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Quantitative visualization of pivotal biomarkers and accurate delineation of tumor lesion boundary are
highly significant to assist surgeon precisely resect the tumors and reduce the risk of recurrence. Acti-
vatable fluorescent probes hold great promise for intraoperative guidance of tumor surgery with high
signal-to-background ratio (SBR). Here, we report a y-glutamyl transpeptidase (GGT)-activated fluoro-
genic probe Indol-Glu for quantitative visualization of GGT and fluorescence-guided tumor resection. The
fluorescence of Indol-Glu was initially “off” state but was specifically activated by GGT to produce en-
hanced near-infrared (NIR) fluorescence (~37-fold at 741 nm). It is also accompanied by the formation of
self-assemblies in the tumor microenvironment resulting in prolonged retention in tumor tissues, which
was demonstrated to be able to apply for NIR imaging-guided surgical resection of GGT-overexpressed
luciferase-transfected hepatocellular carcinoma (HCC/Luc) tumor. More notably, taking advantage of the
ratiometric photoacoustic signal (PAggg/PAggg) characteristic of Indol-Glu under the digestion of GGT,
quantitative visual assessment of GGT activities in various tumor models was achieved in living mice.
We believe that this research work may offer a powerful tool for precise diagnosis and surgical resection

of malignant tumors.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Early detection and timely surgical resection are very impor-
tance to improve the cure rate of patients with malignant tumors
[1-3]. The most critical aspects of surgery are to accurately identify
and remove the diseased tissue while limiting damage to healthy
tissues as much as possible. Positive margins, defined as the pres-
ence of residual cancer cells at the margins during surgery, are
considered a major cause of local recurrence and poor progno-
sis [4-6]. This is mainly due to the fact that surgeons highly rely
on visual localization and palpation with conventional white light
endoscopy, which limits the differentiation between tumor and
healthy tissues and increase the risk of tumor recurrence [7,8]. De-
spite the considerable progress has been achieved in preoperative
imaging, such as ultrasound (US), computerized tomography (CT),
and magnetic resonance imaging (MRI) etc., the margin positivity
rate of solid tumors is still 15%-60% [9-11]. Hence, these imaging
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modalities do not assist surgeons to accurately identify tumor mar-
gins through real-time intraoperative navigation during surgery.
Intraoperative fluorescence imaging has become a very promis-
ing tool for accurate delineation of tumor margins and com-
plete surgical resection of tumors due to the advantages of
high temporal-spatial resolution, real-time image acquisition, non-
invasiveness, portability, and low cost [12-16]. To date, several flu-
orescent dyes, such as indocyanine green (ICG), methylene blue
(MB), and fluorescein sodium, have been approved for clinical uti-
lization [17-23]. However, they still suffer from photo-bleaching,
high background noise, and lack of tumor specificity. Activatable
fluorescent probes that emit enhanced fluorescent signals only
under the action of specific molecular targets or events show
great potential in sensitive diagnosis and imaging-guided surgery
of tumors because of high signal-to-background ratios (SBRs) and
strong specificity [24-30]. Near-infrared (NIR) activatable fluores-
cent probe holds a great promise for real-time imaging-guided sur-
gical resection as well as postoperative evaluation owing to the
deep tissue penetration and low background interference [31-38].

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



M. Zhao, Y. Chen, C. Zhang et al.

Indol-Glu 2 Indol-NH,

Fluorescence “ON”

Fluorescence “OFF”

P
= :%ndol-mu 8?(/69 Indol-NH, O GeT
LA Sl . * dniesebiecii Al ’

Scheme 1. (a) Mechanism of the proposed GGT-mediated hydrolysis of Indol-Glu.
(b) Schematic illustration of engineering a y-glutamyl transpeptidase-activated flu-
orogenic probe for quantitative visualization and imaging-guided tumor resection.

Therefore, developing NIR activated fluorescent probes to specifi-
cally light up the tumors is of great significance for sensitive de-
tection and precise resection of tumors.

To this end, we herein rationally designed and synthesized a
smart molecular probe Indol-Glu that can be specifically recog-
nized and digested by y-glutamyl transpeptidase (GGT) to emit
activated NIR fluorescence for sensitive visualization and imaging-
guided resection of tumors. As an important cell surface binding
enzyme, GGT plays a crucial role in maintaining cellular homeosta-
sis, but its abnormal expression is closely associated with many
diseases such as liver dysfunctions, diabetes, and cancers [39-41].
Probe Indol-Glu was constructed by incorporating the NIR hemi-
cyanine fluorophore with a GGT enzyme-specific peptide. Such
amino substitution can efficiently quench the fluorescence of hemi-
cyanine moiety leading to extremely low fluorescence background,
whereas the NIR fluorescence signals can be remarkably activated
after specific cleavage of hydrophilic y-glutamyl moiety by GGT
accompanied by ratiometric photoacoustic (PA) signals at 690 nm
and 800 nm wavelength simultaneously. Meanwhile, the result-
ing hydrophobic hemicyanine residues tended to self-assemble into
uniform nanoparticles, which can potentially enhance the accumu-
lation and retention time of NIR hemicyanine fluorophores in tu-
mors for long-term imaging. More notably, taking advantage of the
ratiometric PA signals of Indol-Glu in the presence of GGT, quanti-
tatively visualization evaluation of GGT activities in various tumor
models was achieved in living mice (Scheme 1).

The structure of a GGT-activatable NIR fluorescence probe Indol-
Glu was rationally designed to include following two components:
(i) the enzymatic recognition moiety of y-glutamyl group that can
be specifically cleaved by GGT, (ii) the signaling unit of hemi-
cyanine group that can simultaneously emit activated NIR flu-
orescence and ratiometric PA signals after enzymatic cleavage.
The fluorescence signal of hemicyanine fluorophore is efficiently
quenched by the amino substitution of y-glutamyl group due to
the weak intramolecular charge transfer (ICT) [42,43], so the ini-
tial fluorescence background of Indol-Glu is extremely low, which
is very meaningful for the sensitive detection of species in liv-
ing system. In brief, y-glutamyl amino acid was conjugated onto
the amino group of hemicyanine fluorophore through the classical
amidation reaction to afford Indol-Glu according to previously re-
ported method (Scheme S1 in Supporting information) [44,45]. All
compounds including intermediates and Indol-Glu were systemati-
cally characterized by nuclear magnetic resonance (NMR) and high
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Fig. 1. (a) Fluorescence intensity of Indol-Glu (5 pmol/L) or Indol-Boc (5 pmol/L)
in the presence of GGT (100 U/L) with or without GGsTop (0.1 mmol/L). (b) Size
distribution profile of Indol-Glu (5 pmol/L) in the presence of GGT (100 U/L) in PBS
(10 mmol/L, pH 7.4). The inset is TEM image. Scale bar: 500 nm. (c) Fluorescence
intensity ratio (I-I)/Iy of Indol-Glu (5 umol/L) upon addition of various species. (d)
Changes in the fluorescence spectra of the Indol-Glu (5 pmol/L) probe with different
concentrations of GGT in PBS. The inset is linear fitting curve of Indol-Glu. Data are
presented as mean =+ standard deviation (SD) (n=3).

resolution mass spectrometry (Figs. S1-S12 in Supporting informa-
tion).

The absorption and fluorescence spectra of Indol-Glu and the
enzymic hydrolytic product Indol-NH, (5 pmol/L) were first mea-
sured in phosphate buffered saline (PBS, pH 7.4). Indol-Glu showed
a strong absorption peak at 587 nm, while the absorption max-
imum of Indol-NH, was located at 689 nm (Fig. S13a in Sup-
porting information). The fluorescence of Indol-Glu is very weak
with a quantum yield (&) of 0.01%, but Indol-NH, emitted in-
tensive NIR fluorescence signals at 741 nm (@ =3.62%, with ICG
as the reference) (Fig. S13b in Supporting information), implying
that the fluorescence emission of hemicyanine fluorophore was ef-
ficiently suppressed by the amino substitution. Further, we also
studied the aggregation behavior of Indol-NH, in aqueous solu-
tion through dynamic light scattering (DLS) and transmission elec-
tron microscopy (TEM) measurements. The results clearly indicated
that Indol-NH, could self-assemble into uniform nanoparticles in
aqueous solution with a size of 57.4+0.9 nm, but only a little de-
gree of aggregation (31.7£0.5 nm) was observed for Indol-Glu in
aqueous solution indicative of a slightly better water solubility (Fig.
S14 in Supporting information), which was further supported by
the determination of their absorption variation in DMSO solutions
with different volume fractions of water (fy). With the increase
of fi in solution, the maximum absorption of both Indol-NH,
and Indol-Glu decreased gradually and blue-shifted to 650-700
nm accompanied by the appearance of another peak shoulder at
644 nm (Fig. S15 in Supporting information), suggesting that both
molecules tend to form aggregates in water due to the amphiphilic
property.

To investigate the responsibility of Indol-Glu toward GGT, we
also synthesized a control probe Indol-Boc in which the carboxyl
group was protected by Boc. Indol-Boc is theoretically not response
to GGT and cannot be enzymatically cleaved. To verify this, both
Indol-Glu and Indol-Boc were treated with the same amount of
GGT, respectively. As shown in Fig. 1a, Indol-Glu and Indol-Boc
were almost non-fluorescent initially, whereas Indol-Glu showed
a dramatic fluorescence enhancement of up to 37-fold upon incu-
bation with GGT. However, no obvious fluorescence enhancement
was determined for control Indol-Boc. Interestingly, such fluores-
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cence activation of Indol-Glu can be effectively inhibited if the
probes were pretreated with an inhibitor of GGT (GGsTop), sug-
gesting that the activated fluorescence signal is attributed to GGT,
and Indol-Glu is highly responsive to the GGT, which is also con-
firmed by the high performance liquid chromatography and high
resolution mass spectrometry analysis (Figs. S16 and S17 in Sup-
porting information). Similar to previous TEM results of Indol-NH,
in aqueous solution, the average size of the resulting nanoparticles
after treatment of GGT was determined to be 79.3+0.5 nm (Fig.
1b), again demonstrating that Indol-Glu can be enzymatically di-
gested by GGT. To evaluate the selectivity of Indol-Glu toward GGT,
the same amount of Indol-Glu was treated with various species in-
cluding representative proteases, ROS, amino acids and GGT under
the identical condition. As expected, 24-fold fluorescence enhance-
ment was determined only for GGT, but the fluorescence signals
of others were quite low (Fig. 1¢), indicating that Indol-Glu has a
good selectivity toward GGT.

To further examine the detecting sensitivity of Indol-Glu for
GGT, Indol-Glu (5 pmol/L) was incubated with various concentra-
tions of GGT ranging from O to 100 U/L in PBS (pH 7.4, 37 °C) for 2
h. Fig. 1d evidently shows that the fluorescence intensity of the as-
says progressively increased and reached a plateau at the concen-
tration of 100 U/L. Notably, the fluorescence enhancements (I741/lp)
of Indol-Glu linearly correlated to the concentrations of GGT in
the range of 0-60 U/L (R2=0.995). The detection limit was back-
ground to be 0.059 U/L (signal-to-noise ratio (S/N)=3), which is
quite similar to other previously reported fluorescence probes, in-
dicative of high sensitivity to GGT. Moreover, the enzyme kinetic
parameters of Indol-Glu toward GGT were also calculated by using
the Michaelis-Menten equation (Figs. S18 and S19 in Supporting
information). The Michaelis constant (Ky) was determined to be
0.70 pmol/L (Fig. S20 in Supporting information), which is much
lower than many previously reported probes, suggesting Indol-Glu
has strong affinity towards GGT [46-48].

To investigate the fluorescence imaging ability of Indol-Glu to
GGT in living cells, its water solubility was first studied by deter-
mining the absorption variation of Indol-Glu aqueous solutions at
different concentrations. The absorbance of Indol-Glu aqueous so-
lutions increased linearly (R?=0.99) with the increasing concen-
trations (Fig. S21 in Supporting information), indicating that Indol-
Glu is water soluble. Methylthiazolyldiphenyl-tetrazolium bromide
(MTT) assay results revealed that Indol-Glu had a little effect on
the cell viability below 40 pmol/L (Fig. S22 in Supporting infor-
mation). Besides, standard photon-bleaching experiments demon-
strated that it had a good photo-stability under continuous irradi-
ation up to 600 s (Fig. S23 in Supporting information). The blood
biochemical analysis results showed that no acute toxicity was ob-
served (Fig. S24 in Supporting information). All these evidences
strongly indicate that Indol-Glu possesses a good biocompatibil-
ity. To evaluate the responsibility of Indol-Glu toward GGT in living
cells, the cell imaging experiments were performed in GGT-positive
HCT116 cells as well as GGT-negative NIH/3T3 cells. As illustrated
in Fig. 2a, bright NIR fluorescence were detected in Indol-Glu-
treated HCT116 cells after 30 min incubation, while almost no fluo-
rescence signals were determined in NIH/3T3 cells under the same
condition, suggesting that the fluorescence of Indol-Glu can be ac-
tivated in cancer cells through the cleavage of y-glutamyl moi-
ety. Interestingly, the fluorescence mainly located in the cytoplasm
rather than the nucleus, which should be due to the fact that GGT
mainly locates onto the cell membrane. The proposed mechanism
could be attributed to the aggregation of the hydrophobic enzy-
matic products and activated fluorescence. Moreover, the fluores-
cence signals could be greatly suppressed when HCT116 cells were
pretreated with the inhibitor GGsTop, again demonstrating that
Indol-Glu is highly specific for endogenous GGT. Furthermore, flow
cytometry analysis results in Fig. 2b clearly show that HCT116 cells
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Fig. 2. (a) Fluorescence imaging of 3T3 cells and HCT116 cells incubated with
Indol-Glu (5 pmol/L) for 30 min, and HCT116 cells pretreated with GGT inhibitor
(GGsTop, 0.1 mmol/L), followed by treatment with Indol-Glu (5 pmol/L) for 30 min.
Then, the cells were further treated with Hoechst 33342 for nucleus staining. Scale
bar: 20 pm. (b) Flow cytometry analysis of the Indol-Glu incubated in the regular
medium and the GGT inhibitor GGsTop pretreated medium for HCT116 cells. (c) Flu-
orescence imaging of HCT116 cells incubated with Indol-Glu (5 pmol/L) for 30 min
then collected at different time points. Scale bar: 20 pm. (d) The quantitative inten-
sity analysis of (c). Data are presented as mean & SD (n=5).

exhibit the highest shift in the histogram after incubation with
Indol-Glu.

To evaluate the intracellular distribution and accurate localiza-
tion of the resulting fluorescent products, co-locolization experi-
ments were conducted using commercially available dyes Mito or
Lyso-Tracker green. The HCT116 cells receiving Indol-Glu exhibited
strong NIR fluorescence signals in red color, which overlaid very
well with Mito-Tracker green in green color with Pearson’s co-
localization coefficients of 0.85 (Fig. S25 in Supporting informa-
tion). These results highly demonstrate that the resulting Indol-
NH, mainly accumulates in the mitochondria of HCT116 cells ow-
ing to its high hydrophobicity. Besides, HCT116 cells were washed
and replaced by fresh medium after incubating with Indol-Glu
(5 pmol/L) for 30 min, and then imaged by microscopy at selected
time points. The results in Fig. 2c indicate that the fluorescence
gradually enhanced and reached the maximum at 2 h followed by
slow decline. The quantitative analysis indicates that the fluores-
cence intensity at 24 h was dropped by 34% compared with the
intensity maximum (Fig. 2d), suggesting that the probes have pro-
longed retention time in GGT-positive HCT116 cells. The possible
cellular uptake pathway of Indol-Glu was further studied in living
cells with respective endocytosis and active transport inhibitors.
Highly weak fluorescence signals were actually detected in the
cells at 4°C, and the cells pre-treated with chlorpromazine, an in-
hibitor for clathrin-mediated endocytosis, showed significantly low
fluorescence (Fig. S26 in Supporting information). Together, these
results strongly suggest that Indol-Glu enters into HCT116 cells via
the energy-related clathrin-dependent endocytosis mechanism.

Encouraged by above activated NIR fluorescence of Indol-Glu in
cancer cells, we further evaluated its PA signal variation before and
after treatment of GGT. The absorption spectra of Indol-Glu before
and after incubation with different concentrations of GGT (0-100
U/L) in PBS were measured. With the increasing concentrations of
GGT used, the maximum absorbance of Indol-Glu at 584 nm de-
creased gradually, whereas a shoulder peak at 690 nm increased
progressively to maximum concomitant with an isosbestic point at
631 nm (Fig. 3a), which should be due to intensive ICT process.
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Fig. 3. (a) Changes in the absorption spectra of the Indol-Glu (5 pmol/L) probe with
different concentrations of GGT in PBS. (b) Correlation between the PAggo/PAgoo Of
the Indol-Glu (5 pmol/L) and the concentration of GGT after incubation for 2 h. The
inset is PA images of the Indol-Glu solutions containing different amounts of GGT.
(c) In vivo PA images of HCT116 tumor-bearing mice at various time points (0, 1, 4,
8, 12 and 24 h) after intravenous injection of Indol-Glu and Indol-Boc (100 pmol/L,
200 pL). Scale bar: 2 mm. (d) Quantitative analysis of the APAggo/ APAggo intensities
of the tumor sites at different time points in (c). Data are presented as mean + SD
(n=3).

Notably, accompanying the dramatic increase of absorbance at
690 nm, the absorption at 800 nm remains unchanged, which may
be useful for quantitative detection of GGT through ratiometric PA
assays. We then determined the PA intensity variation of Indol-
Glu treated with different amounts of GGT (0-100 U/L) for 2 h in
PBS. As expected, the PA intensity at 800 nm (denoted as PAggg)
remained constant all the time, while the PA signals at 690 nm
(denoted as PAggg) remarkably enhanced with the increasing con-
centration of GGT treated (Fig. S27 in Supporting information). The
ratiometric PAggg/PAgpo gradually increased from 1.30 to 6.05 with
a 4.7-fold enhancement, and the PAggg/PAggg of Indol-Glu is lin-
early proportional (R?2=0.97) to the concentrations of GGT (Fig.
3b). These results reveal that Indol-Glu has a good potential for
activated NIR fluorescence imaging of GGT-positive cancer cells as
well as quantitative visualization of endogenous GGT through ra-
tiometric PA imaging.

To evaluate the in vivo PA imaging performance of Indol-Glu for
tumors, the ratiometric PA images upon illumination at 690 and
800 nm were longitudinally recorded by choosing PAggg as inter-
nal reference after intravenous injection of Indol-Glu or control
Indol-Boc (100 pmol/L, 200 pL) into HCT116 tumor-bearing mice.
Fig. 3c evidently indicates that the PA signals of tumors at 690 nm
progressively enhanced with the increasing time for both probes,
while only little PA enhancement at 800 nm was observed. In-
terestingly, the ratiometric PAggg/PAggg Of Indol-Glu-treated tumor
presented a gradual increase and reached the maxima at 12 h post-
injection with nearly 4.0-fold enhancement over those treated with
Indol-Boc (Fig. 3d and Fig. S28 in Supporting information). More-
over, the PA signals were able to be retained for at least 24 h im-
plying prolonged retention time in tumor tissues. Therefore, these
evidences suggest that Indol-Glu can be potentially used for quan-
titative visualization of GGT in vivo. We next employed Indol-Glu to
assess the expression levels of GGT in various tumor models. Indol-
Glu (5 pmol/L) were incubated with human breast cancer MDA-
MB-231 cells and human colorectal carcinoma HCT116 cells for
30 min, respectively. HCT116 cells displayed significantly stronger
NIR fluorescence than MDA-MB-231 cells under the same imaging
condition (Fig. S29 in Supporting information), indicative of high
GGT activity in HCT116 cells.
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Fig. 4. (a) In vivo PA images of MDA-MB-231 and HCT116 tumor-bearing mice
at various time points (0, 1, 4, 8, 12 and 24 h) after intravenous injection of
Indol-Glu (100 pmol/L, 200 pL). Scale bar: 2 mm. (b) Quantitative analysis of the
APAggo/ APAggo intensities of the tumor sites at different time points in (a). (c)
Western blot assay of the expression level of GGT in MDA-MB-231 and HCT116
tumor-bearing mice at 12 h post-injection of Indol-Glu (100 pmol/L, 200 pL).
GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (d) Quantification of the ex-
pression level of GGT1/GAPDH in (c). Data are presented as mean + SD (n=3).

To quantitatively evaluate the expression of GGT in vivo, we es-
tablished two different subcutaneous tumor models through sub-
cutaneous injection of HCT116 cells or MDA-MB-231 cells into
mice. Indol-Glu (100 pmol/L, 200 pL) were intravenously injected
into the tumor-bearing mice followed by ratiometric PA imaging.
As shown in Figs. 4a and b, the ratiometric PA signals of HCT116
tumor is 2.8-fold higher than that of MDA-MB-231 tumor at 12
h post-injection, again demonstrating that high activity of GGT in
HCT116 cells. To further confirm it, the tumors were surgically ex-
cised from the mice after intravenous injection of Indol-Glu or
Indol-Boc, and the tumorous tissues were then sectioned for flu-
orescence imaging. Consistently, the tumorous slices of HCT116
showed obviously stronger red fluorescence than MDA-MB-231
(Fig. S30 in Supporting information). Further, western blotting re-
sults indicate that the GGT expression in HCT116 tumor is 3.7-fold
higher than that in MDA-MB-231 tumor (Figs. 4c and d), which
is highly close to the results determined by ratiometric PA imag-
ing. Collectively, these results reveal that our Indol-Glu has a great
potential to be used for quantitative visualization of GGT in living
system.

Inspired by above promising findings, we next evaluated the ca-
pability of Indol-Glu for NIR fluorescence imaging-guided tumor
surgery. All animal experiments were conducted according to the
Guidelines for the Care and Use of Laboratory Animals of Soo-
chow University and were approved by the Animal Ethics Commit-
tee of the Soochow University Laboratory Animal Center (Suzhou,
China). After intravenous administration of Indol-Glu, Indol-Boc, or
GGT inhibitor + Indol-Glu (100 pmol/L, 50 pL), the subcutaneous
HCT116 xenografts tumors were imaged and quantified in a time-
dependent manner. Fig. 5a shows that the tumor could be specifi-
cally lit up by Indol-Glu, and the NIR fluorescence signals could be
efficiently suppressed if the tumor was pre-treated with GGT in-
hibitor, again supporting that the fluorescence activation of Indol-
Glu is highly specific for GGT. In contrast, the decay of fluores-
cence signals in the Indol-Glu-treated tumor is more than 12 h
slower than the ones treated with control Indol-Boc (Fig. 5b),
which strongly demonstrates that Indol-Glu has a great prolonged
retention effect in tumors.

Encouraged by the high SBR and prolonged retention of our
probe within tumors, we further investigated the potential of
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Fig. 5. (a) In vivo fluorescence imaging of HCT116 tumor-bearing mice at various
time points (0, 1, 4, 8, 12 and 24 h) after intratumoral injection of Indol-Glu and
Indol-Boc (100 pumol/L, 50 pL), and HCT116 tumor-bearing mice pre-treated with
GGsTop (1 mmol/L, 50 pL) via orthotopic injection for 30 min and then intratu-
morally injected with Indol-Glu (100 pmol/L, 50 pL). (b) Quantitative analysis of the
fluorescence intensities of the tumor sites at different time points in (a). (c) In vivo
fluorescence imaging of HCC/Luc tumor-bearing mice at various time points (10,
60 and 90 min) after intraperitoneal injection of Indol-Glu (100 pmol/L, 200 pL).
Bioluminescent images were collected after 10 min of intraperitoneal injection of
luciferin (10 mg/mL, 100 pL). (d) Confocal fluorescence microscopy images of tumor
tissue slices from HCC/Luc tumor-bearing mice after 1 h intraperitoneal injection of
Indol-Glu and Indol-Boc (100 pmol/L, 200 pL). Scale bar: 40 pm. (e) Imaging-guided
surgical resection of HCC/Luc tumor-bearing mice after 1 h intraperitoneal injection
of Indol-Glu (100 pmol/L, 200 pL). Bioluminescent imaging of mice was used before
and after surgery to detect the tumor tissue residuals. (f) Histological HE staining of
surgical resection of the tumor in (e). The tumor margins were delineated by white
dotted line. Scale bar: 100 pm. Data are presented as mean + SD (n=3).

Indol-Glu for imaging-guided surgical resection of tumors. For bet-
ter visualization, the peritoneal luciferase-transfected hepatocel-
lular carcinoma (HCC/Luc) was chosen as a tumor model. The
HCC/Luc cells were first incubated with Indol-Glu followed by
fluorescence microscopy imaging. As expected, intensive fluores-
cence was determined in HCC/Luc cells and the fluorescence sig-
nals could be completely inhibited by GGsTop (Fig. S31 in Sup-
porting information), implying that GGT is highly expressed in
HCC/Luc cells. Next, the HCC/Luc tumor mass (1 mm x 1 mm in
size) was inserted into peritoneal space by a midline incision of
the abdominal wall under anesthesia to establish the tumor model
in mice followed by bioluminescence imaging for tumor growth
monitoring. Intensive bioluminescence in abdominal cavity sug-
gested the successful establishment of peritoneal HCC/Luc tumors
within a month. After intraperitoneal administration of Indol-Glu
(100 pmol/L, 200 L), strong NIR fluorescence were visualized in
the peritoneal cavity of mice at 10 min post-injection, which is
consistent well with the bioluminescence imaging region (Fig. 5¢).
Surprisingly, the fluorescence signals could last for at least 90 min
with high T/N ratio, which would be highly helpful for surgical re-
section of cancerous lesions in clinics. However, the mice with in-
jection of Indol-Boc showed very weak fluorescence in the whole
body all the time (Fig. S32 in Supporting information), which is
highly consistent with previous in vitro experimental results. More-
over, the tumor tissue slices from the mice of Indol-Glu showed
remarkably brighter red fluorescence than that of Indol-Boc (Fig.
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5d). All these results implies that probe Indol-Glu can be used for
accurate diagnosis of tumors in vivo.

In light of above promising results, we then performed imaging-
guided surgery of peritoneal HCC/Luc tumors after injection of
Indol-Glu (100 pmol/L, 200 pL) into the peritoneum. As shown
in Fig. 5e, the margin of the tumor was clearly delineated and
well distinguished from the surrounding normal tissues. Next,
the tumor was thoroughly excised from mice with forceps un-
der the guidance of NIR fluorescence imaging. Meanwhile, the bio-
luminescence imaging of intraoperative mice confirmed that NIR
fluorescence imaging-guided surgery was successfully attempted.
Hematoxylin-eosin (HE) staining analysis was also carried out for
the surgical tumorous tissues. Fig. 5f showed the characteristics of
tumor histology and clear boundary between tumor and normal
tissues. Together, these findings strongly demonstrate that Indol-
Glu holds a great promise for accurate diagnosis and imaging-
guided tumor surgery.

In summary, we have developed a NIR fluorogenic probe
Indol-Glu for quantitative imaging of endogenous GGT as well as
imaging-guided intraoperative surgery of tumors. The fluorescence
of Indol-Glu was “off” state initially, but could be activated by
GGT to generate enhanced NIR fluorescence and ratiometric PA sig-
nals at 690 nm and 800 nm, allowing for sensitive detection of
GGT over-expressed tumors and quantitative visualization of GGT
level in living system. Since the hemicyanine residue of Indol-Glu
after hydrolysis by GGT is highly hydrophobic, they could self-
assemble into uniform nanoparticles in tumor region resulting in
prolonged retention time for NIR imaging-guided surgical resection
of HCC/Luc tumors. More notably, taking advantage of the ratio-
metric PA imaging characteristics, Indol-Glu was also employed to
quantitatively evaluate the expression levels of GGT in various tu-
mor models in living mice. We thus believe that current study may
provide a valuable means for precise diagnosis and surgical resec-
tion of malignant tumors.
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