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ABSTRACT: Activity-based detection of γ-Glutamyltranspeptidase
(GGT) using near-infrared (NIR) fluorescent probes is a promising
strategy for early cancer diagnosis. Although NIR pyridinium probes
show high performance in biochemical analysis, the aggregation of
both the probes and parental fluorochromes in biological environ-
ments is prone to result in a low signal-to-noise ratio (SBR), thus
affecting their clinical applications. Here, we develop a GGT-
activatable aggregate probe called OTBP-G for two-photon
fluorescence imaging in various biological environments under
1040 nm excitation. By rationally tunning the hydrophilicity and
donor−acceptor strength, we enable a synergistic effect between
twisted intramolecular charge transfer and intersystem crossing
processes and realize a perfect dark state for OTBP-G before activation. After the enzymatic reaction, the parental
fluorochrome exhibits bright aggregation-induced emission peaking at 670 nm. The fluorochrome-to-probe transformation
can induce 1000-fold fluorescence ON/OFF ratio, realizing in vitro GGT detection with an SBR > 900. Activation of OTBP-G
occurs within 1 min in vivo, showing an SBR > 400 in mouse ear blood vessels. OTBP-G can further enable the early detection
of pulmonary metastasis in breast cancer by topically spraying, outperforming the clinical standard hematoxylin and eosin
staining. We anticipate that the in-depth study of OTBP-G can prompt the development of early cancer diagnosis and tumor-
related physiological research. Moreover, this work highlights the crucial role of hydrophilicity and donor−acceptor strength
in maximizing the ON/OFF ratio of the TICT probes and showcases the potential of OTBP as a versatile platform for activity-
based sensing.
KEYWORDS: aggregation-induced emission, twisted intramolecular charge transfer, metastatic cancer imaging, near-infrared fluorescence,
γ-glutamyltranspeptidase

INTRODUCTION
Early diagnosis of cancer is crucial in clinical oncology. Even
tiny foci (2 to 3 mm) of cancer metastases or invading cells can
be a deadly threat to human health.1,2 However, current
biomedical imaging techniques can hardly achieve early
diagnosis owing to the low sensitivity and poor spatial
resolution. Commonly used positron emission tomography
and computed tomography can hardly detect tumors less than
1 cm in diameter.3 As an important cancer-associated enzyme,
γ-glutamyltranspeptidase (GGT) has attracted particular
interest.4,5 GGT plays a vital role in maintaining cellular
homeostasis of redox metabolism. It is highly expressed on the
cell membrane of various cancer cells, promoting tumor

progression, invasion, and drug resistance.6,7 Therefore,
accurate detection of GGT can greatly enhance the efficacy
of tumor diagnosis.
Currently, the clinical method to detect GGT is a

colorimetric assay kit. GGT can transfer a γ-glutamyl group
from glutamyl p-nitroaniline to N-glycyl glycine, producing p-
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nitroaniline (Sigma-Aldrich, λab = 405 nm). The enzyme-
linked immunosorbent assay technology based on the
colorimetric method can also detect GGT activity and has
better specificity (MyBioSource, λab = 450 nm). However,
colorimetric methods involve a complex sample processing
procedure and cannot directly detect GGT activity in
biological environments. Activity-based fluorescent probes
with a turn-on property offer several advantages in optical
detection, including high spatiotemporal resolution, high
sensitivity, and safe nonionizing radiation.8,9 Besides the
commercial fluorometric assay kit (Sigma-Aldrich, λex = 365
nm, λex = 460 nm), in recent years, several activable fluorescent
probes have been developed for detecting and imaging GGT in
tumor cells and living animals.5,10 −17 However, their practical
clinical applications are still impeded by the low signal-to-
background ratio (SBR), which is mainly caused by the strong
background noise or the unsatisfactory brightness. Researchers
have developed multiple strategies to improve the imaging
quality. A widely accepted method is to red-shift the excitation
wavelength of the contrast fluorochromes. As a biological
transparent window, the second near-infrared (NIR-II, 1000−
1700 nm) excitation affords minimal autofluorescence and
background signals.8,18,19 Recent works have revealed that
tissue penetration depth and imaging resolution will be
enhanced by the bathochromic shift of excitation wavelength
to the NIR-II region.20−22 The most extensively used optical
imaging modality with NIR (650−1700 nm) excitation is two-
photon fluorescence (2PF) imaging.23−25 This technique
involves the simultaneous absorption of two low-energy
photons by the fluorochrome, efficiently red-shifting the
excitation wavelength. Some researchers have developed 2PF
probes for GGT detection.26−29 However, none of them have
explored the usage of the NIR-II excitation for enhanced
imaging qualities.
On the other hand, the NIR-II excitation does not

necessarily enhance the SBR. NIR-II excitable fluorochromes
tend to form aggregates when applied to physiological
environments due to the inevitable large conjugation and
high hydrophobicity. The aggregation process can cause the
aggregation-caused quenching effect, where π-conjugated
fluorophores can lose their ability to fluoresce.30−32 If the
fluorescence transition of the fluorochrome cannot be retained,
it is impossible for its corresponding probe to achieve a

satisfactory turn-on process. The development of luminogenic
materials with aggregation-induced emission (AIE) has
significantly contributed to solving the quenching problem.33,34

In general, AIE luminogens (AIEgens) are highly emissive in
the aggregate state due to the restriction of intramolecular
motion (RIM).35−37 In addition to strong fluorescence,
organic aggregates formed by hydrophobic AIEgens can
overcome the cellular diffusion to provide durable and stable
fluorescent signals for long-term tracking.38,39 In recent studies,
researchers have reported some NIR-II two photon-excitable
AIEgens for high-resolution imaging of brain vasculature.40−43

Therefore, NIR-II excitable AIEgens are promising fluoro-
chromes for designing turn-on probes for high SBR tumor
imaging.
The AIE strategy makes bright fluorochromes possible in the

aggregate state. On the other hand, we still need to create an
ideal dark state for the resulting probes to achieve a turn-on
process. Twisted intramolecular charge transfer (TICT) is a
commonly used dark state in various commercial probes,
including Thioflavin T (amyloid-beta peptides), SYBR Green I
(DNA), and Spinach aptamer (RNA).44 A strong donor−
acceptor (D−A) interaction, a polar environment, and
sufficient space for molecular twisting are three prerequisites
of a successful TICT process.45 Therefore, hydrophilic
molecules with strong D−A strength are potentially TICT-
active. Pyridinium and quinolinium structures are commonly
used acceptors for TICT molecules. When constructing
activable probes with these charged structures, fluorescence
can be activated by weakening the TICT effect if the removal
of a head trigger arouses an elimination reaction via electron
cascade to generate the corresponding neutral fluoro-
chrome.46,47 Unfortunately, in many cases, the probes inherit
the hydrophobicity from their parental fluorochromes, leading
to severe intermolecular interactions by forming aggregates
and thus hindering the TICT process. In fact, many TICT
molecules with pyridinium and quinolinium structures are also
bright AIEgens in biological environments, making activity-
based turn-on sensing impractical (Chart 1).48−53 Thus, other
strategies are further demanded to enable perfect dark states
for pyridinium and quinolinium probes.
Dark state engineering can be effectively implemented by

enhancing the TICT effect.54 Compared to commonly used
electron donor diphenylamine (DPA), methoxy-substituted

Chart 1. Representative Fluorophores with Pyridinium and Quinolinium Structures that Exhibit AIE Effects in Biological
Environments
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DPA boasts stronger electron-donating ability and hydro-
philicity.55,56 Our recent work revealed that methoxy groups
efficiently induce a dark state for AIEgens.57 Therefore, in this
work, we synthesized two GGT-responsive probes named
OTBP-G and ODBP-G using methoxy-DPA as the electron
donor and pyridinium as the electron acceptor. The chemical
structures of the two probes differ by one benzene ring, which
makes ODBP-G more hydrophilic. The marriage of the
methoxy-DPA with the pyridinium can significantly quench
the probe fluorescence, compared to previous work where
DPA is used as the donor.48,50 Surprisingly, despite being
relatively hydrophobic and water-insoluble compared to water-
soluble ODBP-G, OTBP-G still keeps a negligible background
due to the intersystem crossing (ISC) process. This synergistic
effect of TICT and ISC processes is presumably caused by
efficient charge separation in OTBP-G.58 After hydrolysis by
GGT, two probes can generate NIR-II excitable AIEgens called

OTBP and ODBP, respectively. More importantly, OTBP-G
demonstrates a much better turn-on performance due to the
stronger AIE effect of the released fluorochrome OTBP, whose
aggregate-state emission are 1000 times brighter than the
background signal of OTBP-G. The ON/OFF effect is
extremely high, as most NIR-emissive probes have an ON/
OFF ratio of less than 200 in cuvettes.2,59,60 OTBP-G realizes
highly sensitive detection of GGT activity in vitro with an SBR
> 900. In the in vivo GGT imaging, we achieved an SBR > 400
in mouse ear vascular using a 1040 nm fs laser. The results
prove that the 1000-fold ON/OFF ratio realize a “zero”
background and very high sensitivity for GGT detection in
biological environments. We successfully utilized OTBP-G for
in vivo tumor imaging in an orthotopic breast cancer model
and early diagnosis of tumor metastasis by topically spraying.
These results demonstrate bright application prospects of
OTBP-G.

Figure 1. Characterization of AIE fluorochromes. (a) Chemical structures of OTBP and ODBP. (b) Frontier molecular orbitals of OTBP
based on the optimized geometries of the S0 and S1 states, respectively. (c) Photophysical properties of OTBP (λex = 470 nm) and ODBP
(λex = 500 nm) in a DMSO/water mixture with the water fraction ( fw) of 99%. [OTBP] = [ODBP] = 10 μM. (d) Photoluminescence (PL)
spectra of OTBP in DMSO/water mixtures at different fw. [OTBP] = 10 μM; λex = 470 nm. (e) Plots of relative PL intensity of OTBP and
ODBP versus fw. [OTBP] = [ODBP] = 10 μM. I0 = PL intensity in DMSO. (f) Size distributions of OTBP aggregates in DMSO/water
mixtures. (g) TEM image of OTBP aggregates in DMSO/water mixture at fw = 70% with selected area electron diffraction pattern.
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RESULTS AND DISCUSSION
Characterization of AIE Fluorochromes. To design the

fluorochrome, we first synthesized the NIR-II excitable
AIEgens called OTBP and ODBP with typical D−A structures
(Figure 1a). They can further react with a GGT trigger to form
the pyridinium probes called OTBP-G and ODBP-G,
respectively. Their structures were characterized by 1H
NMR, 13C NMR, and high-resolution mass spectra (Figures
S1−S17). OTBP and ODBP are derivatives of the previously
reported AIEgen named TBP (Chart S1).61 Although TBP can
also act as a fluorochrome with bright emission, its
fluorescence spectrum only shows a tail in the NIR range.62

Additionally, its pyridinium derivatives show obvious AIE
effects, which increase the risk of background noise and
impede probe development using TBP as a fluorochrome.48

Thus, we modified TBP by introducing the methoxy groups.

Compared to TBP (CLogP = 7.85, Chart S1), both OTBP
(CLogP = 7.83) and ODBP (CLogP = 6.50) demonstrate
reduced CLogP values, indicating the hydrophilicity of the
methoxy groups (Figure 1a). Due to the absence of a benzene
ring, ODBP is much more hydrophilic than OTBP. Density
functional theory (DFT) calculations were conducted to show
the electronic properties of OTBP and ODBP at their S0 and
S1 states, respectively. As shown in Figures 1b and S18, the
highest occupied molecular orbitals (HOMOs) of both
molecules are delocalized along the conjugated backbone,
while the lowest unoccupied molecular orbitals (LUMOs) are
located mainly on the electron acceptors. Interestingly, the
molecular configuration undergoes significant twisting when
the molecules are excited. The planes of methoxy-DPA and
benzothiadiazole are almost perpendicular. The HOMOs and
LUMOs show obvious separation, while the bandgaps also

Figure 2. Characterization and mechanistic investigation of TICT probes. (a) Schematic illustration depicting the preparation and
mechanism of the TICT probes. (b) PL spectra of OTBP-G in DMSO/water mixtures at different fw (λex = 520 nm) and OTBP aggregates
formed at fw = 70% (λex = 470 nm). [OTBP] = [OTBP-G] = 10 μM; (c) Decomposition rate of ABDA (50 μM) under white light irradiation.
A0 represents the initial absorbance of ABDA at 378 nm in the presence of OTBP-G, ODBP-G, or Rose Bengal in the DMSO/water mixture
at fw = 99%, while A represents the absorbance of ABDA in the above mixture after irradiation. (d and e) Femtosecond transient (fs-TA)
spectra and kinetic traces (orange circle) of OTBP-G at 600 nm with the fitting lines (black lines, solid) obtained at different pump−probe
delay times in DMSO. [OTBP-G] = 100 μM. (f and g) fs-TA spectra and kinetic traces of OTBP-G at 650 nm with the fitting lines obtained
at different pump−probe delay times in the DMSO/water mixture with fw = 99%. [OTBP-G] = 100 μM.
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significantly decrease, exhibiting distinct TICT characteristics.
The results imply that when OTBP and ODBP are well
dissolved in polar solvents, the TICT process will largely
quench their fluorescence.
Then, we experimentally studied their photophysical proper-

ties in different states. Figure 1c indicates the absorption and
photoluminescence (PL) of ODBP and OTBP aggregates in
the aqueous medium. Pleasingly, their PL spectra are mainly
located in the NIR range with peaks at around 670 nm. ODBP
shows much weaker PL than OTBP, probably due to the
compromised RIM effect resulting from its improved hydro-
philicity. We also conducted time-resolved PL (TRPL) to
measure the fluorescence lifetime (τ) of ODBP and OTBP
aggregates. As shown in Figure S18b, OTBP exhibits a longer τ
of 2.25 ns compared to ODBP (τ = 0.93 ns). The lifetime
difference clearly indicates the stronger suppression of the
nonradiative decay pathways of OTBP aggregates. OTBP and
ODBP show obvious absorption beyond 500 nm, indicating
their capacity for two-photon excitation through NIR-II light.
We then studied the AIE effects of both fluorophores (Figures
1d,e, and S19a). OTBP and ODBP demonstrate negligible PL
in their good solvent DMSO, which is consistent with the DFT
calculation. Upon gradually adding water, their PL is obviously
enhanced, and OTBP exhibits more significant PL enhance-
ment, proving its stronger RIM effect (Figure 1e). The PL of
OTBP is dramatically enhanced at the water fraction ( fw) of
60% and reaches to the maximum when fw = 70%. Further
increasing fw reduces the PL (Figure 1e). The size distributions
of OTBP aggregates when fw = 70%, 90%, and 99% were
characterized using dynamic light scattering (DLS). OTBP
forms large aggregates with a mean diameter (d) of 188.8 nm
when fw = 70%, and the size decreases when fw increases to
90% (d = 83.8 nm) and 99% (d = 46.1 nm) (Figure 1f).
Commonly, a higher fw leads to a faster nucleation rate,
resulting in smaller aggregates.63 As the size of the aggregates
decreases, more free molecules appear on the surfaces,
exhibiting active molecular motions due to the absence of
spatial restriction. Thus, small aggregates demonstrate lower
PL intensity, consistent with our experimental results. We
further used transmission electron microscopy (TEM) to
examine the morphology and molecular packing of OTBP
aggregates. Figure 1g shows clear lattice fringes and diffraction
signals from OTBP aggregates when fw = 70%, indicating their
high crystallinity. However, it is hard to observe diffraction
signals from OTBP aggregates when fw = 99% (Figure S19b,c).
Thus, both the size and crystallinity account for the higher PL
intensity of OTBP aggregates when fw = 70%.
On the contrary, ODBP begins to show observable PL when

fw = 80% (Figure 1e). Its PL further increases when fw reaches
90% and 99%, with a much weaker AIE effect than OTBP.
Figure S19d shows that the size of the ODBP aggregate is
larger at fw = 80% (d = 245.3 nm) than at fw = 99% (d = 86.1
nm). However, the smaller ODBP aggregates at fw = 99%
exhibit higher PL intensity. This abnormal phenomenon can
be explained by the fact that ODBP aggregates exhibit lattice
fringes and diffraction signals only when fw = 99%, indicating
that crystallinity plays a more important role in the AIE effect
of ODBP than size (Figure S19e,f). The above results prove
the RIM effects of OTBP and ODBP. Additionally, OTBP is a
brighter AIEgen due to a higher extent of RIM when forming
aggregates. Notably, OTBP can form bright aggregate ( fw >
50%) more easily than ODBP ( fw > 80%). Considering the
complexity of the biological environment, we think that OTBP

is a better candidate for bioimaging and fluorochrome. To our
delight, OTBP aggregates boast an obvious two-photon
absorption cross section in the NIR-II window, indicating its
potential in NIR-II excitable two-photon imaging (Figure
S20).

Characterization and Mechanistic Investigation of
TICT Probes. Next, we introduced a γ-glutamyl moiety and a
self-immolative linker into OTBP and ODBP to prepare GGT-
sensitive probes called OTBP-G and ODBP-G, respectively
(Figure 2a). The γ-glutamyl moiety and the generated
pyridinium structure ensure improved hydrophilicity and D−
A interactions for the enhanced TICT effects of the probes.
We speculate that the pyridinium probes would generate their
neutral parental fluorochromes after the enzymatic reaction,
and the enhanced hydrophobicity would trigger the
aggregation of the fluorochromes to show durable fluorescent
signals. According to the calculated CLogP values, both
OTBP-G and ODBP-G are more hydrophilic than their
corresponding fluorochromes (Chart S1). ODBP-G is more
hydrophilic than OTBP-G due to the absence of a benzene
ring. This finding is consistent with the observation that
ODBP-G is soluble in water, while OTBP-G is not. The
enhanced charge transfer properties can be proved by the
bathochromic absorption peaks of OTBP-G and ODBP-G
(Figure S21a,b). We then measured the PL spectra of the
pyridinium probes in DMSO/water mixtures with different fw.
As shown in Figure 2b, OTBP-G shows negligible PL signal as
both single molecules and aggregates. Compared to bright
OTBP aggregates, the pyridinium-based strategy can weaken
the PL intensity by about 1000 times, showing an ultrahigh
ON/OFF effect. ODBP-G exhibits a similar property, while the
PL weakening effect is only about 60 times compared to
ODBP (Figure S21c). The diminished quenching effect of
ODBP-G is attributed to the weaker PL of ODBP.
Reasonably, the water-solubility of ODBP-G ensures free

molecular motions in an aqueous medium to induce the TICT
effect to quench its PL. However, we are extremely interested
in the exact reason behind the low PL of the OTBP-G
aggregate. The PL decays of the probes were first studied.
Although both probes are weakly emissive, their PL emission
peak can be determined to be about 700 nm by 2PF spectra
(Figure S22a). The TRPL measurement reveals that ODBP-G
exhibits a biexponential decay at 700 nm with a mean lifetime τ
of 0.10 ns, which is shorter than that of a typical TICT
molecule named DASPI (τ = 0.28 ns) (Figure S22b).64 Such a
fast decay could result from the strong TICT effect of ODBP-
G. Interestingly, OTBP-G shows an even faster fluorescence
lifetime (τ = 0.05 ns) despite its poorer hydrophilicity and
TICT effect. Combined with the fact that OTBP-G is insoluble
in water, we think that there should be an additional
nonradiative decay channel for OTBP-G.
Since triplet state usually competes with singlet state to

quench the fluorescence,65 the commercially available 9,10-
anthracenediyl-bis(methylene)-dimalonic acid (ABDA) was
employed as an indicator to evaluate their 1O2 generation
ability. Using Rose Bengal as a reference, OTBP-G
demonstrates a strong 1O2 generation ability (1O2 quantum
yield = 63%), while ODBP-G has a 1O2 quantum yield of only
8% (Figures 2c and S23). It can be inferred that ISC should
contribute to the dark state of OTBP-G aggregates. The
femtosecond transient absorption (fs-TA) experiments were
implemented to prove our deduction further. The fs-TA results
of ODBP-G indicate that its excited state decays on a time
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scale of less than 100 ps in DMSO (Figure S22c,d). In the
aqueous solution, ODBP-G decays even faster, primarily due to
the increased polarity (Figure S22ef). These results prove that
the quenching effect of ODBP-G is closely related to its TICT
effect, enabled by its robust molecular motions. OTBP-G also
decays fast in DMSO (Figure 2d,e). However, it is observed
that a new long-lived component (τ = 567.6 ps) emerges after
aggregation of OTBP-G molecules, while short-lived species
still dominate (Figure 2f,g). The dominant short-lived species
implies that molecular motions remain vivid in OTBP-G
aggregates, and most excitons will decay through the TICT
process. On the other hand, the long-lived component suggests
other ways to dissipate the excited-state energy. Based on the
1O2 generation ability and the fs-TA results, the efficient ISC is
a highly possible nonradiative decay pathway for OTBP-G.
This accessible triplet state may be due to the charge
separation of TICT molecules,58 indicating that pyridinium-

based TICT molecules are suitable to create an OFF state for
turn-on probes as long as they have a certain hydrophilicity.

GGT-Responsive Properties of TICT Probes. Now we
notice that the pyridinium strategy can quench the PL of
ODBP and OTBP. We then evaluated the turn-on properties
of OTBP-G and ODBP-G to prove the feasibility of our design
strategy (Figure 3a). When incubated with 200 U/L of GGT,
the NIR emission of OTBP-G gradually increases (Figure
3b,c). As shown in Figure S24a, the absorption bands at 520
and 380 nm decrease in the presence of GGT, whereas the new
absorption spectrum of the enzymatic reaction mixture closely
matches that of OTBP. The PL enhancement of OTBP-G is
dependent on the GGT concentration (Figure 3d). Fur-
thermore, there is a good linear relationship between the PL
intensity and GGT concentration in the range of 0−25 U/L
(Figure 3e). The limit of detection of OTBP-G is estimated to
be 0.54 U/L by 3σ/k, indicating the high sensitivity for the
detection of GGT. We also determined the kinetic parameters

Figure 3. GGT-responsive property of OTBP-G. (a) Schematic illustration depicting the mechanism of the GGT activation process. (b)
Time-dependent PL enhancement when OTBP-G was incubated with GGT (200 U/L) in the mixture of 1X PBS/PEG300 (VPBS/VPEG = 6:4).
[OTBP-G] = 10 μM; T = 37 °C; λex = 470 nm. (c) Plot of relative PL intensity at 630 nm (I/I0) versus incubation time; I0 = PL intensity
without GGT addition. (d) PL enhancement of OTBP-G when incubated with GGT with different concentrations for 6 h. [OTBP-G] = 10
μM. (e) Linear fitting curve of PL intensity at 630 nm versus the concentration of GGT. [GGT] = 0−25 U/L; n = 3. (f) Fluorescence
responses of OTBP-G to various analytes. [OTBP-G] = 10 μM.
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to evaluate the efficiency of OTBP-G for GGT detection. In
the low concentration range, there is an excellent linear
relationship between the PL intensity at 650 nm and OTBP
concentration (Figure S24b). Therefore, we can use the
fluorescence signal to accurately measure the content of OTBP
generated during the enzymatic reaction process. The limiting
rate Vmax and Michaelis constant Km were established from
Michaelis−Menten plots using 100 U/L GGT upon
incubation with different concentrations of OTBP-G (Figure
S24c,d). The apparent Km of OTBP-G is calculated to be 5.84
μM through kinetic calculations, which is a low value among
the reported probes.13 In contrast, when incubating ODBP-G
with GGT, we cannot probe the obvious PL even at a high
GGT concentration (Figure S25). The negligible PL change of
ODBP-G could either due to the low brightness of the
generated ODBP or its low reactivity toward GGT. Thus, we
evaluated the reactivity of our probes toward GGT using
ultraperformance liquid chromatography−mass spectrometry
(UPLC-MS). As shown in Figures S26 and S27, after being
incubated with GGT, both ODBP-G and OTBP-G can hardly
be detected. Further analysis proves that OTBP or ODBP can
be generated after the enzymatic reaction with GGT (Figure
S28). Therefore, both of our probes boast satisfactory
reactivity toward GGT, and the better turn-on property of
OTBP-G results from the higher brightness of the generated
OTBP. Figure 3f displays the selectivity evaluation of OTBP-
G. The probe only responds to GGT, while subtle changes
were observed upon incubation with other biological species.
In Vitro GGT Imaging. Before evaluating the GGT

detection in biological environments, the cytotoxicity of
OTBP-G and ODBP-G were tested first to ensure their

biosafety. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay result in the NIH-3T3 cell line
indicates satisfactory biosafety even at a high probe
concentration of larger than 100 μM (Figure 4a). The turn-
on effects of OTBP-G and ODBP-G using 1040 nm excitation
were evaluated in GGT-positive 4T1 cancer cells. After
incubating for 30 min, 4T1 cells stained with OTBP-G show
much stronger PL than the ones stained with ODBP-G due to
the high brightness of OTBP (Figure 4b). Next, we used
different cell lines to investigate whether OTBP-G can
discriminate cells with different GGT expressions (Figure
4c). Cancerous cells like HepG2 and 4T1 show high GGT
expression, resulting in strong PL. On the contrary, normal
cells like HUVEC and NIH-3T3 with low GGT expression
exhibit weak PL, indicating that the turn-on PL intensity of
OTBP-G positively correlates with GGT activity in cells.
ODBP-G can also differentiate these cells. However, due to the
weak fluorescence of the generated ODBP, the turn-on effect
in cancerous cells is vague (Figure S29a). These results are
consistent with the previous experimental data and prove that
OTBP-G is a better two-photon-excitable turn-on probe for
GGT detection and imaging. The colocalization experiments
show that the PL signals of OTBP-G mainly localize in the
lipid droplets (Figure S29b,c). It can be inferred that after
GGT hydrolyzed OTBP-G, the generated OTBP enters lipid
droplets due to its lipophilicity, where the less polar
environment of lipid droplets ensures a strong PL for GGT
sensing. The turn-on kinetics of OTBP-G in HepG2 cells were
studied, showing that only a 5 min incubation can generate a
strong PL and the cellular PL intensity gradually increases
during a 30 min imaging process (Figure 4d). Amazingly, this

Figure 4. Evaluation of TICT probes in vitro. (a) Cytotoxicity of OTBP-G and ODBP-G in NIH-3T3 cell line. Data represent means ± SD; n
= 5. (b) PL spectra of 4T1 cells after treated with OTBP-G or ODBP-G. λex = 1040 nm. (c) 2PF images of cell lines with different GGT
expression treated with OTBP-G (30 min, 10 μM, λex = 1040 nm, λem = 604−678 nm) and Hochest (15 min, 10 μg/mL, λex = 840 nm, λem =
415−485 nm). (d) Turn-on process of OTBP-G in the HepG2 cell line. Data represent means ± SD; n = 5. (e) Effect of a GGT inhibitor
named GGsTop on the turn-on process of OTBP-G. (f) Recognition of GGT-positive 4T1 cells from GGT-negative NIH-3T3 cells enabled
by OTBP-G in the coculture environment.
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wash-free imaging achieves an SBR > 900. To validate that the
turn-on effect is exclusively caused by GGT, we used a GGT
inhibitor called GGsTop to treat the cells. Figure 4e proves
that after down-regulation of the GGT activity in 4T1 cells
using GGsTop, the PL of OTBP is significantly reduced.
Figure 4f shows that OTBP-G can specifically recognize GGT-
positive 4T1 cells from GGT-negative NIH-3T3 cells in a
coculture environment, demonstrating the ability of OTBP-G
to specifically recognize GGT-positive cancer cells in complex
biological environments.

GGT Imaging at the Organ Level. 2PF in vivo imaging
not only provides deeper penetration depth but also enables
the excitation of label-free biological fluorescence signals, such
as second-harmonic generation (SHG), which are beneficial
for obtaining more information about the biological micro-
environment. Figure 5a illustrates the rapid turn-on effect of
OTBP-G in mice blood vessels over a 300-s period. The green
SHG signal of collagen fibers allows simultaneous micro-
environment monitoring. Initially, the blood vessels show
minimal background autofluorescence. However, the angiog-
raphy becomes clearly visible at around 60 s post intravenous
injection of OTBP-G. Gradually, the PL intensity continues to
increase throughout the 300-s process (Figure 5b). At 300 s,
the signal-to-background ratio (SBR) reaches 392. As depicted
in Figure S30, the PL signal reaches the peak at 30 min
postinjection, with an SBR exceeding 400. Subsequently, the
PL signal gradually decreases due to physiological clearance,
and the signal at 3 h postinjection can still maintain larger than
60% of that at 300 s. The results indicate that the probe’s
metabolism within the body is stable and sufficiently slow,
allowing for an extended observation time window for
visualizing blood vessels. The high SBR of OTBP-G can be

attributed to the excellent turn-on effect of OTBP-G and NIR-
II excitation. Thanks to the high sensitivity of OTBP-G toward
GGT, we utilized this probe to evaluate the GGT level in
various organs. As shown in Figure 5c, OTBP-G can
discriminate different GGT levels when being sprayed on
different tissue sections. This result establishes OTBP-G as a
sensitive GGT indicator for biological research.

Orthotopic and Metastatic Tumor Imaging Using
OTBP-G. To explore the potential of OTBP-G toward
practical clinical application, we first evaluated the probe
using an orthotopic breast cancer model (Figure 6a).
Compared to traditional subcutaneous tumor models,
orthotopic tumor models can better simulate the original
tumor microenvironment and have high representativeness for
practical applications. Figure 6b illustrates that OTBP-G
fluorescence can be rapidly turned on after intratumoral
injection, clearly revealing the site of tumor growth, while in
the healthy mice, subcutaneous injection of OTBP-G does not
generate observable PL signals afterward. After slicing the
tumor tissue, we stained and imaged the slices with OTBP-G.
The tumor slices show bright red fluorescence upon 1040 nm
two-photon excitation (Figure 6c). In contrast, the fluores-
cence significantly decreases after pretreatment of the tumor
slices with GGsTOP, indicating that GGT specifically
illuminates OTBP-G in the tumor.
In clinical oncology, pulmonary metastasis through hema-

togenous dissemination is a severe prognosis event of breast
cancer.66 Therefore, early detection of pulmonary metastasis
can help surgeons make treatment plans in advance and
improve cancer treatment prognosis. Based on the low GGT
expression in lungs (Figure 5c), we speculate that the
pulmonary metastasis process can apparently upregulate the

Figure 5. GGT imaging at the organ level using OTBP-G. (a) Rapid turn-on process of OTBP-G (1 mM, 100 μL, λex = 1040 nm, λem = 604−
678 nm) in Balb/C mice blood vessels during 300 s using the 40X footage of a 2PF microscopy. The green signal is the second-harmonic
generation from collagen fibers. (b) Plot of change in PL intensity of OTBP-G relative to that at the beginning in the blood vessels during
300 s, indicating a signal-to-background ratio of larger than 400. (c) Visualization of GGT content in various organs after spraying of OTBP-
G solution (10 μM) for 10 min under a 4X 2PF microscope. The tissue sections were scanned using a LARGE IMAGE*16 scanner and
stitched together to create a complete tissue flat scan.
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pulmonary GGT content. Given that OTBP-G can detect
GGT with high sensitivity, we used this fluorescent probe to
detect tumor metastasis. The pulmonary metastasis model was
built by intravenous injection of 4T1 cells (Figure 6d). The
mice were sacrificed at each time of the metastasis process. The
intact lung tissues were taken and sprayed with OTBP-G for
2PF imaging. As shown in Figure 6e, OTBP-G identifies an
elevated GGT expression in the lung on the third day of
metastasis. Notably, the tumor does not yet have a clear
symptom on hematoxylin and eosin staining (H&E) staining at
this time point, indicating that OTBP-G can distinguish the
process of pulmonary metastasis more sensitively compared to
traditional methods. At the seventh day, a tumor symptom is
clearly visible on H&E-stained slices, and the fluorescence
intensity across the entire lung tissue is very high. Through
statistical analysis of the fluorescence intensity of the lungs at
different time points, we found that the PL intensity is
positively related to the progression of pulmonary metastasis
and can be used for staging of pulmonary metastasis (Figure
6f). The systematic toxicity of OTBP-G was then evaluated to
prove its clinical potential further. After intravenous admin-
istration of OTBP-G, the mice were allowed to live freely for 7
days, followed by tissue harvesting, weight measurement, and
H&E staining. As shown in Figure S31, the administration of
OTBP-G does not cause obvious side effects, indicating its
satisfactory biosafety. The high GGT detection sensitivity and

negligible systematic toxicity prove that OTBP-G is a reliable
indicator for tumor metastasis.

CONCLUSIONS
Based on dark state engineering, we designed and synthesized
a NIR-II excitable probe called OTBP-G for sensitive detection
of GGT. OTBP-G enables high-quality imaging of GGT in
complex physiological environments. We successfully achieved
sensitive detection of GGT in cancerous cells (SBR > 900) and
the ear blood vessels of mice (SBR > 400). Utilizing the high
sensitivity of the probe, we were able to perform in vivo tumor
imaging and early diagnosis of pulmonary metastasis in mouse
models of breast cancer.
Our dark state engineering aims to establish an optimal OFF

state for the probes prior to GGT recognition, while
maintaining a bright ON state upon enzymatic reaction with
GGT. To address the dilemma between AIE and TICT effects
in activatable probes, we introduced the methoxy-DPA as the
electron donor for the NIR pyridinium probes. Thanks to the
strong D−A interaction and hydrophilicity, our design enable a
synergistic effect of TICT and ISC processes to afford water-
insoluble OTBP-G with negligible fluorescence background.
After activation by GGT, the released NIR-II excitable OTBP
molecules form aggregates and generate a strong NIR PL signal
due to a strong RIM effect. More importantly, OTBP can act
as an ideal platform for activable probes by introducing
different triggers. For comparison, we removed a benzene ring

Figure 6. Orthotopic and metastatic tumor imaging using OTBP-G. (a) Schematic illustration of establishing an orthotopic breast cancer
model in Balb/C mice using the 4T1 cell line. Tumor slices and in vivo imaging were performed 1 week after injection of the cells into the
mammary gland of the mice. (b) Fluorescence turn-on process (1 mM, 100 μL, λex = 535 nm, λem = 600−820 nm) in the orthotopic breast
tumor within 60 min post intratumoral injection of OTBP-G. The healthy mice model served as the control. (c) Staining and imaging of
tumor slices with OTBP-G (30 min, 10 μM, λex = 1040 nm, λem = 604−678 nm) and Hochest (15 min, 10 μg/mL, λex = 840 nm, λem = 415−
485 nm) under a 40X footage of a 2PF microscopy. The slices were pretreated with or without GGsTOP. (d) Schematic illustration of the
early detection of pulmonary metastasis on mice post tail vein injection of 4T1 cells. (e) Bright-field photographs, 2PF images, and H&E
staining of intact lung tissues from mice at the 3rd and 7th day after intravenous injection of 4T1 cells. The lung tissues were sprayed with
OTBP-G and imaged using large-image 2PF microscopy with 4X*16 frame acquisitions and image stitching after 10 min. (f) Fluorescence
statistics of the acquired images. The data were averaged and compared between groups using One-Way ANOVA. ***p < 0.001; data
represent means ± SD; n = 4. Schematic illustrations were created with BioRender.com.
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from OTBP-G to generate ODBP-G with enhanced hydro-
philicity. ODBP-G is completely soluble in water and possesses
more vivid molecular motions upon photoexcitation to quench
the fluorescence efficiently. However, despite the negligible
background, the generated ODBP can only give a faint PL
signal, resulting in a less effective turn-on effect. Our finding
highlights the crucial role of hydrophilicity and D−A strength
in maximizing the ON/OFF ratio of the activity-based probes.
However, despite the ultrahigh ON/OFF ratio of OTBP-G,
there is still much room for improvement in the absorption
and fluorescence quantum yield of the released fluorochrome
OTBP. Therefore, enhancing the PL brightness of the original
fluorochrome will be important in future studies. On the other
hand, we will try to apply this strategy to improve the
performance of NIR-II emissive probes. Compared to NIR-II
excitable 2PF probes with tiny focal volumes, one-photon NIR-
II emissive probes are more suitable for whole-body animal
imaging. Achieving satisfactory ON/OFF ratios for NIR-II
emissive probes is even more challenging due to larger
conjugation, poorer hydrophilicity, and more severe brightness
loss. The success of OTBP-G encourages us to tune the AIE
and TICT effects for NIR-II emissive probes to optimize their
ON/OFF ratios. Besides probe optimization, attention can also
be applied to clinical applications. Due to the promising GGT
detection performance on animal models, we would like to
explore the usage of OTBP-G in the next steps to analyze ex
vivo samples of patients. Furthermore, since GGT plays
important roles in various biological processes, timely and
accurate GGT detection helps diagnose and treat many other
diseases, such as liver disease or bile duct damage. Therefore,
we will also try to apply OTBP-G to other disease models.
More importantly, the high modifiability of OTBP enables the
design of various activity-based probes for different biomarkers
and multiple functions. For example, we are now researching
dual-lock probes using OTBP as the parental fluorochromes,
which can further minimize the interference in biological
environments and maximize the probe specificity.
In summary, we have successfully balanced the AIE and

TICT effects in turn-on probes. OTBP-G has a high clinical
application value and holds promise in assisting early tumor
diagnosis. More importantly, its high sensitivity to GGT in
physiological environments can further contribute to tumor
physiology research.

EXPERIMENTALSECTIONS
Materials and Reagent. All the chemicals and reagents

were commercially available, and the solvents for chemical
reactions were distilled before use. Notably, 4-methoxy-N-(4-
methoxyphenyl)-N-phenylaniline was purchased from Zhengz-
hou Ruke Biological Co., Ltd. GGsTOP was purchased from
Aladdin. All air and moisture-sensitive reactions were carried
out in flame-dried glassware under a nitrogen atmosphere.
Dulbecco’s modified eagle medium (DMEM) cell culture was
purchased from Gibco. Fetal bovine serum (FBS) was
purchased from Excel. Trypsin (0.25%) and penicillin-
streptomycin solution (100X) were purchased from MesGen
Biotechnology.

Measurement. 1H and 13C NMR spectra were measured
on a Bruker AVIII 400 NMR spectrometer High-resolution
mass spectra (HRMS) were recorded on a Water’s Xevo G2-
XS Tof mass spectrometer with an Electrospray source. UV−
vis-NIR absorption spectra were measured using a Shimadzu
UV−visible Spectrophotometer UV-2600i. PL spectra were

recorded on a Horiba Fluorolog-3 Spectrofluorometer.
Absolute fluorescence quantum yields (QY) were measured
on a Hamamatsu Quantum Yield Spectrometer C13534
Quantaurus-QY Plus. The dynamic light scattering (DLS)
data were recorded by a Malvern Zetasizer Pro. Transmission
Electron Microscope (TEM) images were recorded on a JEM
2100F microscope. The femtosecond transient absorption
(TA) spectra of different samples were taken using an Ultrafast
System HELIOS TA spectrometer. The laser source was from
the Coherent Astrella-1K−F Ultrafast Ti: Sapphire Amplifier
(800 nm,1 kHz, < 100 fs). The broadband probe pulses (400−
700 nm) were generated by focusing a small portion of the
fundamental 800 nm laser pulses into an Al2O3 plate. 380 nm
pump pulses were generated from a Light Conversion TOPAS-
C optical parametric amplifier. The time-resolved photo-
luminescence (TRPL) spectra for DASPI, OTBP-G, and
ODBP-G were measured with a Hamamatsu streak camera
system which has an ultimate temporal resolution of 1 ps. 520
nm pump pulses were generated from a Light Conversion
TOPAS-C optical parametric amplifier. TRPL spectra for
OTBP and ODBP were measured with a Horiba Fluorolog-3
Spectrofluorometer with the Horiba NanoLED-455 pulsed
source.

Animal Experiments. The animal experiments were
carried out according to the protocol approved by University
of Macau. Protocol ID: APP-ARE-053.

Density Functional Theory (DFT) Calculations. All the
compounds were fully optimized with the DFT method using
B3LYP density functional67 and 6-31G(d,p) basis set.68

London-dispersion effects were also considered using
Grimme’s DFT-D3BJ correction69 to further describe long-
range inter/intramolecular interactions. Analytical frequency
calculations were also performed at the same level of theory to
confirm that the optimized structures were at a minimum
point. Time-dependent density functional theory (TD-DFT)70

was utilized at the same level of theory to calculate optimized
excited (S1) geometries and energy levels. All the above
quantum chemical calculations were carried out using Gaussian
16 program.71 The frontier molecular orbitals (FMO) were
displayed using IQmol molecular viewer package.

Two-Photon Absorption Property. Two-photon absorp-
tion cross section was measured by the two-photon excitation
fluorescence method using rhodamine B in methanol as
reference (QY = 70%). Two-photon laser excitation was
performed using an 800−1300 nm tunable femtosecond laser
(Insight X3, Spectra Physics). The two-photon excited spectra
were collected by a CCD-cooled spectrometer (iDus 401 plus
shamrock 193i, ANDOR, Oxford Instruments) attached on the
backside port of the inverted multiphoton microscope (A1MP
+Eclipse Ti-2E, Nikon instrument Inc., Japan). Two-photon
cross sections (σ) are given by equation:
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where c is the molar concentration of the solution, n is the
refractive index of the solvent, F is the 2PF integral intensity of
the solution emitted at the exciting wavelength, and QY is the
fluorescence quantum yield. The QYs of OTBP and ODBP
were determined to be 3.2% and 1.1% by the Hamamatsu-QY
Plus, respectively.

Enzyme Kinetic Studies of OTBP-G Toward GGT. For
enzyme kinetic evaluation, we incubated different concen-
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trations of probe with a constant concentration of GGT
enzyme. Briefly, a series of different concentrations of OTBP-G
(20, 10, 5, 2.5, 1.25, 0.625, 0.3125 μM) were incubated with
100 U/L GGT placed in a 96-well plate. The enzymatic
reactions were conducted in PBS/PEG300 mixture (VPBS/VPEG
= 6:4), and the probe and enzyme concentrations were
modulated using 1 mM DMSO stock solution of OTBP-G and
8000 U/L PBS stock solution of GGT, respectively. The first
five time points of fluorescence changes were recorded to
evaluate the enzyme reaction efficiency in a Thermo Fisher
Varioskan LUX Microplate Reader (λex/λem = 470/650 nm).
The amount of OTBP in each well was determined by a
standard curve under the same conditions. Kinetic values were
calculated according to Michaelis−Menten equation: V =
Vmax[S]/(Km+ [S]).

Cytotoxicity Assay. Mouse NIH-3T3 cells grown in
logarithmic phase were digested with trypsin and evenly
distributed at a density of 5 × 103 cells per well in 96-well
plates. The cells were then incubated with DMEM medium in
an atmosphere containing 5% CO2 at 37 °C for 24 h to ensure
full adherence to the plate. Next, the NIH-3T3 cell line was
treated with a concentration gradient of OTBP-G or ODBP-G
(0, 10, 25, 50, 100, and 150 μM) diluted from their 10 mM
DMSO stock solutions for a duration of 24 h. Four replicate
wells were used for each treatment concentration. At the end
of treatment, 20 μL of MTT (5 mg/mL) solution was added to
each well and incubation was continued for 4 h. Subsequently,
the liquid in the plate was discarded, and 150 mL of DMSO
was added and shaken well. The absorbance at a wavelength of
570 nm was measured using a plate reader and recorded.
In Vitro Turn-On Properties of TICT Probes. GGT-

positive HepG2 tumor cells in the logarithmic growth phase
were treated with trypsin for 3 min, and then DMEM medium
was added to stop the digestion process. The cells were then
centrifuged, with the supernatant removed. Following this,
DMEM medium was once again added and the cells were
mechanically dispersed into a single-cell suspension. Sub-
sequently, cell counting was performed and the cells were
evenly distributed onto a confocal dish with a diameter of 40.4
mm at a concentration of 2 × 104 per layer. They were then
incubated at 37 °C in an atmosphere containing 5% CO2 for
24 h to allow them to fully adhere to the surface of the dish.
Before imaging, 10 μM of OTBP-G or ODBP-G was added
and incubated for 30 min at 37 °C. Afterward, the confocal
dish was washed twice with PBS and DMEM medium was
added again. The cells were observed using a Nikon Eclipse
Inverted Multiphoton Microscope (A1MP+Eclipse Ti-2E,
Nikon instrument Inc., Japan) with an excitation wavelength
of 1040 nm. Spectral data of individual cells were obtained by a
CCD-cooled spectrometer (iDus 401 plus shamrock 193i,
ANDOR, Oxford Instruments) attached on the backside port
of the microscope at the optimal focal length, with the
microscope focused at zoom = 5 and a spectral integration
time of 10 s.

GGT Selectivity and Cell Lines Differentiation Assay.
To assess the selectivity of OTBP-G across various species and
cell lines, we selected two human-derived cell line strains with
different GGT expression profiles: HepG2 (GGT positive) and
HUVEC (GGT negative), as well as two murine-derived cell
line strains: 4T1 (GGT positive) and NIH-3T3 (GGT
negative). Cells in the logarithmic growth phase were selected,
digested with trypsin, spread evenly at 2 × 104 on a Diameter
(Metric) 40.4 mm confocal dish, and incubated with DMEM

medium at 37 °C in an atmosphere containing 5% CO2 for 24
h to allow cells to fully adhere to the plate. Before imaging, 10
μM of OTBP-G was added, and the incubation was continued
for 30 min at 37 °C. After 15 min of incubation, 10 μg/mL of
Hoechst was added, and incubated for another 15 min along
with OTBP-G. For cell line differentiation experiments, we
selected logarithmically grown 4T1 and NIH-3T3 cell lines.
These cells were mixed in the culture and added to the
confocal dish at a concentration of 1 × 104 each. The mixture
was then incubated for 24 h to ensure cell attachment.
Afterward, 10 μM of OTBP-G was added and incubated for 30
min prior to imaging. Subsequently, the confocal dish was
washed twice with PBS, and the DMEM medium was added
again to the confocal dish. Hoechst was excited using a two-
photon source at λex = 840 nm, with an emission range of λem =
415−485 nm. OTBP-G was excited at λex = 1040 nm, with an
emission range of λem = 604−678 nm. Images were captured
using a Nikon 40X water microscope at an image resolution of
1024 × 1024 pixels, with a dwell time of each pixel set to 1.1
μs.

Organelle Colocalization Experiments. To test the
colocalization of OTBP-G with organelles, GGT positive 4T1
was selected and used. Cells in the logarithmic growth phase
were selected, digested with trypsin, spread evenly at 2 × 104
on a Diameter (Metric) 40.4 mm confocal dish, and incubated
with DMEM medium at 37 °C containing 5% CO2 for 24 h to
allow cells to fully adhere to the plate. The cells were divided
for different organelle localizations. Group one was treated
with 10 μM of OTBP-G and 50 nM of Lysotracker, while
group two was treated with 10 μM of OTBP-G and 5 μM
BODIPY. Both groups were then incubated at 37 °C for 30
min. Afterward, colocalization images of the organelles were
captured using λex = 1040 nm for OTBP-G, λex = 960 nm for
BODIPY and Lysotracker. Merged images and colocalization
coefficients were processed using ImageJ.

In Vivo Turn-On Property and In Vivo Metabolism of
OTBP-G. Balb/C mice aged 6−8 weeks were used for the
body-circulation lighting up experiments. Before the experi-
ments, the OTBP-G solution for the in vivo experiments was
prepared at a concentration of 1 mM and dissolved in PBS
containing 0.5% DMSO. The mice were weighed and
anaesthetized by intraperitoneal injection of 4% Avertin and
left without pain reflexes. The ears of the mice were adhered to
coverslips and a layer of glycerol was applied. An indwelling
needle was inserted at the tail vein of the mice, and 100 μL of 1
mM OTBP-G solution was slowly pushed in when imaging
started. The in vivo turn-on process was recorded within 5 min
of injection at 40× magnification. The photo interval was set to
1 s, with an image resolution of 512 × 512 pixels and a pixel
dwell time of 2.2 μs.
For the metabolism experiments involving body circulation,

mice were anesthetized and injected with 100 μL of 1 mM
OTBP-G solution into the tail vein. Ear vascular images were
then recorded over a period of 3 h. During the first hour,
images were taken at 15 min intervals, which was then shifted
to 30 min intervals for the remaining time. Anesthesia was
maintained by administering intraperitoneal injections of 4%
Avertin (50 μL) to the mice at 30 min intervals throughout the
recording process. The excitation wavelength is 1040 nm, and
the second harmonic generation wavelength of the collagen
fiber is 520 nm. Vascular regions were selected using ImageJ.
The average fluorescence intensity, turn-on process, and
metabolic curves were then plotted.
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Mice Model Breast Cancer Detection Using OTBP-G.
In the orthotopic breast cancer model, 1 × 106 single-cell PBS
suspension of 4T1 cells was prepared. Balb/C mice, aged 6−8
weeks, were chosen for the experiment. The mice were
anesthetized and injected with 4T1 cells into their mammary
pads. Then, their wounds were sutured and they were placed
on a 37 °C thermostatic bed to maintain body temperature
until they awoke after anesthesia. The tumor was allowed to
grow for 1 week, and the OTBP-G fluorescence turn-on
experiment was performed on a IVIS Spectrum (AniView).
The mice were divided into two groups: a treatment group and
a control group. The treatment group received an injection of
100 μL of 1 mM OTBP-G solution directly into the mammary
gland, while the control group consisted of healthy mice that
were injected with a same amount of OTBP-G and placed on
the imaging stage. The mammary gland tumor sites in mice
were imaged using a bright field exposure time of 0.13 s, an
imaging height of 30 mm, and a field size of 185 × 151 mm. A
600 nm long-pass filter with λex = 535 nm was used, with
imaging intervals of 10 min. The fluorescence activity of
OTBP-G in the mammary gland was recorded over 1 h. For
the tumor slice imaging, after the mice were executed, the
tumor tissues were taken and placed in cold DMEM medium
(containing 10% fetal bovine serum and 1% penicillin/
streptomycin) for 10 min. Subsequently, the samples were
removed and placed in a frozen section box, and the cancerous
tissues were sealed with 2% low melting-point agarose gel.
They were then stored at 4 °C for 15 min to allow the gel to
solidify. Tissue sections of 200 μm were prepared under
aseptic conditions using a vibrating microtome (Leica VT1200
S). The sections were then divided into a GGsTOP-treated
group (30 μM GGsTOP) and a GGsTOP-free group before
adding 10 μM OTBP-G solution. Incubation was continued at
a constant temperature of 37 °C for additional 30 min.
Hoechst solution (10 μg/mL) was added, and was then
incubated together with OTBP-G for another 15 min, followed
by imaging under the same conditions as the cellular
experiments.
Balb/C mice aged 6−8 weeks were selected for building

breast cancer metastasis models. One ×105 single-cell PBS
suspension of 4T1 cells was prepared and injected into mice by
tail vein after anesthesia. The control group on day 0 were
injected into the same volume of PBS by tail vein. On the third
and fifth days of tumor growth, the mice were executed and
their bilateral lung tissues were removed, The lung tissues were
sprayed with OTBP-G (10 min, 10 μM in PBS containing 1%
DMSO, λex = 1040 nm, λem = 604−678 nm), and imaged using
large-image 2PF microscopy with 4X*16 frame acquisitions
and image stitching. Tissues were placed in 4% paraformalde-
hyde solution for fixation of 24 h before H&E staining. Three
random areas of the same size were selected for different
groups by ImageJ, and the fluorescence intensity was calculated
and counted.

GGT Biodistribution Assay Using OTBP-G. Healthy
Balb/C mice 6−8 weeks old were selected for the experiment.
After the mice were sacrificed, heart, liver, spleen, lung, kidney,
muscle and adipose tissues were harvested. These tissues were
then sectioned, sprayed with OTBP-G (10 min, 10 μM in PBS
containing 1% DMSO, λex = 1040 nm, λem = 604−678 nm) on
the sectioned surface, and imaged using large-image 2PF
microscopy with 4X*16 frame acquisitions and image stitching.
The local tissues were photographed at 20X microscope.

Systematic Toxicity Evaluation of OTBP-G for 1
Week. Healthy Balb/C mice 6−8 weeks old were selected
for the experiment, which were divided into PBS group and
OTBP-G group (n = 3). The OTBP-G group was injected with
100 μL of 1 mM OTBP-G solution per day, and the control
group was injected with an equal volume of PBS. Mice were
sacrificed on the seventh day after receiving the first injection.
The weights of their hearts, livers, spleens, lungs, and kidneys
were measured and documented. The harvested tissues were
then fixed in 4% paraformaldehyde for 24 h before H&E
staining. As for the H&E staining, tissues fixed in 4%
paraformaldehyde were dehydrated using gradients: 70%
ethanol solution for 30 min, 80% ethanol solution for 30
min, 90% ethanol solution for 30 min, 95% ethanol solution for
30 min, anhydrous ethanol for 60 min, anhydrous ethanol for
60 min, xylene for 60 min (twice), and paraffin wax for 60 min
(for three times). Next, tissues were paraffin-embedded and
cut into tissue slices at a thickness of 5 μm. Dewaxing: the
tissue slices were sequentially immersed in xylene for 10 min
(twice), anhydrous ethanol for 5 min (twice), 95% ethanol for
5 min, 85% ethanol for 5 min, 70% ethanol for 5 min, and
purified water for 5 min. Staining was done using hematoxylin
stain for 4 min, followed by rinsing with tap water for 10 min.
Ethanol/hydrochloric acid solution was used for 3 s to remove
excess staining solution from the nucleus and cytoplasm,
followed by another rinse with tap water for 10 min and eosin
staining for another 1 min. Tissue samples were permeabilized
with xylene three times, each time lasting for 10 min. After
that, they were sealed with neutral resin and left to dry
naturally. The entire film was scanned using the Hamamatsu
Digital Slide Scanner NanoZoomer S60.
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