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Cell membrane–targeted bioimaging is a prerequisite for studying
the roles of membrane-associated biomolecules in various physio-
logical and pathological processes. However, long-term in situ bio-
imaging on the cell membrane with conventional fluorescent
probes leads to diffusion into cells from the membrane surface.
Therefore, we herein proposed a de novo strategy to construct an
antidiffusion probe by integrating a fluorochrome characterized
by strong hydrophobicity and low lipophilicity, with an enzyme
substrate to meet this challenge. This precipitating fluorochrome
HYPQ was designed by conjugating the traditionally strong hydro-
phobic solid-state fluorochrome 6-chloro–2-(2-hydroxyphenyl) quina-
zolin-4(3H)-one (HPQ) with a 2-(2-methyl–4H-chromen–4-ylidene)
malononitrile group to obtain closer stacking to lower lipophi-
licity and elongate emission to the far-red to near-infrared
wavelength. As proof-of-concept, the membrane-associated en-
zyme γ-glutamyltranspeptidase (GGT) was selected as a model en-
zyme to design the antidiffusion probe HYPQG. Then, benefiting
from the precipitating and stable signal properties of HYPQ, in situ
imaging of GGT on the membrane was successfully realized. More-
over, after HYPQG was activated by GGT, the fluorescence signal
on the cell membrane remained unchanged, with incubation time
even extending to 6 h, which is significant for in situ monitoring of
enzymatic activity. In vivo testing subsequently showed that the
tumor region could be accurately defined by this probe after long-
term in situ imaging of tumor-bearing mice. The excellent perfor-
mance of HYPQ indicates that it may be an ideal alternative for
constructing universal antidiffusion fluorescent probes, poten-
tially providing an efficient tool for accurate imaging-guided
surgery in the future.

cell membrane–targeted bioimaging | precipitating fluorochrome |
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The cell membrane is a glycerophospholipid bilayer that con-
tains a variety of biomolecules, notably, lipids, carbohydrates,

and proteins, which play indispensable roles in both pathological
and physiological processes ranging from cell signaling to apo-
ptosis and extracellular matrix processing (1–5). Therefore,
bioimaging of membrane-associated biomolecules is significant
for basic biological research and disease diagnosis (6, 7). Cur-
rently, several advanced methods and technologies have been
developed for tracking biomolecules on the cell membrane sur-
faces, such as fluorescence imaging based on small-molecule
probes, immunofluorescence assay, and flow cytometry (8).
Among these methods, small-molecule probe-based fluorescence
imaging plays an indispensable role in achieving in situ and real-
time visualization of biomolecular activity on the cell membrane,
requiring only rudimentary operation and highly sensitive display
(9–11). Generally, current probes utilize amphiphilic molecules
containing lipophilic alkyl chains for insertion into the plasma

membrane and hydrophilic moieties to inhibit cellular internal-
ization to detect biomolecules on the cell membrane (12–14).
Nevertheless, properties of amphiphilicity, high mobility, and
high biological activity of the cell membrane make conventional
lipid-conjugated probes gradually diffuse into cell plasmas from
the membrane surface after a certain period of time, thereby
losing in situ information in long-term bioimaging of targets on
the cell membrane and, finally, giving unreliable measurements
(Scheme 1) (10, 15, 16). Alternatively, therefore, we have
reported a solid-state fluorochrome-based strategy in order to
design a fluorescent probe (HTPQA) for in situ bioimaging (17).
Upon activation, it releases a hydrophobic fluorochrome that can
precipitate at the reaction site to realize in situ imaging of al-
kaline phosphatase in living cells. Such a probe, however, is still
not reliable enough for long-term bioimaging of cell membranes
because of the obviously cellular internalization caused by the
lipophilic property (17, 18). This calls for the development of an
efficient antidiffusion probe to meet the long-term requirements
for in situ bioimaging of live cell membranes.
To solve this problem, herein, we report the design and syn-

thesis of a series of solid-state fluorochromes that work by an
excited-state intramolecular proton transfer (ESIPT) mechanism.
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Long-term in situ imaging of biomolecules on the cell membrane
was significant for studying the physiological processes emitted
from cell signaling and cell adhesion. Thus, to develop an efficient
tool to realize in situ imaging membrane-associated biomolecules,
we herein proposed a de novo strategy to construct an anti-
diffusion probe by integrating a fluorochrome (HYPQ) character-
ized by strong hydrophobicity and low lipophilicity, with an
enzyme substrate. Then, benefiting from the antidiffusion prop-
erty of the constructed probe HYPQG, long-term in situ imaging of
membrane-associated enzyme GGT was successfully realized. This
work may provide an efficient strategy for constructing uni-
versal antidiffusion fluorescent probes to realize long-term
in situ bioimaging.
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From these candidate fluorophores, we screened out a type of near-
infrared (NIR) precipitating solid-state fluorochrome termed
HYPQ. Its tunable fluorescence and insolubility are closely related
to an internal hydrogen bond between the phenolic hydrogen and
the imine nitrogen. Based on this concept, we proposed a de novo
strategy to realize long-term in situ bioimaging on the cell
membrane by introducing HYPQ to construct an antidiffusion
membrane probe (Scheme 1). As proof-of-concept, the enzyme-
responsive probe HYPQG was developed, targeting membrane-
associated enzyme γ-glutamyl transpeptidase (GGT) as a model
enzyme, because of its vital role in the growth and migration of
human malignancies, especially in epithelial cancers (19–23).
HYPQG is nonfluorescent with good hydrophilicity by inhibi-
tion of ESIPT which masks the phenolic hydroxyl by the water-
soluble group of γ-glutamyl. Upon specific reaction with GGT
on the cell membrane, the free fluorophore HYPQ is released
and precipitates at the reaction sites, preventing further diffu-
sion into cells, thereby achieving long-term in situ imaging of
GGT on the living cell surface and in the tumor region. Since
GGT and other membrane-associated enzymes have been
identified as biomarkers for various cancers, our research might
also provide an efficient tool for accurate imaging-guided sur-
gical resection. This is a report of such an antidiffusion fluo-
rescent probe for long-term in situ enzyme activity imaging on
live cell membranes.

Results and Discussion
Design and Synthesis of NIR Precipitating Fluorochrome. We previ-
ously demonstrated that the solid-state fluorescent probes
HTPQA and HPQF could release a hydrophobic fluorochrome
for in situ imaging of biomarkers in living cells (17, 18). However,
it is still difficult to apply them to long-term in situ bioimaging on
cell membranes owing to their lipophilicity. Besides, the limited
emission wavelength hindered the application of these solid-state
fluorochromes in vivo. Therefore, we set about verify.designing a
strong hydrophobicity and low-lipophilicity fluorochrome based
on the traditional solid-state fluorophore HPQ with emission
wavelength extending to the far-red to NIR region (Scheme 2).

To obtain a useful NIR precipitating HPQ-analog solid-state
fluorochrome, there are three vital principles needed to be
considered: (1) redshift the emission wavelength to the NIR
region (≥ 650 nm); (2) decreasing the lipophilicity, meanwhile,
keeping strong hydrophobicity; (3) keeping smaller steric hin-
drance to develop enzyme-activatable probes. As is known, the
combination of donor–acceptor interaction and π-conjugation
may efficiently redshift the fluorescence of fluorochrome (24,
25). Meanwhile, the good planarity could promote intermolec-
ular π−π stacking interaction (26, 27), thereby decreasing the
solubility and realizing antidiffusion imaging.
As previously reported, the replacement of hydrogen at the R1

position with chlorine-induced bathochromic shifts in HPQ
(28, 29). Therefore, we tried creating a red-shifted solid-state
fluorophore, termed HPQ1, in which chlorine was replaced with
a 4-(trifluoromethyl) styrene residue. However, only limited bath-
ochromic shift (20 nm) was achieved, as observed in SI Appendix,
Table S1. This phenomenon could be attributed to π-conjugation
at the R1 position which cannot narrow the energy gap of HPQ1
efficiently, as also verified by the density functional theory
(DFT) calculation (SI Appendix, Fig. S1A) (30). Therefore, we
next attempted to alter the substituted groups on the parapositioned
phenolic hydroxyl. For HPQ2, an electron-donating diethylamino
group was introduced at this position, while quenched solid-state
fluorescence occurred (SI Appendix, Fig. S2 and Table S1), probably
because of the intramolecular photoinduced electron transfer
(IPET) or twisted intramolecular charge transfer mechanism (31).
Time-dependent DFT calculation suggested that the electron was
mainly distributed in the dialkylamino donor substituents of the
highest occupied molecular orbital of HPQ2 compared with HPQ-H
(SI Appendix, Fig. S1). The analog (HPQ-N) of HPQ2 was synthe-
sized by rigidifying dialkylamino donor moieties to further confirm
that the reason of quenched fluorescence mainly resulted from IPET
mechanism (SI Appendix, Fig. S2) (32). In contrast, the electron-
withdrawing unit, e.g., N-methylpyridinium, on this position exhibi-
ted a long-emission wavelength (HPQ3: λem = 590 nm), although its
lipophilicity did not change (SI Appendix, Fig. S3B). Thus, it seemed
to be a rational design strategy to obtain a red-shifted solid-state

Scheme 1. Schematic diagram illustrates the difference between conventional cell membrane-targeted bioimaging probes and our de novo anti-diffusion
bioimaging probe. Traditional membrane-associated probes easily diffuse into cells, while the anti-diffusion probe releases a strong hydrophobicity and low
lipophilicity fluorochrome that precipitates at the reaction sites in a manner that inhibits diffusion into the cell, hence, realizes long-term in situ cell
membrane-targeted bioimaging.
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fluorochrome by introducing an electron-withdrawing moiety on the
parapositioned phenolic hydroxyl. Using this strategy, HPQ4 and
HPQ5 were then designed by introducing different electron-
withdrawing groups. These resultant solid-state fluorochromes
showed obvious bathochromic shifts in emission spectrum (HPQ4:
λem = 625 nm, HPQ5: λem = 636 nm) (SI Appendix, Fig. S3C), but
were still lipophilic (SI Appendix, Fig. S3B). The crystal structures of
HPQ and HPQ4 were unambiguously confirmed by single crystal
X-ray analysis, as shown in SI Appendix, Fig. S4. Crystal packing of
HPQ and HPQ4 suggested existence of strong OH···N intra-
molecular (HPQ: 1.831 Å, HPQ4: 1.863 Å) H-bonding and NH···O
intermolecular H-bonding (HPQ: 2.101 Å, HPQ4: 2.042/1.960 Å)
interaction in crystal lattices. Additionally, the intermolecular in-
teractions led to the formation of HPQ or HPQ4 dimer which was
further interconnected through π−π interactions in crystal lattices.
The weakened planarity of HPQ4 resulted from the twist defor-
mation of substituted groups on the parapositioned phenolic hy-
droxyl (SI Appendix, Table S2), which caused larger intermolecular
distances between the HPQ4 dimers (2.941 to 3.354 Å)
(SI Appendix, Fig. S4B). It is well known that the amphiphilicity of
the cell membrane causes liposoluble fluorochromes to diffuse into
cells from the membrane (15). The lipophilicity of these solid-state
fluorophores might be ascribed to their loose aggregation in the
liposoluble environment because the substituted groups weakened
the planarity of precursor structure so as to suppress the close
stacking of molecules (SI Appendix, Tables S2, S3, and S5) (33). The
2-(2-methyl–4H-chromen–4-ylidene) malononitrile was reported to
be a strong electron-withdrawing unit and possessed good planarity
with facile aggregation (34–36). Therefore, we attempted to inte-
grate it into our HPQ structure to design a solid-state fluorochrome
HYPQ, to obtain closer stacking that would afford lower lip-
ophilicity and, meanwhile, elongate the emission wavelength.
As expected, the solid-state fluorescence emission of HYPQ

was extended to the NIR region (650 nm) by introducing this
strong electron-withdrawing group (SI Appendix, Table S1).
Lipophilicity of HYPQ, HPQ, and HTPQ was then studied in

dichloromethane (CH2Cl2), which is known as a good solvent
and could provide a liposoluble environment (37, 38). As shown
in SI Appendix, Fig. S6, 10 μM HPQ and HTPQ showed no
obvious solid-state fluorescence in dichloromethane because the
fluorochromes were completely dissolved. On the contrary,
10 μM HYPQ was insoluble in dichloromethane and thus could
be observed as red solid-state fluorescence under ultraviolet
(UV) lamp excitation at 365 nm (SI Appendix, Fig. S6). It was
further confirmed from the change of absorbance spectra of
these solid-state fluorochrome in phosphate-buffered saline
(PBS) or dichloromethane solutions before (black lines) and
after (red lines) filtration (Fig. 1 A and B and SI Appendix, Fig.
S3). Besides, the solubilities of HPQ, HTPQ, HPQ1, HPQ2,
HPQ3, HPQ4, HPQ5, and HYPQ in dimethyl sulfoxide
(DMSO) solutions were also measured by using UV absorbance.
Among these solid-state fluorochromes, the solubility of HYPQ
was the worst, and the dissolved concentration was less than
1 μM even in DMSO and dimethyl formamide (SI Appendix, Fig.
S7). Moreover, we measured their melting points, as well as
optimized the structures of these solid-state fluorophores to
further explain the relationship between the properties and
molecule structures. As shown in SI Appendix, Fig. S7 and Tables
S2, S3, and S5, the melting point and solubility of these solid-
state fluorophores presented some important relevance with the
twisted angle between the substituted groups and HPQ structure.
The more tightly intermolecular π−π stacking interaction may
result from the better planarity of solid-state fluorophores,
thereby decreasing the solvation in medium and raising the
melting point (SI Appendix, Table S5). All these experimental
results suggested that HYPQ had the strongest hydrophobicity
and lowest lipophilicity among the various solid-state fluo-
rophores.
The antidiffusion property of HYPQ was further investigated

and compared with a water-soluble fluorochrome, 7-Amino–4-
methylcoumarin (AMC), and a liposoluble fluorochrome, 2-(4-
aminostyryl)–4H-chromen–4-ylidene malononitrile (DCM-NH2),

Scheme 2. The design of hydrophobicity and low lipophilicity NIR solid-state fluorochrome. (A) A de novo design strategy for developing solid-state flu-
orophores. (B) Solid-state fluorescent photographs of those fluorophores in the powder samples. (C) Diffusion experiments were conducted at the interface
between water and dichloromethane (amphiphilic environment). All fluorescent photos were obtained under UV lamp excitation at 365 nm.
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by adding them into the mixture of water and dichloromethane.
One can easily see that only HYPQ could stay at the interface of
water/dichloromethane, indicating that it neither dissolved in
dichloromethane nor in water (Fig. 1C). After HYPQ and AMC
were, respectively, spotted on agarose gels and immersed in PBS
(pH = 7.4) for 30 min, HYPQ possessed good antidiffusion
ability compared with AMC (Fig. 1D).
Meanwhile, the chemical stability of HYPQ was examined in

the presence of various reactive oxygen species (O2
−, H2O2,

ClO−) and reactive sulfur species (S2−, S2
2−, SO3

2−). Also, the
photostability of HYPQ was compared with traditional cyanine
dyes (Cy5) under illumination with white light. As shown in
SI Appendix, Fig. S9, HYPQ exhibited good chemical stability
and photostability. The other photophysical characterizations of
HYPQ were shown in SI Appendix, Fig. S8 and Table S6.
Therefore, we screened out an NIR precipitating fluorochrome
with good chemical stability and photostability, which would be fa-
vorable for the construction of de novo universal antidiffusion fluo-
rescent probes to realize long-term in situ cell membrane–targeted
bioimaging.

Design and Synthesis of an Antidiffusion Fluorescent Probe.GGT is a
plasma membrane-bound ectoenzyme that initiates the degra-
dation of extracellular glutathione (GSH) into glycine and cys-
teine (19–22). GGT-mediated hydrolysis of extracellular GSH
may confer a growth advantage for tumor cells because this
process provides a way for cells to recover cysteine (23, 39).
However, it is still a challenge for traditional methods to realize
in situ imaging of GGT activity on the cell membrane (40–48).
Nonetheless, the vital role of GGT in tumor progression and
invasion calls for the development of an effective tool to visualize
in situ information on the cell membrane.
Taking advantage of our precipitating solid-state fluorochrome

HYPQ, the NIR antidiffusion fluorescent probe HYPQG was

developed by introducing a specific recognition group γ-glutamyl
into HYPQ through a self-immolative linker (Fig. 2A). The self-
immolative linker in the probe not only minimizes steric hindrance
at the reaction sites, but also improves the stability of HYPQG (28,
29). Control probes HPQG and HTPQG were also synthesized
using the same design strategy. For better comparison, control
probes (AMCG, DCMG, Cv-Glu, Bcy-GGT, and Np-Glu) with
traditional lipophilic fluorochrome and hydrophilic fluorochrome
were also prepared by introducing the specific recognition group
(SI Appendix, Scheme S3). All synthetic routes (SI Appendix,
Schemes S1 and S4), NMR, and mass spectra are illustrated in
SI Appendix, Figs. S37 and S83.

Fluorescent Response Properties of Probe HYPQG to GGT. The ab-
sorption spectra of HYPQ and HYPQG are shown in Fig. 2B.
The fluorescence intensity was dramatically increased, with a
maximum wavelength at 650 nm, owing to GGT-mediated for-
mation of HYPQ (Fig. 2C). These results were also proved by
matrix-assisted laser desorption/ionization time of flight mass
spectrometry spectrum analysis (SI Appendix, Fig. S10). To fur-
ther confirm the specific hydrolysis of HYPQG by GGT, 6-
Diazo–5-oxo–L-norleucine (DON, an inhibitor of GGT) was
applied to investigate the response of HYPQG to the activity of
GGT. As shown in SI Appendix, Fig. S11A, initial incubation of
GGT with different concentrations of DON followed by treat-
ment with HYPQG led to a larger decrease in fluorescence
signal. These results proved that the increased fluorescence
signal of HYPQG was truly caused by GGT-induced hydrolysis.
Moreover, the time-course response of HYPQG to GGT was
studied by measuring fluorescence intensity at 650 nm in real
time. The fluorescence signal gradually reached a plateau in
30 min, with different concentrations of GGT and 5 μM
HYPQG, which suggested that the probe was hydrolyzed rapidly
by GGT (SI Appendix, Fig. S11B). In addition, good linear

Fig. 1. The comparison of solubility of HPQ, HTPQ, HYPQ, AMC (a water-soluble fluorochrome), and DCM-NH2 (a liposoluble fluorochrome). The absorbance
spectra of HPQ, HTPQ, and HYPQ (10 μM) in PBS containing 1% DMSO and 10% glycerol (A) and in dichloromethane (B). The black and red lines indicate the
absorbance spectra intensity of these compounds before and after filtration. (C) Diffusion experiments of DCM-NH2, HYPQ, and AMC were performed at the
interface between water and dichloromethane (amphiphilic environment). (D) Agarose gels containing HYPQ and AMC were immersed in PBS (pH = 7.4), and
then real-time images were obtained every 10 min for a total of 30 min. HYPQ showed good antidiffusion ability, while AMC diffused rapidly within 30 min.
All the fluorescent photos were conducted under UV lamp excitation at 365 nm.
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relationship occurred between fluorescent intensity and the in-
creasing GGT level (1–30 U/L), and a detection limit for GGT of
0.83 U/L was calculated (SI Appendix, Fig. S12A). The Michaelis
constant (Km) of the probe with GGT was determined as 8.54 μM
by using the Lineweaver–Burk plot, which indicated that the
probe had strong affinity with GGT (SI Appendix, Fig. S13). The
effect of acidity on the response of the probe is shown in
SI Appendix, Fig. S12B. It was found that maximum fluorescence
enhancement could be achieved in neutral media of about pH 7,
which suggested that the probe was suitable for imaging GGT
under physiological conditions. In addition, the selectivity of
HYPQG for GGT in the presence of various reactive species was
also investigated, which indicated that HYPQG displayed high
specificity for GGT (SI Appendix, Fig. S14). The precipitated
form, as converted by GGT, was also characterized by dynamic
light scattering, scanning electron microscope (SEM), and
transmission electron microscope, respectively (Fig. 2 D and E
and SI Appendix, Fig. S15). At the same time, the fluorescence
response properties of the control probes to GGT were studied.
As shown in SI Appendix, Fig. S17, no fluorescence was observed
in HTPQG solution after incubation with GGT because of the

large steric hindrance of HTPQ. The docking simulation results
showed that the reaction sites of probe HYPQG and AMCG had
obvious hydrogen bond interactions with the active catalytic site
of GGT (SI Appendix, Fig. S16A) (49, 50). However, the
HTPQG failed to dock into the ligand-binding pocket of GGT to
form hydrogen bond interactions due to the large steric hin-
drance, which further caused the bad reactivity (SI Appendix, Fig.
S16A). All other control probes exhibited good fluorescent re-
sponse to GGT (SI Appendix, Figs. S18–S20).

In Situ Imaging of Endogenous GGT on Cell Membranes. First, the
cytotoxicity of HYPQG was evaluated by 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium assay.
As shown in SI Appendix, Fig. S22C, the viability of A2780,
OVCAR3, NIH 3T3, and HepG2 cells remained unchanged,
with probe concentration ranging from 2 to 30 μM, indicating
that HYPQG possessed good biocompatibility. In addition, we
also prepared the photoactivatable HYPQ for further investi-
gating the cytotoxicity of HYPQ in living cells, and the results
showed that HYPQ had low cytotoxicity even at a high dose
(30 μM) (SI Appendix, Figs. S21 and S22 A and D). Human

Fig. 2. The chemical structure and photophysical properties of HYPQG. (A) The response mechanism of HYPQG with GGT that shows turn-on NIR solid-state
fluorescence. (B) UV-Vis absorption spectra of HYPQG (10 μM) in DMSO and HYPQ (10 μM) in glycerol: PBS = 1:1. (C) Fluorescence emission spectra of HYPQG
(5 μM) with increasing concentration of GGT (0, 1, 3, 5, 10, 15, 20, 30, 40, 60, 80, 90, and 100 U/L). λex/em = 450/650 nm. (D) Particle size distributions of HYPQG
(10 μM) after reaction with GGT (150 U/L). (Inset) Photos of HYPQG (10 μM) before (Left) and after (Right) reaction with GGT (150 U/L) under UV lamp at
365-nm excitation. d, diameter. (E) SEM photos of HYPQG after reaction with GGT. HFW, horizontal field width; HV, high voltage. (Scale bar, 200 nm.)
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ovarian cancer cell line A2780 expresses a high level of GGT on
the cell membrane (40). Probes HYPQG, AMCG, DCMG, Cv-
Glu, Bcy-GGT, and Np-Glu were, respectively, incubated with
A2780 cells for 40 min and then cultured with Memb-Tracker
Green for 10 min, before fluorescence imaging. As shown in
Fig. 3A, the overlap coefficient indicated that only HYPQG
could achieve in situ imaging of GGT on the A2780 cell surface.
Three-dimensional reconstructed and Z-stack images of A2780
cells were further conducted to confirm the colocalization ex-
periments (Fig. 3B and SI Appendix, Fig. S23). Meanwhile, tra-
ditional solid-state fluorophores HPQ and HTPQ were designed
as probes to image endogenous GGT in A2780 cells. However,
neither HPQG nor HTPQG could achieve in situ imaging of
GGT in A2780 cells owing to the lipophilic character of HPQ
and large steric hindrance of HTPQ (SI Appendix, Fig. S24). The
colocalization experiments were also performed by using com-
mercially available Mito-Tracker Blue, Lyso-Tracker Blue, and
Hoechst33258, respectively (SI Appendix, Fig. S25), which fur-
ther confirmed that the released fluorophore HYPQ from
HYPQG only precipitates on the cell membrane. In addition,
both confocal laser scanning microscope (CLSM) (SI Appendix,
Figs. S26 and S27) and flow cytometry results (SI Appendix, Fig.
S28) confirmed that the fluorescence signals from the probes
were all largely decreased in A2780 cells after treatment with
DON, suggesting that the enhancement of fluorescence was in-
deed triggered by GGT on the cell membrane. All experimental
results showed that both lipophilic and hydrophilic fluoro-
chromes can easily diffuse into cells from the membrane surface,
whereas the HYPQ did not, thereby realizing in situ imaging of
GGT on the cell membrane.
In situ imaging ability was mainly based on the antidiffusion

ability and stable signal of a probe. Therefore, the antidiffusion

performance of HYPQG was further investigated by comparison
with the commercially available GGT probe AMCG. As shown
in SI Appendix, Fig. S29, after HYPQG and AMCG were, re-
spectively, cultured with A2780 cells, real-time images were
collected every 10 min, for a total of 90 min. The AMCG probe
released the hydrophilic fluorochrome AMC after reacting with
GGT and was then transported into A2780 cells. The fluores-
cence signal was quickly lost during the course of diffusion. In
contrast, the fluorescence signal of HYPQ remained unchanged
for a long time, demonstrating that HYPQG was an antidiffusion
fluorescent probe. Next, after the cells were incubated with
HYPQG and Memb-Tracker Red, respectively, real-time fluo-
rescence scanning was carried out. As shown in SI Appendix, Fig.
S30, the fluorescence signal of HYPQ remained unchanged,
while the Memb-Tracker Red signal quickly decreased after
scanning for 15 min. These results proved that HYPQ exhibited
excellent antidiffusion and stable signal properties, both suitable
for in situ imaging of GGT on the cell membrane.
Long-term in situ imaging of biomolecules on the cell mem-

brane was significant for real-time monitoring of the pathological
and physiological processes emitted from cell signaling, cell ad-
hesion, and extracellular matrix processing (3). Considering the
excellent properties of HYPQ, we next investigated the long-
term imaging ability of HYPQG on the cell membrane. First,
the fluorescence signal on the cell membrane of A2780 cells was
gradually increased and reached a plateau after incubation with
HYPQG for 30 min (SI Appendix, Fig. S31). When the fluores-
cence signal intensity became stable, real-time imaging for the
same region of A2780 cells was obtained every 10 min, for a total
of 240 min (SI Appendix, Fig. S32). To avoid the influence of
photobleaching and morphological change of cells during long-
term imaging, we also investigated the long-term imaging ability

Fig. 3. In situ imaging of endogenous GGT on the cell membrane with HYPQG and the other five traditional GGT probes. (A) A2780 cells were pretreated
with 5 μM HYPQG (a), 5 μM AMCG (b), 5 μM DCMG (c), 5 μM Cv-Glu (d), 5 μM Bcy-GGT (e), or 5 μM Np-Glu (f) for 40 min, respectively, and then cultured with
5 μM Memb-Tracker Green for 10 min (g–l), followed by fluorescence imaging. All overlapping images (m–r) and colocalization images (s–x) of the probe and
Memb-Tracker Green, respectively. (B) Three-dimensional reconstructed images after incubating A2780 cells with HYPQG and Memb-Tracker Green. HYPQG:
λex = 488 nm, λem = 584–676 nm; AMCG: λex = 405 nm, λem = 425–475 nm; DCMG: λex = 488 nm, λem = 663–738 nm; Cv-Glu: λex = 560 nm, λem = 584–676 nm;
Bcy-GGT: λex = 640 nm, λem = 663–738 nm; Np-Glu: λex = 405 nm, λem = 425–475 nm; Memb-Tracker Green: λex = 488 nm, λem = 500–550 nm. (Scale bar, 20 μm.)
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for the different regions of A2780 cells. As shown in Fig. 4A, the
fluorescence signal on the cell surface remained unchanged, and
the incubation time was even extended to 6 h. Because of the
lipophilic properties of the traditional solid-state fluorochrome
HTPQ, the signal on the cell membrane was also gradually dif-
fused into cells after HepG2 cells were cultured with the
HTPQA probe for 3 h (Fig. 4B). In addition, we investigated the
long-term imaging ability of commercially available membrane-
imaging probes (Memb-Tracker Green and Memb-Tracker

Red). As illustrated in Fig. 4 C and D, the membrane-imaging
signal of Memb-Tracker Red was more easily diffused into cells
than that of Memb-Tracker Green, which may be the result of
the better lipophilicity of the former over that of the latter. All in
all, long-term in situ bioimaging on the cell membrane was
successfully realized, owing to the outstanding antidiffusion
properties of HYPQ.
Next, HYPQG was applied for in situ imaging of GGT on the

cell membrane of three kinds of cancer cells with different

Fig. 4. The long-term in situ images of HYPQG, HTPQA, Memb-Tracker Green, and Memb-Tracker Red in live cells. Cells were incubated with HYPQG (A),
HTPQA (B), Memb-Tracker Green (C), and Memb-Tracker Red (D) for different times; then fluorescence imaging was carried out. All “0 h” fluorescence images
were times when the fluorescence signal reached a plateau for each probe, thus ensuring that the long-term imaging experiments were performed under the
same conditions. (Scale bar, 20 μm.)

Fig. 5. In situ imaging of different expression levels of GGT on the membrane of cancer cells. (A) A2780, OVCAR3, and NIH 3T3 were incubated with HYPQG
(5 μM) for 40 min at 37 °C, respectively, followed by fluorescence imaging. (B) Flow cytometric analysis after incubation with HYPQG in A2780, OVCAR3, and
NIH 3T3 cancer cells. λex = 488 nm. (C) HepG2 cells were incubated with NaBu (1 mM) for 24 and 48 h and then further incubated with 5 μMHYPQG for 40 min
at 37 °C, followed by fluorescence imaging. (D) The average fluorescence intensity found in C; initial signal intensity was defined as 1.0. Statistical significance
P values (***P < 0.001) were determined using two-sided Student’s t test (n = 3). F/Fcontrol represents the ratio of the fluorescence intensity of the experi-
mental group to the control group. (E) Western blot was applied to monitor the change of GGT expression, as regulated by NaBu (1 mM) for 24 and 48 h in
HepG2 cells. λex = 488 nm, λem = 584–676 nm. (Scale bar, 20 μm.)
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expression levels of GGT. It is well known that mouse fibroblasts
NIH 3T3 do not express GGT activity (39), that OVCAR3 cells
express a low level of GGT, and that A2780 cells express a high
level of GGT on the cell membrane (10, 40). A2780, OVCAR3,
and NIH 3T3 cells were then cultured with HYPQG for 40 min,
respectively, followed by carrying out fluorescence imaging. As
shown in Fig. 5A, CLSM results demonstrated that HYPQG
could be used for in situ imaging of GGT on the cell membrane
for different cancer cells. The control experiment was further
confirmed by flow cytometric analysis (Fig. 5B). Immunofluo-
rescence and Western blot analysis also showed that GGT is a
membrane-bound enzyme and that the different expression lev-
els of GGT between A2780 and OVCRA3 cancer cells
(SI Appendix, Figs. S33 and S34) indicated that HYPQG could
be suitable for in situ imaging of GGT on cell membranes of
different live cells.
Sodium butyrate (NaBu) was shown to induce cancer cell

differentiation and inhibit proliferation (51). NaBu is also a well-
known inducer of GGT activity on the cell membrane (52, 53).
At the same time, it has been confirmed that NaBu might im-
prove chemotherapy effect as a differentiating agent (49–52).
Therefore, considering the imaging advantage of HYPQG for
in situ visualization of GGT on the cell membrane, we further
applied HYPQG to study the relationship between GGT activity
and NaBu stimulation in HepG2 cells. As shown in Fig. 5C,
HepG2 cells were treated with 1mM NaBu for different periods
of time (0, 24, and 48 h) and then cultured with HYPQG for
40 min before fluorescence imaging. The fluorescence signal was
obviously increased after pretreatment with NaBu compared
with the control group in HepG2 cells (Fig. 5D). Western blot
analysis was further utilized to confirm the fluorescence-imaging
results (Fig. 5E). These results confirmed that the probe could be

suitable for in situ imaging and monitoring change of GGT ex-
pression level on the HepG2 cell membrane.

Long-Term In Situ Imaging of GGT in Mouse Tumor. We further in-
vestigated the long-term in situ imaging ability of HYPQG in
tumor-bearing mice. Initially, the fluorescence signals from the
probes were all largely decreased in tumors after treatment with
DON, suggesting that the enhancement of fluorescence was in-
deed triggered by GGT in A2780-bearing mice (SI Appendix, Fig.
S35). After intratumor injection of HYPQG, DCMG, Bcy-GGT,
and the targeted probe Folate-PEG5000-CY 5.5, respectively,
the fluorescence signal was gradually enhanced and lit up the
whole tumor region within 1 h (Fig. 6). The fluorescence images
were acquired every 1 h, for a total of 4 h, then every 2 h for
another 6 h. From 1 to 10 h after the probes were injected into
the tumor, only the HYPQG probe could clearly distinguish the
tumor from normal tissues compared to DCMG, Bcy-GGT, and
Folate-PEG5000-CY 5.5, which suggested that the NIR precip-
itating fluorophore HYPQ could be used for long-term in situ
imaging of the tumor region.
By virtue of fluorescence-guided surgery, cancer tissues can be

illuminated and resected from the normal tissues (54, 55).
However, in the process of tumor resection, traditional fluoro-
chromes easily diffuse into adjacent tissues, potentially leading to
overzealous resection and compromise of adjacent vital organs
or normal tissues (56). Therefore, considering the superb per-
formance of HYPQG in visualizing the tumor boundary accu-
rately, it was applied to the fluorescence image-guided cancer
surgery. Initially, in vitro the cancer tissue and normal muscle
tissue could be obviously distinguished by in situ spraying of
HYPQG (SI Appendix, Fig. S36 B and C). Additionally, no ob-
vious fluorescence signal was obtained from the blank group

Fig. 6. Long-term in situ imaging of GGT in mouse tumors. In vivo real-time imaging of GGT in A2780-bearing nude mice after tumor injection of 20 μM
HYPQG (A), DCMG (B), Bcy-GGT (C), and Folate-PEG5000-CY 5.5 (D), respectively. The quantitative analysis was displayed in SI Appendix, Fig. S36A.
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(SI Appendix, Fig. S36D). As shown in SI Appendix, Fig. S36 E
and F, the tumor could be precisely lit up in situ by simply
spraying HYPQG in vivo. After that, obvious fluorescent tumor
tissues from the mouse were resected with a scalpel (SI Appendix,
Fig. S36G). No obvious fluorescence signal was observed
(SI Appendix, Fig. S36H) when the probe was sprayed again at
the original site, which signified that the tumor was completely
removed. Thus, our precipitating fluorochrome strategy might
provide an efficient tool for long-term in situ imaging-guided
surgery to realize accurate resection in the future.

Concluding Remarks
In summary, we proposed a de novo strategy to construct an
antidiffusion probe by designing and screening out a precipitat-
ing fluorochrome. The strong hydrophobicity and low lip-
ophilicity of this fluorochrome allowed it to precipitate at the
reaction sites and antidiffuse into the cells, followed by the
emission of strong far-red to NIR solid-state fluorescence,
thereby realizing long-term in situ bioimaging on the cell mem-
brane. As proof-of-concept, we have developed a far-red to NIR
antidiffusion fluorescent probe HYPQG for the imaging of GGT
activity on the cell membrane. Consequently, long-term in situ
imaging of GGT on the cell membrane has been successfully
realized. Moreover, HYPQG showed outstanding antidiffusion
ability and signal stability compared to the commercially avail-
able dyes or probes like Memb-Tracker Red and AMCG, which
have been regarded as the gold standard for realizing long-term
in situ bioimaging. In addition, we applied HYPQG to achieve
in situ imaging of GGT on the membrane surface of three kinds

of cancer cells with different expression levels of GGT. After
stimulating HepG2 cells with NaBu, the probe demonstrated its
capacity for imaging and monitoring changes in GGT expression
on cell membranes. By virtue of the photostable and anti-
diffusion characteristics, long-term in situ imaging on the cell
membrane and tumor region were also successfully realized,
making this probe an ideal alternative for constructing universal
antidiffusion fluorescent probes, as well as providing an efficient
tool for long-term in situ imaging-guided surgery in the future.

Materials and Methods
Full experimental materials and procedures for the synthesis of compounds,
molecular structures, spectroscopic characterization, cellular imaging, in vivo
imaging, and immunofluorescence assays are described in SI Appendix.

Data Availability. Supplementary crystallographic datahavebeendeposited in The
Cambridge Crystallographic Data Centre (CCDC) (HPQ [CCDC: 2045408] and HPQ4
[CCDC: 2045423]). These data can be obtained free of charge via http://www.ccdc.
cam.ac.uk/data_request/cif, by emailing data_request@ccdc.cam.ac.uk, or by con-
tacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: +44 1223 336033. The data have been stored in Figshare (DOI:
10.6084/m9.figshare.13697521 or https://figshare.com/s/73a936fb951255d7b45d).
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