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Bridging the disparity between traditional surgical resection imaging and ex vivo histopathology,
fluorescence imaging is considered a promising tool in disease diagnosis and imaging navigation.
Nevertheless, its usefulness is undermined by the variability of single-wavelength fluorescence signals
and limited penetration of NIR-I (650-900 nm) bioimaging. In this work, we present a novel NIR-I|
ratiometric fluorescent probe (CFC-GSH) with vy-glutamyl transpeptidase (GGT) sensitivity for
multifunctional bioimaging. This probe leverages a GSH-capped anionic cyanine, with advantages of high
brightness, excellent photostability, high specificity and favourable biocompatibility. CFC-GSH exhibits an
intrinsically stable NIR-II signal prior to triggering, which can be utilized for in vivo systemic circulation
vessel outlining and microvascular imaging. At the tumour site with GGT over expression, an
intramolecular S,N-rearrangement would initiate the conversion of sulphur-substituted cyanine to
amino-substituted cyanine, resulting in a significant emission shift of 270 nm. Using the dual-channel
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Accepted 17th January 2025 signal changes, CFC-GSH effectively differentiates between subcutaneous hepatocellular carcinoma
(HCC) and normal tissue and precisely localizes metastatic HCC tumours in the abdominal cavity. These

DOI: 10.1039/d4sc06459¢ results reveal that CFC-GSH exhibits promising potential as a multiprospective candidate tool for
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Introduction

The limitations of conventional in vivo imaging techniques,
particularly in spatial resolution and tissue penetration depth,
have driven the exploration of novel methods with superior
bioimaging performance.™ The second near-infrared (NIR-II)
window has garnered significant attention due to its superior
attributes, including enhanced deep tissue penetration, high
resolution, and minimal tissue autofluorescence and
photodamage.>® However, traditional probes suffer from
inherent background signals, hindering accurate target
detection.”™ Activatable probes have emerged as a solution in
the visible and NIR-I regions, but designing activatable NIR-II
probes remains challenging.'** This is primarily due to the
lack of generalizable chemical strategies for modulating NIR-II
emission, especially in the development of enzyme-activated
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fluorescence screening and diagnostic imaging in various biological scenarios.

probes with high and substrate
selectivity.'**®

Gamma (y)-glutamyl transpeptidase (GGT), a key enzyme in
glutathione metabolism primarily found in the liver, is upre-
gulated in a variety of tumours and plays a vital role in their
genesis, invasion, and metastasis.’*"® Therefore, GGT is
considered an important biomarker of tumours, and quantita-
tively detecting dynamic GGT activity is clinically significant for
early diagnosis, accurate pathologic staging, intraoperative
navigation and efficacy assessment of tumours.”** Conven-
tional GGT detection techniques, such as p-nitroaniline-based
colorimetric analysis, electrochemistry, and high-performance
liquid chromatography (HPLC), suffer from inherent draw-
backs, such as intricate procedural requirements and compli-
cated sample processing (Table S1t).%**2¢ These factors pose
a great challenge in obtaining real-time GGT levels in the
organism. In contrast, optical imaging methods, especially
probes working in the near-infrared (NIR) window (Table S21),
offer convenient and noninvasive methods for visualizing GGT
in organisms due to their ability to provide iz situ and real-time
information.>** Nevertheless, most NIR probes rely on fluo-
rescence signals emitted at a single wavelength, which can be
affected by the probe concentration, instrument parameters,
and the dynamic biological environment."**?” In addition, the

catalytic efficiency
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conventional strategy for developing GGT-activatable probes
involves linking a y-glutamyl group to the fluorophore via an
amide bond.>*322%1° [n this context, steric hindrance from the
fluorophore near the enzymatic cleavage site may reduce the
probe's affinity for the enzyme.*”** Moreover, enzymatic
cleavage of the y-glutamyl bond releases the fluorophore with
an unprotected amine group, making it susceptible to potential
oxidation or acylation by other enzymes in the biological
system, leading to a complicated fluorescence response.*“**
Thus, developing NIR ratiometric fluorescent probes with
optimized kinetic profiles and stable signal output for GGT
detection remains a challenge.

In this work, we constructed a novel NIR ratiometric probe,
CFC-GSH, by directly conjugating GSH, a natural substrate of
GGT, to a tricyanofuran (TCF)-ended anionic cyanine (Scheme
1). Upon enzymatic cleavage of the <y-glutamyl bond, the
released amino group in the cysteinyl-glycine residue undergoes
intramolecular cascade cyclization, yielding amino-substituted
cyanine and resulting in a remarkable emission shift from
930 nm to 660 nm. Additionally, the rearranged amino-
substituted product does not contain a free amine group, thus
eliminating the possibility of amines being oxidized or acylated
by other enzymes. Compared to reported GSH-based probes,
polymethine-derived CFC-GSH exhibits an unprecedented shift
from NIR-II to NIR-I fluorescence, with zero overlap in the
emission spectra. The deep tissue penetration capability of NIR
fluorescence enables the diagnosis and monitoring of subcu-
taneous tumours and metastasized tumours in the abdominal
cavity of HCC through dual-channel imaging of GGT activities
in a mouse model. To the best of our knowledge, CFC-GSH is
the first ratiometric probe using NIR-II (900-1700 nm) signals to
track GGT activities in vivo.
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Results and discussion
Probe design and synthesis

Fluorescence imaging in the near-infrared II (NIR-II, 900-1700
nm) window provides deeper tissue penetration and higher
resolution than NIR-I because it further minimizes tissue
autofluorescence, absorption, and scattering.>”** To obtain
a NIR-II probe with GGT-triggerable fluorescence, GSH is
chosen as the enzymatic substrate and conjugated to an anionic
cyanine scaffold featuring tricyanofuran ends to afford the
probe CFC-GSH. Anionic cyanine exhibits significantly red-
shifted photophysical properties compared to its cationic
analogy, and particularly the tricyanofuran-terminated poly-
methine  exhibits  NIR-II  fluorescence  with  high
photostability.*** Prior to GGT incubation, CFC-GSH is ex-
pected with inherent NIR-II signals due to the large m-conju-
gated system in the heptamethine chromophore.** As shown in
Fig. 1, upon enzymatic cleavage of the y-glutamyl bond, the
amino group released in the cysteinyl-glycine residue promotes
an intramolecular cascade arrangement of thiolate, which
proceeds through a five-membered cyclic transition state to
produce amino-substituted CFC-NCS. Given the unique cascade
arrangement,*®*® a significant bathochromic shift in absorption
and fluorescence would be observed, promising the detection of
GGT in a ratiometric mode in the NIR window. Of note, there is
no free amine group in CFC-NCS, thus eliminating the inter-
ference from oxidation or acylation from other enzymes in the
biological environment.

The probe CFC-GSH was conveniently synthesized from the
nucleophilic substitution of the free thiol group of GSH with
chlorine on anionic polymethine scaffold CFC-Cl, as presented
in Scheme S1.1 CFC-GSH and CFC-Cl were characterized by "H
NMR, *C NMR and HRMS, respectively (Fig. S1-S57).
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Scheme 1 Schematic diagram of NIR-II transpeptidase-triggered fluorescent probe CFC-GSH for multifunctional bioimaging. The anionic
cyanine conjugate CFC-GSH exhibited an intrinsic NIR-II signal prior to activation by transpeptidases, which can be used for fluorescence
angiography of systemically circulating vascular profiles. At the tumour site, the probe exhibited an unprecedented emission shift from NIR-1I to

NIR-I, enabling accurate hepatocellular carcinoma (HCC) surveillance.
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Fig.1 (a) Absorption spectra of CFC-GSH (5 uM) in the absence (A) and presence (B) of GGT (100 U per L). (b) NIR-1I (e, = 808 nm) and (c) NIR-I
(Aex = 620 nm) fluorescence spectra of CFC-GSH (5 uM) in the presence of different concentrations of GGT (0—100 U per L) for 30 min. (d) The
linear relationship between the fluorescence intensity ratio (Fgeo/Fg30) of CFC-GSH (5 uM) and GGT activity (0—-100 U per L). (e) NIR-II (upper
panel, Aex = 808 nm) and NIR-I (lower panel, A, = 605 nm) fluorescent images of CFC-GSH (5 uM) to (A) PBS, (B) GGT (80 U per L), (C) GGT (80 U
per L) + acivicin (0.2 mM), (D) GGT (80 U per L) + acivicin (0.5 mM), and (E) GGT (80 U per L) + acivicin (1 mM). (f) Fluorescence intensity ratio (Fgeo/
Fg30) of the groups in (e). (g) Time-dependent NIR-II (upper panel, Aex = 808 nm) and NIR-I (lower panel, Ae, = 605 nm) fluorescent images of
CFC-GSH (5 uM) in the presence of GGT (80 U per L) at different times (0—40 min). (h) Kinetic time curve for the fluorescence intensity ratio (Fgeo/

0 min

Fg30) of CFC-GSH (5 uM) incubated with GGT (80 U per L). Data are presented as mean + s.d. (n = 3).

Spectral response to GGT

To evaluate the capability of GGT activation, the UV/vis
absorption spectra of CFC-GSH in the absence and presence of
GGT were evaluated in phosphate-buffered saline (PBS) solu-
tion. As shown in Fig. 1a, upon incubation with GGT, the
absorption bands of CFC-GSH at 890 nm decreased gradually,
whereas a new absorption peak emerged at 650 nm concomi-
tantly. Along with the bathochromic shift of ca. 240 nm in the
absorption spectra, a distinct colour change from green to blue
was observed (Fig. 1a, inset). Next, the fluorescence titration
experiments of CFC-GSH were carried out. In the absence of
GGT, CFC-GSH exhibited fluorescence in the NIR-II region with
a peak at 930 nm (A.x = 808 nm), which could be attributed to
the large m-conjugated system existing in the tricyanofuran-
ended heptamethine chromophore. After incubation with
GGT, the initial NIR-II fluorescence decreased in a dose-
dependent behaviour, whereas new fluorescence increased
gradually at 660 nm (A, = 620 nm) (Fig. 1b and c). The
remarkable bathochromic shift (ca. 270 nm) in the fluorescent
signal from NIR-II to NIR-I confirms the enzymatic cleavage of
v-glutamyl linkage in CFC-GSH. To our delight, zero overlap was

4492 | Chem. Sci., 2025, 16, 4490-4500

found in the two fluorescence spectra, which is beneficial for
highly sensitive detection of GGT activity in potent ratiometric
mode with self-calibration characteristics.*>** Harnessing the
fluorescence intensity ratio (Feeo/Fo30) changes, the NIR ratio-
metric detection of GGT can be established with CFC-GSH. As
shown in Fig. 1d, the fluorescence intensity ratio (Feeo/Fozo)
exhibited a satisfactory linear relationship with the GGT
concentration at 1-100 U per L (R*> = 0.9865). The limit of
detection (LOD) was determined to be 0.04 U per L (30/k), which
meets the requirement for GGT detection in biological samples
with the desired sensitivity. In contrast, the fluctuations of
fluorescence signals appeared to be blocked when the working
system was pretreated with glutamine analogues acivicin, an
inhibitor of GGT*' (Fig. 1e). Moreover, the fluorescence intensity
ratio (Feeo/Foz0) decreased in an acivicin dose-dependent
behaviour, demonstrating that GGT is essential for triggering
optical changes (Fig. 1f and S67).

Sensing mechanism

To investigate the responsive mechanism, we first explored the
binding mode of CFC-GSH to GGT using molecular docking

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of the sensing mechanism of CFC-GSH for GGT. (b) Molecular docking simulation of the binding mode of CFC-

GSH to the catalytic pocket of GGT. (c) Frontier molecular orbital of probe CFC-GSH and amino-substituted product CFC-NCS.

simulations.>** As shown in Fig. 2b, the recognition group vy-
glutamyl unit can enter the enzymatic pocket successfully and
form hydrogen bonds with the surrounding amino acid resi-
dues (Gln 285, Glu 381 and Arg 387), suggesting the high affinity
of GSH-derived CFC-GSH to GGT. In addition, the fluorophore
anionic polymethine was stuck outside the pocket, which may
be attributed to the cysteine residue in GSH that could separate
the cleavage site away from the cyanine scaffold, thereby
diminishing the steric effect from the fluorophore. To validate
the subsequent enzymatic activation, high-performance liquid
chromatography (HPLC) analysis was carried out, as shown in
Fig S7.1 After incubation with GGT, the peak corresponding to
CFC-GSH (3.11 min) decreased while another peak emerged at
5.17 min, which was further dominated as the incubation time
prolonged (10.0 min). The generation of amino-substituted
CFC-NCS was identified by the HRMS analysis (Fig. S8t). The
incubation of CFC-GSH with GGT manifested a mass peak at
675.2106 identical to that of CFC-NCS (m/z: calc., 675.2143).
These results supported that the enzymatic hydrolysis of the y-
glutamyl bond in CFC-GSH underwent a subsequent intra-
molecular rearrangement cascade reaction to produce amino-
substituted polymethine.®*** To rationalize the spectral
change in the presence of GGT, the frontier molecular orbital of
probe CFC-GSH and amino-substituted product CFC-NCS were
calculated using Gaussian 16.°>°° As shown in Fig. 2c, both the
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) of CFC-GSH are located
mainly in the heptamethine scaffold, while there is partial
redistribution of the electronic density on the HOMO and

© 2025 The Author(s). Published by the Royal Society of Chemistry

LUMO of CFC-NCS. The energy gap of CFC-GSH (1.96 eV) is
larger than that of CFC-GSH (1.86 eV), which could rationalize
the bathochromic shift of absorption wavelengths of CFC-GSH
after incubation with GGT. Given these results, a possible
sensing mechanism for the activation of CFC-GSH with GGT
was proposed (Fig. 2a). Upon GGT-induced cleavage of the vy-
glutamyl bond on probe CFC-GSH, the released amino group in
the cysteinyl-glycine residue promotes an intramolecular
cascade arrangement of thiolate, yielding amino-substituted
CFC-NCS through a five-membered cyclic transition state.
Consequently, the absorption and fluorescence spectra of CFC-
GSH exhibited a distinct bathochromic shift upon incubation
with GGT.

In vitro characterization

After that, the sensing kinetics of CFC-GSH toward GGT was
further investigated. As shown in Fig. 1h, the fluorescence ratio
signals (Feeo/Fos0) of CFC-GSH increased over incubation time
and arrived at a plateau in 22 min, indicative of the fast
response to GGT. To visualize the fluorescence changes, the
response progression of CFC-GSH to GGT was imaged using
a full spectrum animal In Vivo Imaging System (IVIS). As shown
in Fig. 1g, the NIR-II fluorescence signal of GGT-treated CFC-
GSH solution gradually weakened with the extension of incu-
bation time, while the NIR-I fluorescence signal gradually
enhanced. The results indicate that CFC-GSH could be an ideal
tool for rapid detection and imaging of GGT.

The specificity of CFC-GSH was assessed in the presence of
potential biological interferents including 10% fetal bovine

Chem. Sci., 2025, 16, 4490-4500 | 4493
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Fig.3 Fluorescence imaging of (a) normal cells, HCC and (b) other cancer cells incubated with CFC-GSH (5 uM, 0.5% DMSO) for 30 min and then
treated with Hoechst (1 uM) for another 5 min. (J—L) Hepa 1-6, (P-R) HepG2 cells in (a) (D—F) SKOV3, (J-L) A549, and (P—R) HepG2 cells in (b)
pretreated with acivicin (1 mM) for 30 min. Blue channel: A, = 405 nm and A¢p, = 430—-480 nm; red channel: Aex = 620 nm and A¢p, = 650—
700 nm. Scale bar: 10 um. (c) NIR-1I (upper panel, Aex = 808 nm) and NIR-I (lower panel, Aex = 605 nm) fluorescence images of CFC-GSH (5 uM,
0.5% DMSOQO) upon incubation with Hepa 1-6 cells at 37 °C for 30 min. (d) Relative fluorescence intensity of CFC-GSH-incubated cells in (a) and
(b) and the intensity of image B in (a) are set as 1.0. (e) The corresponding quantitative analysis of ratiometric fluorescence intensity in (c). Data are

presented as mean + s.d. (n = 3).

serum (FBS), enzymes (NTR, APN, ALP, Try, CE, and GOx) and
amino acids (Glu and Cys). As shown in Fig. S9a,T no significant
fluorescence alteration in both NIR-II and NIR-I channels can
be triggered by the biological interferents. Moreover, the pres-
ence of these interferents also showed no obvious interference
with the GGT-triggered fluorescence changes (Fig. S9bt),
demonstrating the potential of CFC-GSH to specifically identify
GGT in complex biological samples. Furthermore, the presence
of amino acids (Hcy, Iso, Leu, Arg, Lys and Phe), cations (Na,
K*, Mg**, Ca®", AI**, and Fe**) and anions (H,PO, , NO;, and
CO;>7) also exhibited limited interference in the detection of
GGT (Fig. S107), indicating the excellent selectivity of CFC-GSH.
In addition, the photostability of CFC-GSH was examined with
the excitation of a 150 W xenon lamp. As shown in Fig. S11,t the
fluorescence intensity ratio (Feeo/Fo30) 0f CFC-GSH remained
relatively stable during the scanning period of 8000 s, indicative
of the desirable resistance to photobleaching. These results
suggested that CFC-GSH holds great potential for accurate
detection of GGT activity in practical settings.

Fluorescence imaging in living cells

Inspired by the favourable performance in vitro, we subse-
quently assessed the applicability of CFC-GSH in living cells.
Before that, CFC-GSH was invoked to evaluate its biocompat-
ibility with cell lines (HEK293T and HepG2 cells). As shown in

4494 | Chem. Sci, 2025, 16, 4490-4500

Fig. S12,7 after incubation with various concentrations of CFC-
GSH (0-50 uM) for 24 h, the cell viability of all cells remained
at a high level (over 85%), suggesting the good biocompati-
bility of CFC-GSH. Given the GGT-triggerable NIR-I fluores-
cence enhancement, the fluorescence imaging of CFC-GSH in
different cell lines was carried out using a confocal laser
scanning microscope (CLSM). As depicted in Fig. 3a, faint
fluorescence signals were observed in human embryonic
kidney cells (HEK293T) and mouse embryonic fibroblast cells
(NIH-3T3), which suggests that GGT activity remains negli-
gible in normal cells. By contrast, intensive NIR-I fluorescence
signals were observed in hepatocellular carcinoma cells
(human HepG2 and murine Hepa 1-6), which were 4.63 and
4.40 times higher than those in normal cells, respectively,
suggesting higher GGT levels in HCC (Fig. 3d). When the
cancer cells were pretreated with GGT inhibitor acivicin (1
mM), the NIR-I fluorescence signals decreased drastically,
elucidating the fact that the fluorescence change comes from
the GGT-catalysed cleavage of the y-glutamyl bond in CFC-
GSH (Fig. 3a and b). Furthermore, other cancer cells of
different origins were also demonstrated with different GGT
levels according to the activated NIR-I fluorescence intensity
(Fig. 3b). These results verified the capability of CFC-GSH for
evaluating the GGT levels in living cells, thus providing the
accessibility for differentiating cancer cells from normal cells.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(@) NIR-1 (Aex = 605 nm, Aeyy = 660 nm) and NIR-1I (Aex = 808 nm, 1075 nm LP) fluorescence imaging of tumour-bearing BALB/c nude mice

at different times (1, 5, 10, 20, 30, 40, and 60 min) after intratumoural injection of CFC-GSH (50 pL, 10 pM in PBS) without/with pretreatment of
acivicin (1 mM) for another 30 min. (b) NIR-I and NIR-II fluorescence imaging of the isolated organs from the mice in (a). (c—e) Time-dependent
quantitative statistics of (c) NIR-1and (d) NIR-II fluorescence intensity, and (e) the corresponding fluorescence intensity ratio of the mice in (a). (f)
Quantitative biodistribution analysis of the mean fluorescence intensity ratio in tumours and major organs. Data are presented as mean +s.d. (n =

3). *¥***p < 0.0001.

Considering the desirable ratiometric response of probe CFC-
GSH, the possibility of quantitative detection of endogenous
GGT produced by the density gradients of cancer cells was
further explored. The Hepa 1-6 cells were pre-transferred into
a black 96-well plate with controlled densities, followed by
incubation with CFC-GSH for 30 min and the signals were
recorded using the IVIS. As shown in Fig. 3c and e, the fluo-
rescence signals in the NIR-II channel exhibited a density-
dependent decline process, whereas the signals in the NIR-I
channel exhibited a gradual enhancement process. More-
over, a good linear relationship was found between the fluo-
rescence intensity ratio and cell number from 2000 to 40 000
per well (R* = 0.9723) with a LOD lower than 320 cells (30/k),
showing the feasibility of CFC-GSH for quantitatively evalu-
ating GGT activities in cancer cells (Fig. S137). These results
suggest that probe CFC-GSH provided a promising tool for
discriminating GGT-overexpressed cancer cells from other
cells.

Dual-channel imaging of subcutaneous tumours

Next, the ratiometric probe CFC-GSH was further employed for
real-time in vivo visualization of GGT activity in tumour-bearing

© 2025 The Author(s). Published by the Royal Society of Chemistry

mice to monitor HCC. A murine hepatocellular carcinoma
xenograft tumour model was established by subcutaneously
injecting Hepa 1-6 cells into the assigned site of female BALB/C
nude mice.”” After 2 weeks, the tumour grew about 100 mm?
and was then treated with CFC-GSH for NIR-I and NIR-II dual-
channel imaging using the IVIS. As exhibited in Fig. 4a and c,
distinet NIR-I fluorescence was collected specifically in the
tumour region within 1 min and gradually increased to the
maximum within 30 min, while, in the NIR-II channel, the
signal intensities dropped significantly in the imaging period,
indicating the rapid activation of CFC-GSH in situ (Fig. 4a and
d). The fluorescence intensity ratio increased in a time-
dependent manner and reached a plateau at 30 min (Fig. 4e).
To validate the finding that fluorescence changes were indeed
triggered by GGT in subcutaneous tumours, the mice were
preinjected with inhibitor acivicin for 30 min and then treated
orthotopically with CFC-GSH. As shown in Fig. 4a, the
enhancement of NIR-I fluorescence and the decline of NIR-II
fluorescence in the tumour region were blocked well by acivi-
cin. The fluorescence intensity ratio in the HCC tumour atten-
uated 19.52-fold compared with that in the absence of acivicin,
verifying that the dual-channel fluorescence changes at the
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tumour site resulted from selective cleavage of CFC-GSH by GGT
(Fig. 4a and e). Furthermore, ex vivo fluorescence images of the
tumour and main organs (heart, liver, spleen, lung, and kidney)
were recorded after sacrificing the mice at 2 h post-injection. As
shown in Fig. 4b, faint NIR-II fluorescence signals but intensive
NIR-I fluorescence signals were observed only in tumours,
suggesting the specific fluorescence changes triggered by
tumoral GGT. Consistent with the in vivo results, the fluores-
cence changes were attenuated as well by the inhibitor, with
a decrease in the fluorescence intensity ratio of about 3.48-fold
(Fig. 4f). Moreover, the tissue sections were obtained to explore
the accessibility of CFC-GSH in tissue imaging. As shown in
Fig. S14,T in contrast to the negligible fluorescence in liver sli-
ces, stronger fluorescence was observed in tumours with
a 12.86-fold signal enhancement, suggesting that CFC-GSH has
the potential to discriminate tissues with high GGT expression
from those with low expression. These results were in keeping
with those in vitro, supporting the superiority of CFC-GSH to
reflect the dynamic level changes of GGT in HCC xenograft
mice.

4496 | Chem. Sci, 2025, 16, 4490-4500

Dual-channel imaging of metastasis tumours

Most malignant cancers, including HCC, tend to metastasize
from the primary site to secondary sites within the host.>**%
Patients with advanced HCC should be carefully monitored due
to the frequent occurrence of extrahepatic metastases,
including those in the lungs, lymph nodes, and peritoneal
metastases.®® However, metastasized tumours are often difficult
to detect and are located early due to their small size and deep
location within the body.**** To mimic metastasis of HCC to the
abdominal cavity, Hepa 1-6 cells were injected into the
abdominal cavity of female BALB/C nude mice, and 3 weeks
later the probe was administrated via intraperitoneal injection.
After 1 h, the abdominal cavity of mice was exposed to dual-
channel imaging (Fig. 5a). As shown in Fig. 5b, the peritoneal
metastasized tumours in the abdominal cavity could be
observed at the intestinal plasma membrane according to the
fluorescence signals from two channels, suggesting that HCC
tumours predominantly metastasized to the intestines. Hae-
matoxylin-eosin (H&E) stained tissue specimens revealed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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or CFC-GSH for 24 h, respectively. Scale bar: 200 um. Data are presented as mean =+ s.d. (n = 3).

tumorous regions adjacent to normal intestine regions, con-
nected by a blood vessel, which was distinguishable by the
cellular morphology (Fig. 5d). Following the sacrifice of the
mice, the intestinal tissue of interest and the main organs were
collected for ex vivo fluorescence imaging. The results showed
that intensive NIR-I fluorescence and faint NIR-II fluorescence
were only found in tumour-containing intestinal tissue (Fig. 5¢).
Notably, while the liver exhibited significant NIR-I fluorescence,
the NIR-II fluorescence was much higher in the liver than in
tumour tissues. This discrepancy can be attributed to the
excessive uptake of probes by the liver and subsequent enzy-
matic catalysis of endogenous GGT. The fluorescence ratio
allowed for self-calibration of signals in the liver, enabling
specific detection and tracking of peritoneal metastasis of HCC
in vivo. This result highlights the advantages of the ratiometric
response mode provided by the probe CFC-GSH (Fig. 5g).
Furthermore, fluorescence imaging of metastatic tumour
sections showed that tumour tissues displayed high-contrast

© 2025 The Author(s). Published by the Royal Society of Chemistry

fluorescence, with fluorescence intensity 12.1 times that of
normal intestinal tissues (Fig. 5e). This indicates the excellent
imaging capability of CFC-GSH for in vivo detection of HCC
intestinal metastases (Fig. 5f). Collectively, CFC-GSH shows
potential as a tool for accurate imaging of metastatic tumours in
clinical applications.

Fluorescence angiography with CFC-GSH

From the perspective of broader application scenarios, we
would like to highlight the innate NIR-II signals of CFC-GSH in
fluorescence imaging of systemic circulation vessels. The fluo-
rescence in the NIR-II window offers several advantages,
including optimized spatial resolution, improved imaging
depth, a high signal-to-background ratio (SBR), and reduced
tissue autofluorescence, thereby providing non-invasive, high-
resolution imaging at millimetre depths within biological
tissues.***>%* As demonstrated in Fig. 6a and b, bright NIR-II
fluorescence delineated the blood vessels within minutes
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following intravenous injection of CFC-GSH, clearly visualizing
the blood circulatory system in nude mice with high spatial
resolution. Impressively, the SBR of vascular signals in the
brain, paw, and hindlimb of living mice were quantified as 1.66,
1.32, and 1.35 (Fig. 6¢), respectively, indicating that CFC-GSH
holds potential for non-invasive imaging of subcutaneous
vasculature in live mice. These results demonstrate the superi-
ority of CFC-GSH bioimaging in the NIR-II window, making it
a valuable tool for in vivo microangiography and disease
monitoring.

To investigate its biodistribution, in vivo fluorescence images
were recorded from both NIR-I and NIR-II channels using the
IVIS at 24 h after intravenous injection of CFC-GSH. As shown in
Fig. 6d, strong fluorescence signals were observed in the liver in
both channels, indicating that liver metabolism serves as
a primary clearance pathway for CFC-GSH. Subsequently, the
mice were sacrificed, and their main organs were collected for
dual-channel imaging. As shown in Fig. 6e, the intensive NIR-II
fluorescence was recorded in the liver, with weaker NIR-II
signals also detected in the spleen. In contrast, NIR-I signals
were only found in the liver, which has innate expression of
GGT, further verifying the optimized specificity of CFC-GSH-
supported ratiometric mode. To evaluate the biocompatibility
of CFC-GSH, H&E staining of the organ slices was performed.
The results showed no obvious pathological damage or lesions
(Fig. 6g), suggesting low systematic toxicity of the probe to
normal organs and tissues. Consistent with the result, no
significant haemolysis occurred at a concentration reaching 512
uM (Fig. 6f). Collectively, these results validated the reliable
biocompatibility of CFC-GSH for imaging species of interest in
living things.

Conclusions

This work presents a ground-breaking approach for modulating
the NIR-II fluorescence of anionic cyanine-based scaffolds using
a specific enzymatic trigger. This strategy not only provides
a powerful tool for HCC localization but also signifies a valuable
approach for developing enzyme-activated NIR-II probes for
broader cancer diagnosis and management. Based on the pio-
neering strategy, CFC-GSH-boosted dual-channel imaging
enables real-time monitoring of GGT activity in tumours and
precise localization of metastatic HCC lesions within the
abdomen. Importantly, the self-calibration properties of the
ratiometric probe CFC-GSH diminish interference from innate
GGT activities in the liver. Given its inherent NIR-II fluores-
cence, we also demonstrated the potential application of CFC-
GSH in fluorescence microangiography in the NIR-II window.
Notably, CFC-GSH exhibits no acute toxicity, suggesting its
potential for future clinical application in HCC tumour staging,
localization, and treatment decision-making.

Experimental section
Synthesis and measurement methods

CFC-GSH was synthesized via three steps, and the specific
information of relative compounds is given in the ESL{ The
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further details of in vitro detection and the cell treatment and
imaging are available in the ESI.}

Methods of theoretical calculations

Calculations of optimal geometries and electronic structures of
CFC-GSH and CFC-NCS were carried out using density func-
tional theory (DFT) at the b3lyp/6-31g(d) level.”> The starting
structures with different conformational isomers were consid-
ered to ensure that the optimized structure corresponds to
a global minimum. All these calculations were carried out with
Gaussian 16 software (water was employed in all the calcula-
tions). The obtained data were analysed using GaussView 5.0
software.

Method of molecular docking simulation

Molecular docking simulations were carried out on MOE2019
software. The crystal structure of human glutaminase in
complex with r-glutamine (PDB ID: 3VP0)** was downloaded
from RCSB PDB and underwent a series of optimizations
(completing the protein sequence, deleting repeated subunits,
adding hydrogen atoms, and removing all water molecules and
ligands). Different conformations of CFC-GSH were searched (n
= 10000) and the docking cycles and the parameters between
the ligand and protein were set according to the defaults.

Animal models and fluorescence imaging

BALB/c nude mice (female, 6 weeks old) were obtained from the
Animal Centre of Xiangya Medical School, Central South
University. All animal procedures complied with the Guide for
the Care and Use of Laboratory Animals and were approved
(application number: XMXH-2023-1384) by the Laboratory
Animal Welfare Ethics Committee, Central South University,
China.

Cells were pelleted by centrifugation and resuspended in
pre-cooled sterile PBS. For subcutaneous tumours, 150 uL PBS
containing Hepa 1-6 cells (1 x 10°) were implanted subcuta-
neously into the Balb/c nude mice. After two weeks, the tumour
grew about 100 mm?® and the mice were submitted to tumour
imaging after being randomly allocated into two groups. In the
experimental group, probe CFC-GSH (50 pL, 10 uM in PBS,
containing 1% DMSO) was intratumorally injected into the
tumour site. In the inhibitor group, the tumour was pretreated
with acivicin (1 mM) for 30 min and then treated with CFC-GSH.
The in vivo fluorescence images were obtained at different times
(1, 5, 10, 20, 30, 40, and 60 min) by using the full spectrum
animal In Vivo Imaging System (IVIS) after injection. Then, the
mice were sacrificed and dissected after 2 h post-injection to
collect major organs including the heart, liver, spleen, lung, and
kidney and the tumour for fluorescence imaging.

For metastasis tumours in the abdomen, 200 pL PBS con-
taining Hepa 1-6 cells (5 x 10°) were implanted intraperitone-
ally into the Balb/c nude mice. After three weeks, the
hepatocarcinoma ascites formed, and the probe CFC-GSH (100
uL, 20 uM in PBS, containing 1% DMSO) was intraperitoneally
in the mice. After one hour, mice were sacrificed and dissected
to expose the abdominal cavity for fluorescence imaging using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the IVIS, and major organs including the heart, liver, spleen,
lung, and kidney and part of the intestine were removed for
fluorescence imaging.

IVIS spectral imaging system

For NIR-I fluorescence imaging of the samples, the fluorescence
images were acquired upon excitation at 605 nm, and the
collected emission was 660 nm. For NIR-II fluorescence imaging
of the samples, the fluorescence images were acquired upon
excitation at 808 nm, and a 1075 nm long-pass filter was used
for collecting the fluorescent signals. The light intensities for
NIR-I and NIR-II fluorescence imaging were set to 70% and
80%, respectively.

In vivo vascular imaging

Before the experiment, mice were anesthetized under a contin-
uous 2% isoflurane atmosphere. For whole-body vascular
imaging, the mice were intravenously injected with CFC-GSH
(200 pL, 80 uM in PBS, containing 1% DMSO) and then were
imaged immediately by using the full spectrum animal In Vivo
Imaging System (IVIS). The excitation laser was at 808 nm and
the emission was collected using 1075 nm filters. The light
intensity was set to 80%, with an exposure time of 20 ms.

Data availability

Additional experimental details and data are provided in the
ESLY
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