and HaloTag. (g, h) Live-cell
confocal fluorescence images of MCF7 cells expressing the Halo-NLS gene or non-transfected cells with 500 nM (g) Th-TMR-Halo and (h) Fu-
CR-Halo, costained with 1.0 μg/mL Hoechst. (i, j) The intensity analysis of (i) Th-TMR-Halo and (j) Fu-CR-Halo in the Halo-NLS-expressing
(nuclei) and non-transfected cells (cytosol). For Th-TMR-Halo: N(Nuclei) = 13 cells; N(Cyto) = 11 cells. For Fu-CR-Halo: N(Nuclei) = 12 cells; N(Cyto)
= 10 cells (λex = 405/561/638 nm, λem = 435−455 nm for Hoechst; 580−610 nm for Th-TMR-Halo; 671−745 nm for Fu-CR-Halo). (k) Time-
lapse images of Th-TMR-Halo (500 nM) in MCF7 cells expressing the Halo-NLS gene (λex = 561 nm, λem = 580−610 nm). 0 min indicates before
the addition of Th-TMR-Halo. (l) Normalized fluorescence intensity of Th-TMR-Halo at each time point. The error bar denotes mean ± SD; N =
10 cells at each time point. PC: phase contrast.
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these fluorophores, Fu-SiR-Acid and Th-CR-Acid were
relatively more stable than others under reducing conditions
(Figure S9). After assessing the QY in glycerol and GSH
sensitivity, we identified five fluorophores (Th-TMR-Acid, Th-
TMR-Py-Acid, Th-TMR-Ju-Acid, Th-CR-Acid, and Fu-CR-
Acid) as optimal candidates for probe development and further
investigations (Figures 2 and S9 and Table S1). Next, we
evaluated the viscosity sensitivity of the fluorophores over a
range of viscosities from 17 cP to 560 cP using the Förster−
Hoffmann equation (log I = x log η + C),59,60 where I
represents the fluorescence intensity, x denotes the viscosity
sensitivity, η indicates the solvent viscosity, and C is a constant
(Figure S10). All five fluorophores displayed strong linear
relationships between the solvent viscosity and fluorescence
intensity. The slope of the linear region was x = 0.55 (R2 =
0.99) for Th-TMR-Acid, 0.49 (R2 = 0.99) for Th-TMR-Py-
Acid, 0.45 (R2 = 0.99) for Th-TMR-Ju-Acid, 0.51 (R2 = 0.97)
for Th-CR-Acid, and 0.55 (R2 = 0.98) for Fu-CR-Acid. These
values are comparable to those for BODIPY-based fluorescent
molecular rotors,61 making them suitable candidates for probe
development. In contrast, Ph-TMR-Acid, with x = 0.03 (R2 =
0.57), showed insensitivity to the viscosity of the solvent.
Development of Fluorogenic Probes for HaloTag. To

validate the concept and practical utility of our fluorogenic
fluorophores, we designed probes by attaching them to ligands
for self-labeling protein tags such as HaloTag, SNAP-tag, and
PYP-tag. We first developed HaloTag-based probes for the
initial evaluation of the fluorogenic response and cell
permeability. HaloTag probes are initially nonfluorescent due
to free rotation of the furan/thiophene ring, but binding to
HaloTag restricts this rotation, enhancing fluorescence
intensity (Figure 3a). After conjugating HaloTag ligands to
fluorophores, we created Th-TMR-Halo, Th-TMR-Py-Halo,
Th-TMR-Ju-Halo, Fu-CR-Halo, and Th-CR-Halo, covering
red to far-red emission (Figure 3b). As expected, all of the
HaloTag probes demonstrated a pronounced fluorogenic
response in the presence of recombinant HaloTag, showing
fluorescence signal enhancements of up to 147-, 149-, 144-,
62-, and 54-fold for Th-TMR-Halo, Th-TMR-Py-Halo, Th-
TMR-Ju-Halo, Fu-CR-Halo, and Th-CR-Halo, respectively
(Figures 3c−f, S11, and S12). Moreover, all of the HaloTag
probes exhibited a greater than 11-fold enhancement in QY
upon binding to the HaloTag (Figure 3b). We also tested off-
target binding by exposing HaloTag probes to bovine serum
albumin (BSA) (20 μM). Except for Th-TMR-Ju-Halo, only a
minimal fluorescence increase was observed, indicating low off-
target binding (Figures 3c−f, S11, and S12). In addition, we
observed negligible fluorescence enhancement in the presence
of other proteins, indicating that HaloTag probes exhibited
high target selectivity (Figure S13). The labeling specificity was
further confirmed in cell lysates, which demonstrated scarce
off-target binding to other cellular proteins (Figure S14).
Fluorescence measurements in the presence of 0.1% sodium
dodecyl sulfate (SDS) showed no significant enhancement,
indicating that probe quenching was not due to aggregation
and confirming high selectivity for target proteins (Figures 3c−
f, S11, and S12). The labeling reactions for HaloTag were
confirmed by SDS−polyacrylamide gel electrophoresis
(PAGE) analysis (Figure S15). Moreover, the fluorescence
spectra of HaloTag-labeled Th-TMR-Halo were recorded
under denaturing conditions upon the addition of a 1% SDS
solution, resulting in a 14-fold decrease in fluorescence
intensity (Figure S16). This confirms the probe’s sensitivity

to the intact protein tag. Moreover, we tested our HaloTag
probes (Th-TMR-Halo, Th-TMR-Py-Halo, Th-CR-Halo, and
Fu-CR-Halo) for pH sensitivity. The free probes did not
exhibit pH sensitivity, nor did the probes labeled with HaloTag
across the pH range of 5−8, indicating their applicability in a
broad pH range (Figure S17). Next, we measured the second-
order rate constants (k2) of Th-TMR-Halo, Th-TMR-Py-Halo,
Th-TMR-Ju-Halo, Th-CR-Halo, and Fu-CR-Halo for binding
to HaloTag. The results showed k2 values ranging from 5.6 ×
103 to 2.8 × 104 M−1 s−1 of HaloTag probes, which are all
sufficiently fast and suitable for practical applications (Figure
S18).

To evaluate HaloTag probes for intracellular labeling, we
applied Th-TMR-Halo, Th-TMR-Py-Halo, Th-TMR-Ju-Halo,
Fu-CR-Halo, and Th-CR-Halo to no-wash live-cell imaging of
MCF7 cells transiently expressing a HaloTag called HA-Halo-
NLS62 in the cell nuclei. Using a no-wash imaging protocol
with confocal fluorescence microscopy, we observed bright
fluorescence signals from the nuclei of cells expressing HA-
Halo-NLS, while non-transfected cells or those not expressing
the HaloTag showed negligible fluorescence (Figures 3g,h and
S19). Upon calculating the nucleus-to-cytosol ratio, we found
that Th-TMR-Halo, Th-TMR-Py-Halo, Th-TMR-Ju-Halo, Fu-
CR-Halo, and Th-CR-Halo demonstrated 14.1-, 8.3-, 3.5-,
16.6-, and 6.6-fold increases in fluorescence intensity in the
nuclei of cells transiently expressing the HaloTag compared to
the cytosol of non-transfected cells (Figures 3i,j and S19).
Among the five HaloTag probes, Th-TMR-Halo and Fu-CR-
Halo showed the strongest fluorogenic responses in live cells.
Time-lapse imaging detected significant fluorescence within 10
min of incubation with 500 nM HaloTag probes, indicating
rapid cell permeability and efficient intracellular labeling (t1/2
in the cell (Th-TMR-Halo) = 9.6 min) (Figures 3k,l and S20).
Furthermore, HaloTag probes were capable of providing
sufficient signal intensity below 200 nM in live-cell no-wash
imaging (Figures S21−S23). We also tested Th-TMR-Halo at
5 and 10 nM, where it still produced a detectable signal
(Figure S24), demonstrating its sensitivity at low concen-
trations. Moreover, Th-TMR-Halo and Fu-CR-Halo showed
fluorescence signals from nuclei after labeling at higher
concentrations (5 μM, 10 μM, and 20 μM) without washing,
confirming their target specificities (Figure S25). Extended
imaging with Fu-CR-Halo using a wash protocol showed a
bright signal persisted over 6 h, demonstrating its suitability for
long-term protein tracking in live cells (Figure S26).
Comparison of the fluorogenic response of Th-TMR-Halo
with that of TMR-Halo, a commercially available HaloTag
probe, revealed that Th-TMR-Halo was 7.8-fold brighter than
TMR-Halo at the same concentration (Figure S27). This
enhanced fluorescence intensity of Th-TMR-Halo is likely due
to its greater cell permeability. TMR-Halo exists in a
zwitterionic form at neutral pH, which reduces its cell
permeability. Moreover, to evaluate the ability of the probes
to detect HaloTag in different organelles, we expressed
HaloTag in various locations, including the ER (Halo-
Sec61β63), mitochondria (COX8-Halo-mCherry64), and cyto-
plasm (MBP-Halo-mCherry64). Th-TMR-Halo, Th-TMR-Py-
Halo, Fu-CR-Halo, and Th-CR-Halo were used to detect
HaloTag in the ER (Figure S28a). Th-CR-Halo and Fu-CR-
Halo were used to detect HaloTag in the mitochondria (Figure
S28b,c), while MBP-Halo-mCherry was used for cytoplasmic
detection (Figure S28d). In the mitochondria and cytoplasm,
HaloTags were coexpressed with mCherry to show perfect
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colocalization with labeling by the HaloTag probes. The
imaging data demonstrate the utility of the probes for the no-
wash imaging of intracellular HaloTag in different cell
compartments.
Fluorogenic Probes for SNAP-Tag and PYP-Tag.

Following the successful fluorogenic response of the
HaloTag-based probes, we synthesized fluorogenic probes for
other self-labeling protein tags, such as SNAP-tag and PYP-tag
by conjugating Th-TMR-Acid with their ligands, creating Th-
TMR-SNAP and Th-TMR-PYP, respectively (Figure 4a,b).
Both probes exhibited fluorogenic responses and a >4-fold
increase in QY in the presence of their respective protein tags
(ΦFree = < 0.01; Φbound = 0.04 for Th-TMR-SNAP; ΦFree =
0.01; Φbound = 0.12 for Th-TMR-PYP) (Figures 4a−d and S29
and Table S3). The labeling of the tags with the probes was
confirmed by SDS−PAGE analysis (Figure S30). To expand
structural diversity, we also developed Th-TMR-Py-SNAP and

Th-CR-SNAP probes, both of which exhibited fluorogenic
responses upon binding to the SNAP-tag (Figure S31 and
Table S3). However, all SNAP-tag probes showed nonspecific
fluorescence enhancement in the presence of BSA (20 μM)
(Figures 4c and S31).

Additionally, increased fluorescence emission in the
presence of 0.1% SDS suggests the possible aggregation of
free probes in HEPES buffer (Figures 4c and S31). On the
other hand, Th-TMR-PYP did not exhibit significant non-
specific binding to BSA or an increase in fluorescence in the
presence of 0.1% SDS (Figures 4d and S29). We next
evaluated the SNAP-tag and PYP-tag probes under no-wash
live-cell imaging conditions. MCF7 cells transiently expressed
SNAP-NLS or PYPNQN-NLS in nuclei. Upon incubation with
Th-TMR-SNAP or Th-TMR-PYP, we can detect the
fluorescence signal from the nuclei along with a nonspecific
signal due to mislocalization of probes into mitochondria

Figure 4. Structures of (a) the SNAP-tag and (b) the PYP-tag probes. Emission spectra of (c) Th-TMR-SNAP (2.5 μM) and (d) Th-TMR-PYP
(2.5 μM) in the absence (red) and presence of SNAP-tag/PYP-tag (5 μM) (blue), 0.1% SDS (black), or BSA (20 μM) (green) in 20 mM HEPES
buffer, 150 mM NaCl, pH 7.4; λex = 570 nm. (e, f) Live-cell confocal fluorescence images of MCF7 cells expressing the (e) SNAP-NLS gene or
non-transfected cells with 1.0 μM Th-TMR-SNAP and (f) PYPNQN-NLS or non-transfected cells with 1.0 μM Th-TMR-PYP, preincubated with 1.0
μM MitoTracker Deep Red for 10 min, and costained with 1.0 μg/mL Hoechst. (g) The intensity analysis of Th-TMR-SNAP in the SNAP-NLS-
expressing (nuclei) and non-transfected (cytosol) cells: N(Nuclei) = 10 cells; N(Cyto) = 10 cells. (h) The intensity analysis of Th-TMR-PYP in the
PYPNQN-NLS-expressing (nuclei) and non-transfected (cytosol) cells: N(Nuclei) = 9 cells; N(Cyto) = 9 cells. For (e, f) λex = 405/561 nm, λem = 435−
455 nm for Hoechst; 580−610 nm for Th-TMR-SNAP and Th-TMR-PYP. (i) Schematic representation of merged color imaging of PYP probes on
the cell surface (PYPwt-EGFR) and inside the cell (PYPNQN-NLS) using PCAFgreen and Th-TMR-PYP. (j) Live-cell dual-color imaging of
HEK293T cells expressing the PYPwt-EGFR and PYPNQN-NLS genes using PCAFgreen (1.0 μM) and Th-TMR-PYP (1.0 μM), preincubated with
1.0 μM MitoTracker Deep Red for 10 min. PC: phase contrast.
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(Figure S32). However, costaining with MitoTracker dyes
(MitoTracker Deep Red, hereafter MTDR)65 significantly
improved the signal-to-noise ratio of these probes for the no-
wash imaging protocol (Figure 4e,f). While Th-TMR-SNAP
exhibited only a 2.2-fold enhancement of the nucleus-to-
cytosol ratio (Figure 4g), Th-TMR-PYP showed a 9.4-fold
enhancement (Figure 4h). We also found markedly reduced
mitochondrial accumulation of the SNAP-tag probe Th-TMR-
SNAP upon preincubation with carbonyl cyanide-p-trifluor-
omethoxyphenylhydrazone (FCCP), a nonfluorescent iono-
phore that transports proton to disrupts ATP synthesis in
mitochondria (Figure S33).66 Th-TMR-PYP labeled only the
intracellular inner membrane protein (Lyn11-PYPwt) but not
the extracellular surface protein (PYPwt-EGFR). This indicates
its high cell permeability and selectivity for intracellular
proteins (Figure S34), which is similar to the probes we
previously developed.67 Such localization selectivity enables
multicolor imaging using distinct fluorophores with different
emission spectra that allows simultaneous visualization of

multiple targets or structures.68 Thus, we performed dual-color
imaging of PYP-tag probes in HEK293T cells cotransfected
with the PYPwt-EGFR and PYPNQN-NLS genes (Figure 4i).
Upon labeling with a cell-impermeable probe PCAFgreen66

and a cell-permeable probe Th-TMR-PYP, PCAFgreen
specifically labeled PYPwt-EGFR on the cell surface, whereas
Th-TMR-PYP selectively labeled the intracellular protein in
the nucleus (Figure 4j).
Evolution of Highly Photostable and Improved

Fluorogenic Probes for HaloTag and SNAP-Tag. The
photostability of Th-TMR-Halo, Th-TMR-Py-Halo, and TMR-
Halo was evaluated by live-cell imaging under continuous laser
irradiation in MCF7 cells expressing Halo-NLS (Figure S35).
The data showed that both Th-TMR-Halo and Th-TMR-Py-
Halo exhibited poorer photostability compared to TMR-Halo,
indicating a need for further improvement (Figure S35).
Previous studies have shown that introduction of sulfonic acid
groups can enhance the photostability of fluorophores.69 In
addition, a recently reported cell-permeable probe conjugated

Figure 5. (a) Structures of Th-TMR-Acid and its derivative Th-TMR-S-Acid where a sulfonic acid group is introduced for improved photostability,
water solubility, and brightness. (b) Chemical structures of Th-TMR-S-Halo and Th-TMR-S-SNAP with their QY values in the free and bound
states. Emission spectra of (c) Th-TMR-S-Halo and (d) Th-TMR-S-SNAP (2.5 μM) in the absence (red) and presence of HaloTag/SNAP-tag (5
μM) (blue), 0.1% SDS (black), or BSA (20 μM) (green) in 20 mM HEPES buffer, 150 mM NaCl, pH 7.4; λex (Th-TMR-S-Halo and Th-TMR-S-
SNAP) = 570 nm. (e) Normalized fluorescence intensity of each probe for each time point. Continuous yellow laser (4.7 mW) irradiation for 60 s
was given for each time point. The error bar represents mean ± SD (N = 12 cells for Th-TMR-Halo, TMR-Halo, and Th-TMR-S-Halo; N = 15
cells for Th-TMR-Py-Halo). (f) No-wash super-resolution NSPARC image of live U2OS cells expressing the tubulin-Halo gene with 500 nM Th-
TMR-S-Halo. λex = 561 nm; λem = 570−616 nm. Scale bar: 10 and 5 μm (zoom). (g) No-wash super-resolution N-SIM image of fixed COS7 cells
expressing the tubulin-Halo gene with 10 nM Th-TMR-S-Halo. λex = 561 nm; λem = 620 nm. Scale bar: 5 and 2 μm (zoom).
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with sulfonic acid demonstrated improved water solubility.70

Based on these findings, we hypothesized that applying a
similar strategy could improve the photostability of Th-TMR-
Halo and reduce the nonspecific binding observed with our
SNAP-tag probe. Thus, considering the above advantages, we
synthesized a sulfonic-acid-linked Th-TMR-Acid fluorophore,
designated as Th-TMR-S-Acid, to enhance both photostability
and water solubility (Figure 5a). The fluorophore demon-
strated a high molar absorption coefficient due to high

solubility and showed a similar fluorogenic response from
MeOH to glycerol (ΦMeOH = 0.02; ΦGlycerol = 0.31) and
viscosity sensitivity x = 0.45 (R2 = 0.99) (Figure S36 and Table
S1). Th-TMR-S-Acid exhibited a 2-fold increase in brightness
in glycerol compared with Th-TMR-Acid, indicating its
suitability for probe development (Table S1). Thus, we
conjugated Th-TMR-S-Acid with HaloTag and SNAP-tag
ligands and created Th-TMR-S-Halo and Th-TMR-S-SNAP,
respectively. Th-TMR-S-Halo performed exceptionally well,

Figure 6. (a) Schematic illustration of ER whorl formation in response to ER stress. (b) Diagram showing HEK293T cells expressing Halo-Sec61β,
labeled with a HaloTag probe and treated with thapsigargin (Tg) to visualize ER whorls in live cells. (c) Live-cell imaging of ER whorls in
HEK293T cells expressing Halo-Sec61β labeled with 500 nM Th-TMR-S-Halo after treated with DMSO, 2.0 μM Tg, or 5.0 μM Tg for 6 h.
Zoomed-in regions highlight ER whorls (indicated by white arrows). Cells were incubated with Th-TMR-S-Halo for 60 min and washed with
HBSS buffer before treatment. (d) Quantification of the percentage of cells exhibiting ER whorls across treatment groups (DMSO, 2.0 μM Tg, and
5.0 μM Tg). (e) Number of ER whorls per ER whorl-positive cell. Error bars represent standard deviation (SD) from three independent
experiments. Statistical significance: ****p < 0.0001, ***p < 0.001. (f) Time-lapse live-cell imaging of Halo-Sec61β labeled with Th-TMR-S-Halo
(yellow) in the presence of 5.0 μM Tg and 1.0 μM ER-Tracker Green (green). Time 0 min indicates the point just before Tg addition (λex = 488/
561 nm, λem = 517−541 nm for ER Tracker Green and 580−610 nm for Th-TMR-S-Halo).
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displaying a fluorogenic response superior to that of Th-TMR-
Halo in the presence of HaloTag (ΦFree = 0.01; Φbound = 0.44)
(Figures 5b,c, S37, and S38 and Table S2). Moreover, Th-
TMR-S-SNAP exhibited reduced nonspecific binding to BSA
and improved fluorogenic response in the presence of the
SNAP-tag protein (ΦFree = < 0.01; Φbound = 0.16) (Figures
5b,d and S39 and Table S3). Although all the SNAP-tag probes
functioned as fluorogenic probes, further modifications or the
second-generation SNAP-tag protein or ligand (SNAP-tag2)71

could enhance the performance.
To assess the cell permeability of the sulfonic acid-

conjugated probes, we transiently expressed HaloTag (Halo-
NLS) or SNAP-tag (SNAP-NLS) in MCF7 cells and incubated
the cells with Th-TMR-S-Halo or Th-TMR-S-SNAP for 1.5 h.
Following cell washing in HBSS buffer, the cell lysates were
analyzed by SDS−PAGE, revealing fluorescence signals for
both probes (Figure S40). These results confirmed that the
probes are membrane-permeable and effectively label intra-
cellular proteins. Moreover, the cytotoxicity assay indicated
that the introduction of a sulfonic acid group into the probe
does not cause any detectable toxicity to the cells (Figure S41).
Time-lapse imaging of Th-TMR-S-Halo in cells expressing
HaloTag inside the cell nuclei revealed a slower labeling
reaction (t1/2incell(Th‑TMR‑S‑Halo) = 39 min) (Figure S42),
approximately four times slower than Th-TMR-Halo, likely
due to the reduced cellular permeability of the sulfonated
probe. However, Th-TMR-S-Halo exhibited a 16.2-fold
increase in the fluorescence intensity with transiently expressed
HaloTag within the nuclei compared to the cytosol of non-
transfected cells, outperforming Th-TMR-Halo (Figure S43).
Moreover, Th-TMR-S-Halo successfully visualized the cytos-
keleton in U2OS cells expressing tubulin-Halo (TUBB5-
Halo),72 showing strong colocalization with the commercial
tubulin probe SiR-Tubulin (Figure S44). Finally, we evaluated
the photostability of Th-TMR-S-Halo to see if introduction of
the sulfonic acid group significantly improved the photo-
stability of Th-TMR-Halo. The photostability of Th-TMR-S-
Halo was better than that of Th-TMR-Halo and comparable to
that of TMR-Halo, suggesting its potential suitability for super-
resolution imaging (Figures 5e and S35).73,74 Using U2OS or
COS7 cells expressing tubulin-Halo, we performed no-wash
super-resolution imaging using a confocal microscope with a
super-resolution detector (NSPARC)75 for live cells and
Super-Resolution Structured Illumination Microscopy
(SIM)76 for fixed cells. Th-TMR-S-Halo clearly visualized
the tubulin network in both live and fixed cells under no-wash
conditions, revealing the cytoskeletal structures with high
spatial resolution (Figures 5f,g and S45).

To evaluate Th-TMR-S-SNAP for live-cell imaging, we
expressed SNAP-tag in the nuclei of MCF7 cells and incubated
with the probe for 60 min. Under no-wash conditions, a clear
nuclear signal was observed, along with mild nonspecific
membrane staining (Figure S46). Although Th-TMR-S-SNAP
successfully labeled intracellular SNAP-tag, its signal was
weaker than Th-TMR-SNAP, likely due to reduced cell
permeability. We next applied Th-TMR-S-SNAP to imaging
cell-surface SNAP-tag proteins using the no-wash protocol.
HEK293T cells transiently expressing the SNAP-tagged β2
adrenergic receptor (SNAP-tag-ADRβ2) were incubated with
Th-TMR-S-SNAP. Confocal fluorescence imaging was success-
fully performed without removing the excess unreacted probe,
enabling clear visualization of the cell surface with the SNAP-
tagged protein-expressing cells, while non-transfected cells

showed a negligible fluorescence signal (Figure S47). More-
over, dual-color imaging was performed by using the HaloTag
and SNAP-tag probes. A SiR-SNAP−Th-TMR-S-Halo pair or
a Th-TMR-S-SNAP−Fu-CR-Halo pair was used against cells
expressing HaloTag and SNAP-tag in different cellular
compartments with a no-wash imaging protocol. Under these
conditions, we successfully obtained merged color images
using the two probes with distinct emission spectra,
demonstrating that the newly developed probes are promising
candidates for the simultaneous detection of multiple targets
without crosstalk (Figure S48).
Real-Time Imaging of ER Whorl Formation during ER

Stress. After developing protein-labeling probes, we used the
HaloTag probe and developed Th-TMR-S-Halo to study
dynamic ER whorl formation under stress. ER is a crucial
organelle responsible for protein synthesis, folding, and quality
control, playing a vital role in maintaining cellular homeo-
stasis.77−79 ER whorls are large, ring-like structures that are
formed under ER stress (Figure 6a). They can be visualized by
labeling ectopically expressed Sec61β, a key component of the
Sec61 translocon complex.80 To enable real-time monitoring of
ER whorl formation, we applied the Th-TMR-S-Halo probe.
We chose HEK293T cells, as they have been shown to form
ER whorls when exposed to stressors like thapsigargin (Tg).81

To visualize the localization of HaloTag within the ER, we
transiently expressed Halo-Sec61β in HEK293T cells and
labeled the cells with Th-TMR-S-Halo (Figure 6b). Cells were
then treated with 0, 2, or 5 μM Tg and incubated for 6 h. Live-
cell confocal microscopy revealed prominent ER whorl
formation, consistent with the previous studies81 (Figure 6c).
In the DMSO control group, 12.9 ± 4.9% of cells exhibited ER
whorls, whereas treatment with 2 and 5 μM Tg resulted in
whorl formation in 27.1 ± 6.2% and 32.9 ± 5.9% of cells,
respectively (Figure 6d). Some ER whorl structures were
observed in DMSO-treated control cells, likely due to transient
transfection-induced stress.

We further calculated the number of whorls per whorl-
positive cell, which indicated that the addition of Tg
significantly increased the number of whorls per cell (Figure
6e). To further investigate this phenomenon, we performed
long-term live-cell imaging over 6 h following the addition of
5.0 μM Tg to monitor the dynamics of ER whorl formation.
The time-lapse images visualized the dynamic formation of ER
whorls, demonstrating a clear benefit of our probe for
monitoring protein dynamics (Figure 6f). While the
commercially available ER-Tracker Green can also detect the
ER whorls, it is less feasible for monitoring dynamic events
(Figure 6f). Furthermore, we were also successful in imaging
the ER whorls without washing using Th-TMR-S-Halo,
visualizing the formation of ring-like whorls (Figure S49).
Thus, this newly developed probe enables real-time visual-
ization of the ER whorl formation, offering practical insights
into this dynamic process.
Expanding the Applications of Fluorogenic Fluoro-

phores Using Non-covalent Binding. Following the
successful application of our fluorogenic fluorophores with
self-labeling protein tags, we sought to apply them to non-
covalent protein detection under no-wash conditions. Existing
SiR- or TMR-based fluorophores struggle to detect EGFR
when linked to ligands like erlotinib.70 Developing fluorogenic
probes for non-covalent detection would expand their use in
imaging intracellular targets. To demonstrate this, we targeted
two proteins: intracellular BRD4 and membrane-bound EGFR
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to highlight the versatility of our fluorophores in live-cell
protein imaging.
Fluorogenic Probe for BRD4. To develop a fluorogenic

probe for intracellular protein detection, we selected BRD4, a
key bromodomain and extraterminal (BET)82 family protein
involved in gene regulation through recognition of acetylated
histones. BRD4 is a promising therapeutic target in cancer and
inflammatory diseases.83 Its significance is further underscored
by the development of targeted protein degraders such as
PROTACs and molecular glues that exploit BRD4 for selective
degradation.84 Its intracellular localization and biological
relevance make it an ideal model target to demonstrate the
capability of our non-covalent, fluorogenic probe for no-wash

live-cell imaging (Figure 7a). To create a fluorogenic probe for
BRD4, we conjugated the BRD4 inhibitor JQ185 to Th-TMR-
Py-Acid via a short linker, forming the compound JQ1-Th-
TMR-Py (JQ1-T) (Figure 7b and see supplementary
discussion). To evaluate the ability to detect the BRD4
protein, we used a transient expression system to generate
BRD4 in cells. NIH3T3 cells were transfected with the PYPwt-
BRD486 plasmid to introduce the protein to the cells. JQ1-T
was incubated with PYPwt-BRD4 expressing cells, which were
pretreated with MTDR, and no-wash live-cell confocal imaging
was conducted. Confocal fluorescence imaging data revealed
that a bright fluorescence signal was detected in the nuclei of
the cells (Figure 7c). However, non-transfected cells did not

Figure 7. (a) Schematic representation of the OFF−ON-based fluorogenic strategy for detection of bromodomain-containing protein 4 (BRD4).
(b) Structure of the BRD4 targeting probe JQ1-Th-TMR-Py (JQ1-T). (c) Live-cell confocal fluorescence images of PYP-BRD4-expressing or non-
expressing NIH3T3 cells with 500 nM JQ1-Th-TMR-Py, preincubated with 2.0 μM MitoTracker Deep Red for 10 min, costained with 1.0 μg/mL
Hoechst (λex = 405/561 nm and λem = 435−455 nm for Hoechst, 580−610 nm for JQ1-T). Images were captured after 30 min of incubation with
the respective probe without washing. (d) The intensity analysis of JQ1-Th-TMR-Py in the Halo-NLS (nuclei) and non-transfected cells (cytosol):
N(Nuclei) = 11 cells; N(Cyto) = 11 cells. (e) Schematic representation for the detection of EGFR targeting probes. (f) The structures of epidermal
growth factor receptor−tyrosine kinase domain (EGFR−TKD)-targeting probes gefitinib-Th-TMR-Py (Gefi-T) and erlotinib-Th-TMR-Py (Erlo-
T). (g) Live-cell imaging of endogenous EGFR with 5.0 μM Gefi-T on A431, HEK293T, or A431 after preincubation with 50 μM gefitinib
(+Gefitinib(A431)). Cells were preincubated with 2.0 μM MitoTracker Deep Red for 10 min before the addition of the probe (λex = 561 nm, λem =
580−610 nm for Gefi-T). (g) Fluorescence intensity analysis of the images of (h). The intensity analysis of Gefi-T in A431, HEK293T, and +
Gefitinib(A431). N(A431) = 71 cells, N(HEK293T) = 70 cells, and N(+Gefitinib(A431)) = 38 cells. (i) Live-cell imaging of A431 cells using Gefi-T upon gene
knockdown using EGFR-targeting or non-EGFR-targeting siRNA. Cells were preincubated with 2.0 μM MitoTracker Deep Red for 10 min before
the addition of the probe (λex = 561 nm, λem = 580−610 nm for Gefi-T). Images were captured after 15 min of incubation of the respective probe
without washing. PC: phase contrast.
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exhibit any significant nuclear fluorescence signal (Figure 7c).
Based on these findings, JQ1-T exhibited a 3.3-fold enhance-
ment in fluorescence intensity in the nuclei of transfected cells
compared to the cytosol of non-transfected cells (Figure 7d).
This result indicates that JQ1-T is capable of detecting BRD4
in cells without washing. To confirm the nuclear expression of
BRD4, we labeled the cells with C343-PYP, a green fluorogenic
PYP probe, with JQ1-T (Figure S50a). The fluorescence
signals from both probes showed perfect colocalization, further
confirming that the observed fluorescence signal from JQ1-T
originated from labeling BRD4 expressed in the cells (Figure
S50b). For further verification, we preincubated the cells with
10 μM JQ1 and observed only negligible fluorescence.
Fluorescence intensity analysis revealed a 4.4-fold decrease in
fluorescence intensity upon the addition of JQ1 as a
competitive unlabeled ligand (Figure S50c). This confirmed
that the fluorescence signal originated specifically from binding
of JQ1-T to BRD4 in the nuclei of the expressing cells,
indicating its potential for detecting BRD4 expression that can
be utilized for drug screening. Furthermore, we demonstrated
that adding FCCP, a nonfluorescent additive, enhances target-
specific detection of BRD4 expression (Figure S51).
EGFR-Targeting Fluorogenic Probes. We selected

EGFR as the target for detection of membrane proteins with
our fluorogenic probes because it is overexpressed in many
cancer cells.87 We developed novel fluorogenic probes by
conjugating EGFR-targeting tyrosine kinase inhibitors (TKIs)
gefitinib88 and erlotinib89 to Th-TMR-Py-Acid, resulting in
gefitinib-Th-TMR-Py (Gefi-T) and erlotinib-Th-TMR-Py
(Erlo-T), respectively (Figure 7e,f). The efficacy of the probes
for detecting EGFR overexpression was evaluated in live A431
cells using a no-wash imaging protocol because of high
expression of EGFR in the A431 cells.89 Initially, Gefi-T and
Erlo-T probes were mislocalized into mitochondria (Figure
S52). However, the addition of MTDR enhanced the
specificity and significantly improved the signal intensity for
EGFR detection (Figures 7g and S53). Imaging data with Gefi-
T and Erlo-T probes revealed strong fluorescence in A431 cells
primarily at the cell membrane, while non-EGFR-overexpress-
ing HEK293T cells showed a minimum fluorescence signal
(Figures 7g and S53). Gefi-T exhibited a superior fluorogenic
response compared to Erlo-T and was chosen for further
experiments. Gefi-T detected 6.2-fold higher fluorescence
intensity on the membrane of the A431 cells than the
HEK293T cells (Figure 7h), and Western blot verified that the
observed difference in the fluorescence intensities correlated
with the difference in the EGFR expression levels in those cells
(Figure S54). To confirm EGFR membrane expression, we
performed colocalization imaging using Cetuximab-Alexa488
that binds to the extracellular domain of EGFR alongside
intracellular tyrosine kinase domain (TKD)-binding Gefi-T
(Figure S55). The overlap of green and red signals confirmed
high EGFR expression on the membrane in A431 cells,
whereas HEK293T cells showed minimum fluorescence in
either channel under identical conditions. Additionally,
immunostaining further verified high EGFR expression on
the A431 cell membranes90 (Figure S56), supporting our
findings that the Gefi-T probe is capable of live-cell imaging
using the no-wash imaging protocol.

To compare the EGFR detection ability of our fluorogenic
probes with that of a spirolactam-based probe, we synthesized
MaP555-Erlo by conjugating erlotinib with MaP555, a
rhodamine fluorophore forming a spirolactam ring, and stained

the cells under no-wash conditions. Fluorescence imaging
revealed no fluorescence signal from intracellular compart-
ments, with high background fluorescence signals from the
extracellular media in both EGFR-expressing (A431) and non-
expressing (HEK293T and MCF7) cells (Figures S57 and
S58). These results indicate that MaP555-Erlo predominantly
remains in the ring-opened form in the medium and does not
produce detectable target signals due to its poor membrane
permeability and high background fluorescence. This high
background fluorescence impeded detection of the differences
in the EGFR expression levels among the different cell types
observed. A previous report also revealed that erlotinib-
conjugated spirolactone probes were unable to detect EGFR in
the A431 cell line.70 These results indicate that the nature of
the ligand or substituent attached to the fluorophore plays a
crucial role in determining the fluorogenic behavior of
spirocyclic and spirolactam-based probes.91,92 Collectively,
these findings highlight a key limitation of spirolactam-based
probes that rely on ligand conjugation for their fluorogenic
properties and emphasize the advantages of our fluorogenic
TKI conjugates for the detection of EGFR in live cells.

To verify binding of Gefi-T to the TKD of EGFR, we
preincubated the cells with 50 μM gefitinib before adding the
probe. The result showed that the presence of gefitinib resulted
in a 10-fold decrease in fluorescence signal in the A431 cells
(Figure 7g,h),93 indicating that binding of gefitinib competes
with binding of Gefi-T to EGFR to reduce probe uptake and
fluorescence signal intensity. Additionally, binding of Gefi-T to
the TKD of EGFR was validated through an siRNA experiment
conducted in A431 cells (Figure 7i), wherein a reduction in the
EGFR signal was observed by both Gefi-T fluorescence
measurements (Figure S59) and Western blotting (Figure
S60) when EGFR-targeting siRNA was introduced to the cells.
These findings confirm the specific binding of Gefi-T to EGFR
and demonstrate that it can selectively detect the over-
expression of EGFR intracellularly without washing, providing
a valuable tool for monitoring EGFR expression levels.

■ CONCLUSIONS
In conclusion, we developed a novel class of fluorogenic
fluorophores based on a xanthene core with finely tuned
intramolecular rotation, achieved by introducing five-mem-
bered heterocycles such as furan or thiophene at the 9-
position. This rotation-governed design enabled fluorescence
activation upon interaction with biomolecular targets. The
utility of this strategy was demonstrated by creating probes for
self-labeling protein tags, such as HaloTag, SNAP-tag, and
PYP-tag. Among them, HaloTag and PYP-tag probes showed
excellent cell permeability and enabled efficient no-wash
intracellular protein labeling in live cells. In particular, the
sulfonated variant Th-TMR-S-Halo exhibited strong fluoro-
genic activation and high photostability, highlighting its
potential for future nanoscopy research.

We demonstrated the practical utility of our HaloTag probes
by monitoring real-time ER whorl formation during ER stress,
highlighting their effectiveness in tracking protein dynamics in
living cells. Expanding beyond covalent labeling, we developed
the non-covalent probe JQ1-T for BRD4 detection. JQ1-T
enabled fluorogenic imaging via an OFF−ON response upon
BRD4 expression in live cells without washing, offering
potential for drug screening and monitoring of protein
overexpression.18 Additionally, the EGFR-targeting probe
Gefi-T showed strong membrane fluorescence in the EGFR-
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overexpressing cells. The selectivity and sensitivity were
validated by inhibitor treatments and siRNA knockdown,
demonstrating the broad applicability of our design strategy for
detecting EGFR across different cell lines. While the current
BRD4 and EGFR probes benefit from the inclusion of MTDR
as an additive, future structural optimization may improve their
performance and eliminate the need for such additives. To
deepen our understanding, we investigate the fluorogenic
mechanism of these probes using advanced theoretical
calculations, which may guide the development of next-
generation fluorophores. Such new designs may not only
enable precise modulation of fluorescence activation but also
provide strong insight into the incorporation of other five-
membered heterocycles to create improved and customizable
probes. Overall, our approach expands the molecular toolkit
for biomolecule detection in live cells and paves the way for
future applications in biological and medical research.
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