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ear-infrared fluorescent probe for
in vivo imaging of enzymes with minimized false-
negative signals

Jinliang Han,a Mingwang Yang,*a Chengyuan Lv,a Kang Li,a Jiangli Fan *ab

and Xiaojun Peng a

Accurate imaging of specific enzymes is critical for the early diagnosis of ovarian cancer; however,

conventional imaging agents often produce false-negative signals due to the heterogeneous expression

of individual biomarkers, leading to delayed treatment and increased risk of disease progression. To

address this limitation, we present Cy-GGT–b-gal, a unimolecular near-infrared (NIR) fluorescent probe

engineered for the simultaneous detection of two key ovarian cancer biomarkers: g-glutamyl

transpeptidase (GGT) and b-galactosidase (b-gal). This dual-enzyme-responsive probe is designed to

activate NIR fluorescence upon interaction with either GGT or b-gal through an intramolecular

elimination mechanism, thereby significantly minimizing the likelihood of false-negative results.

Compared to single-enzyme-targeting probes, Cy-GGT–b-gal demonstrates superior diagnostic

reliability, enabling high-contrast discrimination (signal-to-noise ratio, SNR > 6.1) between multiple

ovarian cancer cell lines (SHIN3, OVCAR3, OVCAR5, A2780, SKOV3) and normal cells. Furthermore, the

probe successfully visualizes tumor lung metastases and nodular tissues with high specificity (SNR ∼
11.2), underscoring its potential for precise in vivo imaging. This study not only introduces a robust

unimolecular NIR fluorescent probe to mitigate false-negative diagnoses in ovarian cancer but also

establishes a versatile design strategy for developing multi-enzyme-responsive imaging agents, offering

a promising approach to enhance diagnostic accuracy in clinical settings.
Introduction

Ovarian cancer ranks among the three most lethal malignancies
of the female reproductive system.1–4 Due to the anatomically
concealed location of the ovaries and the absence of specic
early symptoms, most patients are diagnosed at an advanced
stage, which signicantly compromises treatment efficacy and
survival outcomes.5–7 Therefore, early and accurate detection is
critical for improving therapeutic success rates and long-term
patient survival.5,8–10 Among emerging diagnostic strategies,
uorescence imaging has emerged as a noninvasive, real-time,
and high-resolution modality for ovarian cancer
visualization.11–17 Among various uorochromes, hemicyanine
dyes represent ideal candidates for phototheranostic applica-
tions due to their excellent properties, including NIR
absorption/emission proles (lmax $ 680 nm), large molar
extinction coefficients, and modiable photochemical sites that
enable deep tissue penetration.18–22
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The high catalytic efficiency and specicity of g-glutamyl
transpeptidase (GGT) and b-galactosidase (b-gal) have estab-
lished these enzymes as key biomarkers for ovarian cancer,
thereby facilitating their integration into activatable uorescent
probes.7,13,23–28 In some cases, non-specic uorescence may
occur during enzyme detection, leading to the generation of
false-positive signals.29–32 Although dual-lock-activatable uo-
rescent probes that only emit uorescence signals upon inter-
action with two biomarkers have been developed to mitigate
this phenomenon, they may fail to detect lesions expressing
a single biomarker, thereby reducing detection sensitivity.33–36

More importantly, the heterogeneous and variable expression
levels of GGT and b-gal across ovarian cancer subtypes pose
another signicant diagnostic challenge-“false-negative”.
Specically, while GGT is overexpressed in OVCAR5 cells, it
exhibits low expression in OVCAR3 cells, whereas b-gal displays
the inverse expression pattern.24,37 Consequently, dual-lock- or
single-enzyme-activatable probes (e.g., GGT- or b-gal-specic
probes) alone may not accurately detect all ovarian cancer
when targeting cancer subtypes with insufficient expression of
their respective enzymes, potentially leading to the false-
negative results.20,38 The occurrence of false-negative signals
can lead to a delay in the optimal treatment window, exacerbate
disease progression, and even worsen the spread of some
Chem. Sci.
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infectious diseases.39,40 Although the combined application of
two single-enzyme probes could theoretically broaden
biomarker detection, divergent physicochemical properties
(e.g., photobleaching rates, solubility, etc.) and pharmacoki-
netics proles may compromise imaging consistency and
capacity.38,41 Thus, there is an urgent need for a unimolecular
uorescent probe capable of concurrently targeting both GGT
and b-gal to mitigate false-negative signals in ovarian cancer
diagnosis. To date, however, no such probe has been reported.

Herein, we present a novel unimolecular enzyme-activated
near-infrared (NIR) uorescent probe, Cy-GGT–b-gal, for effec-
tively minimizing false-negative signals in ovarian cancer
diagnosis through visualizing either GGT or b-gal (Scheme 1). In
the skeleton of the designed platform, both GGT and b-gal-
recognized groups are incorporated as initiators of uores-
cence within a logical single benzene ring scaffold, which serve
as a uorescence quencher linked to a hemicyanine uorophore
via carbonate bonds. Cy-GGT–b-gal is initially non-uorescence
due to intramolecular charge transfer (ICT) inhibition by the
caged electron-donating hydroxyl group. Fluorescence is
restored only upon enzymatic cleavage by either GGT or b-gal,
triggering intramolecular 1,4- or 1,6-elimination, respectively,
to release the NIR-emitting uorophore. In contrast to the
single-enzyme probes (e.g., Cy-GGT and Cy-b-gal), which fail to
detect ovarian cancer cell lines with low target-enzyme expres-
sion, Cy-GGT–b-gal generates robust uorescent signal across
diverse ovarian cancer cell lines (SHIN3, OVCAR3, OVCAR5,
A2780, SKOV3), effectively distinguishing cancer from normal
cells (SNR > 6.1) andminimizing false-negative phenomenon. In
vivo studies further demonstrate its utility for detecting tumor
edges via in situ spraying, facilitating uorescence-mediated
tumor surgery, and monitoring of tumor lung metastases and
nodular tissues with high SNR (∼11.2). By targeting either
enzymatic pathway, Cy-GGT–b-gal alleviates the diagnostic
pitfall of false-negative results caused by tumor microenviron-
ment heterogeneity, offering signicant potential for clinical
translation.

Results and discussion
Design and synthesis of Cy-GGT–b-gal

The heterogeneity of biomarker expression across ovarian
cancer subtypes poses a signicant challenge in diagnostic
accuracy, particularly due to the risk of false-negative results
that delay treatment and worsen patient outcomes. For
instance, while GGT is highly overexpressed in SHIN3, OVCAR4,
and OVCAR5 cell lines, its expression is minimal in SKOV3 and
OVCAR3. Conversely, b-gal shows high activity in SHIN3 and
OVCAR3 but limited presence in other cell lines. This variability
complicates diagnostics, as single-enzyme-targeting probes may
fail to detect certain subtypes, leading to unreliable results
(Scheme 1A). Although combining two separate uorescent
probes can partially mitigate false negatives, discrepancies in
their physicochemical properties and metabolic behaviors may
compromise accuracy. To overcome this critical limitation, we
developed Cy-GGT–b-gal, a unimolecular uorescent probe
engineered with dual enzyme-responsive capabilities (Scheme
Chem. Sci.
1B). The molecular design integrates three components: (1)
a hemicyanine uorophore (Cy-OH) that provides excellent NIR
emission for uorescent imaging; (2) a dual-enzyme recognition
system incorporating both GGT and b-gal substrate moieties
positioned on a single benzene ring scaffold; and (3) carbonate
linkages that serve as cleavable connections between the
uorophore and the recognition units. The uorescence of Cy-
GGT–b-gal is in the “off” state due to the effective inhibition of
its ICT process. Upon encountering either GGT or b-gal, the
respective enzyme recognition moiety undergoes cleavage,
triggering an elimination cascade that ultimately releases the
uorescent reporter molecule (Cy-OH). This design ensures that
regardless of which enzyme is overexpressed in a particular
ovarian cancer subtype, the probe can generate a consistent
uorescence signal, thereby enhance detection sensitivity and
minimizing false-negative results (Scheme 1C).

The synthesis of Cy-GGT–b-gal began with the preparation of
the hemicyanine uorophore (Cy-OH) as the signaling compo-
nent (Scheme S1). Concurrently, we synthesized the dual-
enzyme responsive scaffold from 2,4-dihydroxysalicylaldehyde
through a carefully optimized multi-step sequence. The inte-
gration of these components was achieved through carbonate
bond formation using triphosgene chemistry. For precisely
evaluating the performance advantages of our designed uo-
rescent probe, we synthesized two comparable single-enzyme
responsive agents, Cy-GGT and Cy-b-gal, through similar
synthetic methods and recognition mechanisms (Fig. 1C and
Scheme S2). All intermediates and nal compounds were
rigorously characterized by 1H NMR, 13C NMR, and HR-MS to
conrm their structural integrity and purity (SI).
Investigation of photophysical properties in solution

Aer obtaining Cy-GGT–b-gal, the response characteristics of
the probe toward GGT or b-gal were systematically investigated.
The absorption spectrum of Cy-GGT–b-gal exhibits prominent
absorption peak centered at 600 nm (Fig. S1) with negligible
uorescence emission (Fig. 1A), conrming effective uores-
cence quenching in its native state. Upon exposure to GGT, the
absorption peak at 600 nm diminished while a new band
emerged at 670 nm (Fig. S1), accompanied by progressive
enhancement of uorescence emission at 720 nm (Fig. 1A). This
uorescence change reached maximum intensity aer 40
minutes (Fig. S3) and displayed excellent correlation with GGT
concentrations (Fig. S4), demonstrating the probe's quantitative
detection capabilities. Remarkably, when challenged with b-gal
instead of GGT, Cy-GGT–b-gal exhibited similar spectroscopic
changes (Fig. S2 and 1B), with comparable uorescence kinetics
(35 minutes to maximum intensity, Fig. S3) and similar
concentration-dependence (Fig. S5). This dual-responsive
behavior represents a signicant advancement over conven-
tional single-enzyme probes, as it enables detection regardless
of which enzyme is overexpressed in various ovarian cancer
subtypes. To fully appreciate the innovative aspects of our
unimolecular design, we conducted comparative spectroscopic
analyses with the single-enzyme probes Cy-GGT and Cy-b-gal.
Unlike Cy-GGT–b-gal, these conventional probes exhibited
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic diagram of OR gated probe in cancer detection. (A) Comparison of previous strategies and this work. (B) The structure and
response mechanism of the Cy-GGT–b-gal probe. (C) Illustration of the application of probe in minimizing false negative.
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strictly mono-responsive behavior. Cy-GGT generated uores-
cence signals exclusively in the presence of GGT, showing no
response to b-gal even at high concentrations (Fig. 1C and S9).
Conversely, Cy-b-gal activated only with b-gal exposure while
remaining completely silent to GGT (Fig. 1C and S10). The
selectivity of Cy-GGT–b-gal was then validated by challenging
various biologically stimulants such as NADH, NTR, APN, ALP,
BSA, GSH, H2O2, Hcy and Cys. As shown in Fig. 1D, under the
excitation of 660 nm, only GGT and b-gal can induce a remark-
able uorescence enhancement of probe at 720 nm, whereas
other analytes cause negligible changes in uorescence inten-
sity even aer a 120 min incubation period. These results
demonstrated the excellent selectively of Cy-GGT–b-gal. We
have conducted additional selectivity experiments testing Cy-
GGT–b-gal against various hydrolytic enzymes under identical
conditions (5 mM probe, PBS pH 7.4, 37 °C, 2 h): acetylcholin-
esterase (AChE, 10 U mL−1), butyrylcholinesterase (BChE),
chymotrypsin, carboxylesterase 1 (CE1), carboxylesterase 2
(CE2), and monoacylglycerol lipase (MAGL) (Fig. S8). All six
enzymes have shown negligible uorescence enhancement,
© 2025 The Author(s). Published by the Royal Society of Chemistry
while GGT and b-gal have generated robust responses. These
results have conrmed that probe activation requires specic
enzymatic cleavage by GGT or b-gal rather than non-specic
hydrolysis by common esterases, proteases, or lipases.

The underlying mechanism responsible for the dual-
activation capability of Cy-GGT–b-gal was elucidated through
detailed structural and kinetic analyses. As illustrated in Fig. 1E,
GGT triggers a 1,6-elimination pathway while b-gal initiates
a 1,4-elimination cascade, both culminating in the release of
identical CyI-OH uorophores. This mechanistic convergence
represents a key innovation in our molecular design: regardless
of which enzymatic pathway is activated, the same reporter
molecule is generated, ensuring consistent signal output across
diverse tumor environments. To validate our ndings, we con-
ducted an ESI-MS analysis of the reaction products. As illus-
trated in Fig. S6 (SI), the reaction mixture of probe Cy-GGT–b-
galwith GGT revealed two distinct mass peaks atm/z= 398.2102
and 577.1812, which corresponded precisely to the calculated
molecular masses of the expected compounds CyI-OH ([M]+ =

398.2099) and P1 ([M + H]+ = 577.1916). Similarly, Fig. S7
Chem. Sci.
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Fig. 1 The fluorescence spectrum changes of Cy-GGT–b-gal (5 mm) in PBS buffer (10.0 mm, pH 7.4, containing 20% DMSO), after introduction
of (A) GGT (0.0–100.0 U L−1) and (B) b-gal (0.0–1.2 U L−1). (C) The chemical structure of probes Cy-GGT, Cy-b-gal and Cy-GGT–b-gal and the
fluorescence intensity of Cy-GGT, Cy-b-gal and Cy-GGT–b-gal (5 mM in PBS, pH = 7.4, 20% DMSO) at 2 h under different stimuli (GGT, 100 U
L−1; b-gal, 1.2 U L−1). The above assays were performed at 37 °C without further modification. (D) The fluorescence intensity of Cy-GGT–b-gal (5
mm) at 720 nm in various biological species (1, GGT; 2, b-gal; 3, NADH; 4, NTR; 5, APN; 6, ALP; 7, BSA; 8, GSH; 9, H2O2; 10, Hcy; 11, Cys; 12, PBS).
(E) Proposed mechanism for the reaction between Cy-GGT–b-gal and GGT or Cy-GGT–b-gal and b-gal. (F) Molecular docking analysis of Cy-
GGT–b-gal interactions: stereoscopic images showingCy-GGT–b-gal (blue) dockedwith GGT (grey, upper left) and b-gal (grey, lower left) using
the flexible dockingmodule in Discovery Studio, with corresponding LigPlot schematic diagrams illustrating the secondary structure interactions
(upper and lower right, respectively). (G) HPLC chromatographic analysis was performed on several samples: pureCy-GGT–b-gal (a),CyI-OH (b),
a mixture of Cy-GGT–b-gal with GGT (c) and a mixture of Cy-GGT–b-gal with b-gal. Detection was carried out at 670 nm for lanes (a–d). The
reaction mixture, consisting of ACN/water (60 : 40) and NaHCO3 (5 equiv.), was analyzed after a 2-hour incubation period.
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demonstrates that the reaction mixture of probe Cy-GGT–b-gal
with b-gal exhibited two characteristic mass peaks at m/z =

398.2102 and 375.1501, which aligned excellently with the
theoretical molecular weights of the anticipated compounds
CyI-OH and P2 ([M + H]+ = 375.1551). These spectroscopic
results provide strong conrmation of the proposed reaction
mechanism and product formation. To further corroborate our
ndings, we employed High-Performance Liquid Chromatog-
raphy (HPLC) analysis. The resulting chromatogram provided
additional evidence for the simultaneous release of CyI-OH
(Fig. 1G). Aer a 2 hours reaction period with GGT or b-gal, the
peak corresponding to the probe Cy-GGT–b-gal (retention time
22 min) was almost entirely absent. Concurrently, two new
peaks emerged at retention times of 8 min, which aligned
precisely with the retention times of pure CyI-OH.

To comprehend the possible interaction and cutting mech-
anisms, molecular docking was performed. Cy-GGT–b-gal was
separately docked with GGT and b-gal using exible docking
module in Discovery Studio. The docking analyses revealed that
the molecular backbone of Cy-GGT–b-gal ts remarkably well
into the catalytic pocket of GGT, exhibiting a strong binding
Chem. Sci.
affinity (−9.9 kcal mol−1) (Fig. 1F). This favorable interaction is
stabilized by multiple hydrogen bonds with specic amino acid
residues, including HIS 87 (O–H), THR 413 (O–H), HIS 514 (O–
H), GLU 522 (H–O), and ARG 524 (O–H), as shown in Fig. 1F.
Similarly, when docked with b-gal, Cy-GGT–b-gal effectively
nestles within the protein cavity, forming critical hydrogen
bond interactions with residues ASN-102 (O–H), MET-423 (O–
H), ASN-424 (O–H), and ARG-800 (O–H), resulting in a signi-
cant binding energy of −8.6 kcal mol−1 (Fig. 1F). These
molecular modeling results provide structural insights into the
dual-enzyme recognition capabilities of the designed probe.
In vitro distinguishing and uorescent imaging of cancer cells

Encouraged by the promising results obtained in solution, we
further investigated the potential of Cy-GGT–b-gal and compa-
rable molecules, Cy-GGT and Cy-b-gal, for visualizing GGT or b-
gal activity in cellular environments. In this section, several
ovarian cancer cell lines (SHIN3, SKOV3, OVCAR3, OVCAR5,
and A2780) as well as normal ovarian epithelial cells (IOSE80)
were selected as experimental samples. We rst characterized
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) b-Galactosidase and (B) g-GGT relative activity per protein abundance in lysate of IOSE80, OVCAR3, SKOV3, SHIN3, A2780 and
OVCAR5 cells. Data represent mean± SD from a single experiment in triplicate. (C) Comparison ofCy-GGT, Cy-b-gal andCy-GGT–b-gal on the
fluorescence imaging of live cells. Cy-GGT, Cy-b-gal and Cy-GGT–b-gal (5 mM) was incubated with OVCAR3, SKOV3, SHIN3, A2780, OVCAR5
and IOSE80 cells at 37 °C for 1 h (lex: 640 nm and lem: 670–750 nm). In normal cells, ultralow enzymes expression is denoted by “−−”; in cancer
cells, low expression is indicated by “−”, and high expression is marked by “+”. Scale bars: 10 mm. (D) Fluorescence emission intensities of red
channel were measured as averages of 5 regions of interest (ROIs) from different probe in IOSE80, OVCAR3, SKOV3, SHIN3, A2780 and OVCAR5
cells. Error bar= RSD (n= 5). (E) Flow cytometry analysis of Cy-GGT (green),Cy-b-gal (blue) and Cy-GGT–b-gal (red) in living IOSE80, OVCAR3,
SKOV3, SHIN3, A2780 and OVCAR5 cells. (F) Comparison of Cy-GGT, Cy-b-gal and Cy-GGT–b-gal on the fluorescence imaging of SHIN3 cells.
Cy-GGT, Cy-b-gal and Cy-GGT–b-gal (5 mM) was incubated with SHIN3 cells at 37 °C for 1 h or pretreated cells with GGsTop (0.5 mM, GGT
inhibitor) or D-gal (0.5 mM, b-gal inhibitor) for 1 h before incubation with probe (lex: 640 nm and lem: 700–750 nm). Scale bars: 10 mm.
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the differential enzyme expression proles across various
ovarian cancer subtypes. As shown in Fig. 2A and B, GGT and b-
gal displayed strikingly heterogeneous distribution patterns.
SHIN3, OVCAR5, and A2780 cells exhibited high (+) GGT
activity, whereas SKOV3 and OVCAR3 showed low (−) GGT
expression. Conversely, b-gal was highly expressed in SHIN3,
OVCAR3, and A2780 cells but remained low in SKOV3 and
OVCAR5. Normal IOSE80 cells demonstrated minimal expres-
sion (−−) of both enzymes. The heterogeneous expression of
this enzyme introduces signicant uncertainty into the early
diagnosis of cancer. Before proceeding with cellular imaging,
the cytotoxicity of Cy-GGT–b-gal was evaluated using MTT
assays. As shown in Fig. S11–S16, all six cell lines demonstrated
negligible cytotoxicity even at concentrations signicantly
higher than those required for imaging. This excellent
biocompatibility prole established a solid foundation for
subsequent cellular and in vivo studies.

To quantitatively demonstrate the superiority of our dual-
responsive design, we performed parallel imaging experi-
ments using single-enzyme probes Cy-GGT and Cy-b-gal. As
shown in Fig. 2C and D, Cy-GGT generated strong signals only
in GGT-overexpressing cells (SHIN3, A2780, OVCAR5) but failed
© 2025 The Author(s). Published by the Royal Society of Chemistry
to detect OVCAR3 and SKOV3 cells despite their malignant
nature. Similarly, Cy-b-gal effectively visualized b-gal-rich cells
(OVCAR3, SHIN3, A2780) but missed SKOV3 and OVCAR5
cancer cell. Excitingly, aer treatment with Cy-GGT–b-gal, all
ve ovarian cancer cell lines (SHIN3, SKOV3, OVCAR3, OVCAR5,
and A2780) exhibited signicant NIR uorescent signals
(Fig. 2C), which correlates with the overexpression of GGT or b-
gal in malignant tumor cells. In stark contrast, normal IOSE80
cells displayed no detectable uorescent signal, demonstrating
the excellent specicity of the probe for malignant cells. In
addition, ow cytometry analysis across all cell lines provided
compelling quantitative evidence of Cy-GGT–b-gal's superior
performance (Fig. 2E). The subcellular localization experiments
were performed in living SHIN3 cells and conrmed that Cy-OH
is mainly distributed in mitochondria (correlation coefficient of
0.89) aer being activated (Fig. S17).

Then, we further validated the dual-activation mechanism
through selective enzyme inhibition studies in SHIN3 cells,
which express both target enzymes. Pretreatment with GGsTop
(0.5 mM, a specic GGT inhibitor) completely suppressed Cy-
GGT uorescence activation, whereas D-gal (0.5 mM, a b-gal
inhibitor) similarly blocked Cy-b-gal activation (Fig. 2F). In
Chem. Sci.
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Fig. 3 (A) Fluorescence imaging diagram of probe treated mixed culture cells. Confocal fluorescence imaging of mixed cultures containing
ovarian cancer cell (green area) lines OVCAR3 (B), OVCAR5 (C) or SHIN3 (D) with normal ovarian surface epithelial cells IOSE80 (blue area) after 1
hour treatment with probes Cy-GGT, Cy-b-gal, and Cy-GGT–b-gal (5 mM), with quantitative analysis of average fluorescence intensity differ-
ences between malignant and normal cells. Red channel: lex = 640 nm, lem = 700–750 nm, blue channel: lex = 405 nm, lem = 440–480 nm;
scale bar = 20 mm. (E) 3D surface plots of the fluorescence intensity of the spheroids on the z-axis.
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contrast, Cy-GGT–b-gal maintained strong uorescence emis-
sion regardless of which inhibitor was applied, demonstrating
remarkable resilience to single-enzyme inhibition. As long as
one target enzyme remains active, efficient activation and
release of visual signals for cancer diagnosis can be achieved.
Collectively, these experimental results comprehensively vali-
date that our probe has a signicant advantage in minimizing
false-negative during the detection of various types of ovarian
cancer cells.

In clinical settings, identifying cancer cells solely from iso-
lated cell cultures presents limitations for early tumor detec-
tion, as early-stage tumors typically consist of a heterogeneous
mixture of normal and cancer cells.42 To evaluate the practical
applicability of Cy-GGT–b-gal under more challenging condi-
tions, we conducted co-culture experiments with multiple cell
lines. We strategically selected four cell lines with varying
enzyme expression proles to create three co-culture models:
OVCAR3 (high b-gal, low GGT cancer cells)/IOSE80, OVCAR5
(high GGT, low b-gal cancer cells)/IOSE80, and SHIN3 (high
expression of both enzymes)/IOSE80. The operation procedure
of the cell co-culture models are shown in the Fig. 3A. Each co-
culture system was then treated with Cy-GGT, Cy-b-gal, or Cy-
Chem. Sci.
GGT–b-gal for comparative imaging analysis. As shown in
Fig. 3B–D, the co-culture systems enable clear differentiation
between cancer cells (green regions) and normal cells (cyan
areas) through distinct morphology and nuclear uorescence
labeling. In the OVCAR3/IOSE80 system (Fig. 3B), cells in the
green region (OVCAR3 cells) exposed to either Cy-b-gal or Cy-
GGT–b-gal demonstrated pronounced uorescence signals with
high SNR of 5.5 and 6.1, respectively. In contrast, cells treated
with Cy-GGT exhibited minimal uorescence enhancement,
yielding a substantially lower SNR of 1.7. This differential
response can be attributed to the overexpression of b-gal and
the low expression of GGT in OVCAR3 cells. Conversely, in the
OVCAR5/IOSE80 system (Fig. 3C), cancer cells demonstrated
signicant uorescence upon Cy-GGT or Cy-GGT–b-gal treat-
ment with high SNR, whereas Cy-b-gal induced minimal
enhancement. In the SHIN3/IOSE80 system (Fig. 3D), all three
probes generated enhanced uorescence intensity and elevated
SNR following treatment, consistent with SHIN3's characteristic
high expression of both GGT and b-gal. These results further
indicate that Cy-GGT–b-gal can be effectively activated in cell
lines overexpressing either GGT or b-gal.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Establishment of xenotransplantation mouse model and real-time in vivo tumor imaging diagram. (B) In vivo fluorescence imaging of
tumor-bearing mice after different treatments. GGsTop (0.5 mM, 50 mL) (a GGT inhibitor) or D-gal (0.5 mM, 50 mL) (a b-gal inhibitor) was used to
inhibit the expression of GGT or b-gal in tumors. (C) Fluorescence images of tumor and main organs at 24 h after i.v. injection of Cy-GGT–b-gal.
(D) Time-dependent fluorescence photographs for mouse receiving i.v. injection of Cy-GGT–b-gal (100 mM, 100 mL). (E) Fluorescence imaging
of major organs and tumors at 24 h after injection. (F–H) Fluorescence imaging and fluorescent intensity tumor and main organs at 24 h after i.v.
injection ofCy-GGT orCy-b-gal orCy-GGT–b-gal in OVCAR3 tumor-bearingmice. (I–K) Fluorescence imaging and fluorescent intensity tumor
and main organs at 24 h after i.v. injection of Cy-GGT or Cy-b-gal or Cy-GGT–b-gal in OVCAR5 tumor-bearing mice (t tests, n = 5, mean ± SD,
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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To further bridge the gap between cellular studies and in vivo
applications, we developed three-dimensional (3D) multicel-
lular spheroid (MCS) models derived from OVCAR3, SHIN3, and
OVCAR5 cells. These spheroids more faithfully recapitulate the
solid tumor architecture, including diffusion gradients and
cell–cell interactions. As shown in Fig. S18–S20, treatment of
MCSs with Cy-GGT–b-gal resulted in signicantly enhanced
uorescence across all three cell lines, conrming its dual-
© 2025 The Author(s). Published by the Royal Society of Chemistry
enzyme responsive activation in 3D MCS models. In contrast,
MCSs treated with Cy-GGT displayed strong uorescence only in
OVCAR5 and SHIN3. Similarly, following Cy-b-gal treatment,
only OVCAR3 and SHIN3 MCSs demonstrated robust uores-
cence. These nding align with our previous cellular imaging
results, further underscoring the superior ability of Cy-GGT–b-
gal to overcome false-negative outcomes through its dual-
activation mechanism. Moreover, confocal Z-stack imaging
Chem. Sci.
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Fig. 5 Imaging image-guided resection by spraying Cy-GGT–b-gal in
bare BABL/c mice bearing SHIN3 xenograft tumor. (A) In situ spraying
imaging in vivo. (B) In vitro imaging of tumor tissue and normal tissue
through spraying probe Cy-GGT–b-gal for 30 min and statistical
fluorescence intensities. (C) Diagram of image-guided excision of
spray probe Cy-GGT–b-gal. (D) Image-guided resection by spraying
probe Cy-GGT–b-gal. (E) H&E staining of the resected tumors.
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revealed that Cy-GGT–b-gal penetrates deeply throughout the
spheroid depth (Fig. 3E), with uniform signal distribution from
surface to core. This penetration capability is essential for
accurate diagnosis and surgical guidance of deep-seated tumor
tissues. These observations in increasingly complex biological
models provide compelling evidence that Cy-GGT–b-gal not
only responds effectively to either GGT or b-gal enzymatic
activity but also achieves substantial tissue penetration and
consistent detection across heterogeneous tumor
environments.
In vivo uorescence imaging of xenogra tumor models

Subsequently, tumor xenogra models were established by
inoculating SHIN3, OVCAR3, and OVCAR5 cells into nude
BALB/c mice to investigate the in vivo diagnostic performance of
Cy-GGT–b-gal. Under tumor development as depicted in Fig. 4A,
mice were pre-anesthetized and selective enzyme inhibitors
were administered prior to intravenous injection of Cy-GGT–b-
gal. The activation and biodistribution of probe were then
monitored using an in vivo imaging system, allowing for vali-
dation of its dual-activation mechanism under physiological
conditions.
Chem. Sci.
Following tail vein administration of Cy-GGT–b-gal, signi-
cant NIR uorescence signals specically localized to tumor
sites within 4 hours post-injection, with remarkable signal
retention persisting for at least 24 hours (Fig. 4B and D). This
rapid and sustained tumor-specic activation demonstrates the
probe's excellent target specicity in living systems. When
tumors were pre-treated with either D-gal (b-gal inhibitor) or
GGsTop (GGT inhibitor), Cy-GGT–b-gal maintained strong
uorescence activation patterns comparable to uninhibited
controls. Most signicantly, the uorescence signal become
negligible throughout the observation period only both
enzymes are simultaneously inhibited (D-gal + GGsTop). This
resilience to single-enzyme inhibition provides compelling in
vivo evidence of the probe's dual-activation capability, ensuring
detection and preventing false-negative outcomes. Ex vivo
imaging at 24 hours post-injection revealed that activated Cy-
GGT–b-gal remained predominantly localized within tumor
tissues, with hepatic clearance serving as the primary metabolic
pathway (Fig. 4C and E). This favorable biodistribution prole
enhances tumor-specic detection while minimizing back-
ground interference from normal tissues.

To rigorously validate the ability of our unimolecular probe
to minimize false-negative outcomes in heterogeneous tumor
environments, we systematically evaluated Cy-GGT–b-gal
alongside single-enzyme probes in mouse xenogra models
derived from OVCAR3 and OVCAR5 ovarian cancer subtypes,
which exhibit contrasting enzyme expression proles. In
OVCAR3 tumor-bearingmice, intravenous administration of Cy-
GGT–b-gal (100 mM, 100 mL) generated pronounced NIR uo-
rescence in tumor region. The signal intensity peaked at
approximately 8 hours post-injection and remained stable
throughout the extended observation period (Fig. S21A and 4F).
When parallel mice received the single-enzyme probe Cy-GGT,
only minimal uorescence was detected in the tumor region.
This negligible response directly demonstrates the false-
negative issue: the GGT-specic probe failed to detect these
tumors due to their low GGT expression, despite their malig-
nant nature. Conversely, administration of Cy-b-gal produced
strong uorescence comparable to that of Cy-GGT–b-gal, con-
rming the high b-gal activity in these tumors. In OVCAR5
xenogra models, a complementary pattern emerged.
Following Cy-GGT–b-gal administration, robust tumor-specic
uorescence developed, reaching peak intensity around 12
hours post-injection (Fig. S21B and 4I). The Cy-GGT probe
produced similarly strong signals in these tumors, reecting
their high GGT expression. However, Cy-b-gal resulted in
minimal uorescence enhancement, highlighting another
potential false-negative scenario where b-gal-specic probes
would fail to detect these GGT-dominant tumors. Ex vivo
imaging of excised organs and tumors at 24 hours post-
injection provided additional insights into probe bi-
odistribution (Fig. 4G, H and J, K). Tumors treated with Cy-
GGT–b-gal consistently exhibited the most intense uorescence
among all examined tissues, regardless of their specic enzyme
expression prole. The liver showed the highest uorescence
intensity among normal organs, indicating hepatobiliary
clearance as the primary excretion pathway. These
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 In vivo lung metastasis imaging. (A) Schematic illustration of the lung metastasis model establishment timeline and real-time tumor
imaging. (B) Time-dependent red fluorescence images of after intravenous injection of Cy-GGT–b-gal. (C) Mean fluorescence intensity of
tumors analyzed. (D) Fluorescence imaging of major organs and tumors at 24 h after injection. (E) Mean fluorescence intensity quantification of
Fig. 6D. (F) Photographs and H&E staining of the lung cancer metastasis and normal mouse lungs 24 hours after Cy-GGT–b-gal injection.
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biodistribution patterns were consistent across experimental
groups and aligned with the in vivo imaging results.

While single-enzyme probes inevitably failed to detect
certain tumor subtypes due to insufficient target enzyme
expression, Cy-GGT–b-gal consistently generated strong tumor-
specic signals across diverse cancer models with varying
enzyme proles.43 This universal detection capability represents
a signicant advancement in achieving more reliable cancer
imaging, which has the potential to improve diagnostic
accuracy.

Image-guided resection and visualization of cancer lung
metastasis

Tumor uorescence surgery navigation signicantly enhances
the accuracy and safety of tumor surgery through its triple
advantages of “visualizing tumor boundaries + protecting
normal tissues + optimizing treatment decisions”, and it is an
important part of modern precision medicine.43,44 Encouraged
by its excellent performance in diagnostic imaging, we further
evaluated Cy-GGT–b-gal for its potential in image-guided tumor
resection applications. Initially, we demonstrated that spraying
Cy-GGT–b-gal directly onto the tissue could accurately highlight
the tumor in situ, as shown in Fig. 5A. In contrast, prior to Cy-
GGT–b-gal application, the same region exhibited negligible
uorescent signal. The probe's exceptional performance was
also evident in ex vivo tissue differentiation, where freshly
excised tumor and normal tissues were clearly distinguishable
following in situ application of Cy-GGT–b-gal. Quantitative
analysis revealed an impressive SNR of 11.2, which remained
stable for at least 2 hours, thereby enabling precise
© 2025 The Author(s). Published by the Royal Society of Chemistry
identication of cancer tissues (Fig. 5B). Based on these
promising results, we performed image-guided surgical resec-
tion (Fig. 5C). Following Cy-GGT–b-gal application, clearly
dened uorescent tissue was precisely excised using a scalpel
(Fig. 5D). Subsequent probe application to the resection site
yielded no detectable uorescence signal, conrming complete
tumor removal. Histopathological analysis via H&E staining
validated these ndings, demonstrating that the entire
boundary of the resected tumor tissue was successfully differ-
entiated from normal tissue with minimal residual negative
margins (Fig. 5E). The straightforward spray application
method further enhances the translational potential of Cy-
GGT–b-gal, offering a practical approach for clinical
implementation.

The detrimental effects of cancer metastasis go beyond
localized organ destruction, involving systemic pathological
alterations and substantially increasing treatment challenges.45

Therefore, the early diagnosis of cancer metastasis is critical, as
it provides real-time and dynamic biological information to
facilitate the development of precision medicine. We estab-
lished a BALB/c mouse cancer lung metastatic model carrying
SHIN3 xenogra tumor. This model poses a signicant diag-
nostic challenge compared to primary tumors, as metastatic
nodules are typically smaller, more dispersed, and embedded
within normal tissue. Ten days aer intravenous injection of
SHIN3 tumor cells (1 × 106), Cy-GGT–b-gal was administered
via tail vein injection for imaging (Fig. 6A). As shown in Fig. 6B
and C, the pulmonary uorescence intensity progressively
increased from 2 hours post-injection, reaching maximum
intensity at approximately 12 hours. This kinetic prole
Chem. Sci.
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demonstrates the probe's efficient accumulation in metastatic
lesions. Aer 24 hours, mice were euthanized for ex vivo
imaging analysis, revealing pronounced NIR uorescence
signals specically in lungs from tumor-bearing mice, while
negligible uorescence was observed in lungs from normal
mice administered with the same condition (Fig. 6D and E).
Macroscopic examination revealed distinct metastatic nodules
throughout the lungs of SHIN3 tumor-bearing mice, whereas
the lungs of normal mice exhibited healthy morphological
characteristics without evidence of metastatic lesions (Fig. 6F).
These macroscopic observations were subsequently conrmed
by histopathological analysis using H&E staining of lung tissue
specimens, which demonstrated clear evidence of tumor inl-
tration in the metastasis model.

The clinical translation of any imaging agent necessitates
a thorough biocompatibility assessment. Our comprehensive
evaluation of Cy-GGT–b-gal revealed an excellent safety prole.
Healthy mice administrated the probe (100 mM, 100 mL) showed
no signicant differences in body weight compared to control
groups (Fig. S22A). Hematological parameters, including red
and white blood cell counts remained within normal ranges
aer administration (Fig. S22B and C), indicating no acute or
chronic hematological toxicity. Liver and kidney function
markers, including ALT, AST, ALB, BUN, and CRE, showed no
signicant abnormalities compared to control groups
(Fig. S22D–H), demonstrating that Cy-GGT–b-gal does not
induce hepatic or renal toxicity. Additionally, histopathological
examination of major organs (heart, liver, spleen, lung, kidney)
revealed no signicant tissue damage or inammatory changes
(Fig. S22I), further conrming the probe's excellent
biocompatibility.

These results demonstrate that Cy-GGT–b-gal can serve as
a powerful uorescent agent for precise tumor imaging and
resection guidance. The ability to detect small metastatic
nodules while maintaining excellent biocompatibility high-
lights the signicant potential of this unimolecular dual-
enzyme responsive probe for comprehensive cancer imaging
applications, ranging from primary tumor visualization to
metastasis detection.

Conclusions

In this study, we developed Cy-GGT–b-gal, an innovative uni-
molecular NIR uorescent probe designed to minimizes the
critical challenges of false-negative diagnoses in ovarian cancer
by simultaneously targeting two key biomarkers: g-glutamyl
transpeptidase (GGT) and b-galactosidase (b-gal). The probe's
dual-enzyme-responsive design enables selective NIR uores-
cence activation through an intramolecular elimination mech-
anism upon interaction with either enzyme, ensuring broad
detection coverage across heterogeneous tumor subtypes.
Comprehensive investigations demonstrate that while conven-
tional single-enzyme probes failed to detect cancer cells with
low expression of their respective targets, Cy-GGT–b-gal ach-
ieves universal recognition of multiple ovarian cancer cell lines,
distinguishing them from normal cells with high specicity
(SNR > 6.1). In vivo studies revealed rapid tumor accumulation
Chem. Sci.
within 4 hours post-injection, with sustained signal retention
for 24 hours, facilitating high-contrast visualization of primary
tumors, metastatic lesions, and surgical margins (SNR ∼ 11.2).
Furthermore, the image-guided surgical applications, simple
spray application method, and excellent biocompatibility
prole of probe further support its potential for clinical trans-
lation. By addressing the limitations of single-enzyme probes
through its unimolecular, dual-activatable design, Cy-GGT–b-
gal represents a signicant advancement in precision diagnos-
tics for ovarian cancer, offering a promising platform to miti-
gate false-negative result in diagnostics.
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