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A B S T R A C T

Accurate identification of intraoperative tumor lesions and effective treatment are crucial for improving surgical 
outcomes. Near-infrared (NIR) fluorescence imaging demonstrates advantages over traditional medical ap
proaches in tumor interventions, garnering significant attention. However, clinically available imaging agents 
are generally limited by their "always on" characteristics, which can lead to non-specific imaging interference and 
"false-positive" results. In this context, we present a glutathione-activated NIR-II probe, LJ-GSH, designed for 
metastatic tumor imaging and specific imaging-guided tumor resection. LJ-GSH initially exhibits quenched 
fluorescence due to the weak electron-donating effect of the thiophenol moiety, which is recovered at 815/ 
910 nm upon activation by the overexpressed levels of glutathione (GSH) in tumor cells and tissues, significantly 
enhancing the specificity of tumor imaging. This unique characteristic positions LJ-GSH as a reliable fluorescent 
sensor for monitoring GSH dynamics during physiological events. Notably, the probe’s NIR-II emission feature 
markedly improves imaging contrast and resolution, facilitating real-time identification and imaging of lung 
metastatic lesions. With the aid of high-specific NIR-II imaging guidance, tumor tissues can be precisely resected, 
with the residual negative margin diameter reduced to approximately 0.2 mm. We envision that our tailored 
probe may offer an attractive option for clinical applications.

1. Introduction

Malignancies, characterized by the uncontrolled growth of cancer 
cells and a high risk of metastasis, present a significant threat to human 
life and health [1–3]. Precisely monitoring the dynamic changes in tu
mors allows for early diagnosis and on-site evaluation of tumor devel
opment and progression, thereby enabling personalized therapy and 
enhancing patient survival rates [4–6]. In recent years, clinical imaging 
modalities such as CT, PET, and MRI have witnessed significant ad
vances in tumor detection and localization. However, highly sensitive 
preoperative and intraoperative diagnosis of tumor remains a challenge 
for the above imaging modalities, primarily due to their limited reso
lution, potential radiation exposure risks, and inability to offer timely 

feedback on treatment outcomes during surgery [7,8]. As an alternative 
tracer technology, fluorescence imaging poses significant superiority 
over the above medical imaging approaches in tumor interventions, 
benefiting from its high sensitivity, non-invasive, and fast feedback, 
thus, having attracted widely interesting [9–12].

Recently, efforts have focused on designing and developing 
fluorescent-based agents for disease diagnosis and treatment. Compared 
to conventional imaging probes in the visible region, fluorescence im
aging in the NIR-II region (1000–1700 nm) exhibits deeper tissue 
penetration and higher spatiotemporal resolution due to reduced tissue 
autofluorescence and photon scatter, enhancing accuracy and reliability 
in disease detection [13–18]. Clinically approved NIR fluorescent 
contrast agents, such as indocyanine green (ICG) and methylene blue 
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(MB), have been utilized for tumor detection and guiding tumor treat
ment [19,20]. However, these imaging probes typically face the chal
lenge of short tumor retention and quick clearance from the body. 
Additionally, many of the currently available clinical agents display the 
“always on” characteristic, where they illuminate disease sites through 
self-accumulation rather than being specifically activated by target 
molecules of interest, which leads to poor imaging contrast and 
compromised detection accuracy. To address the issue mentioned above, 
stimulus-responsive fluorescence imaging strategies that can activate 
signal light-up only in the presence of biomarkers or pathological en
vironments can afford higher tumor-to-normal tissue ratios (T/N ratio) 
and real-time biological information, making the activatable modality a 
preferred choice for disease diagnosis and therapy evaluation [21–25].

To develop the activation-responsive system for tumor imaging, it is 
crucial to carefully select a biomarker that is associated with the tumor. 
Studies have shown that the rapid angiogenesis, proliferation, and 
metastasis of tumors are linked to the overexpression of reactive oxygen 
species (ROS) [26,27]. To circumvent the tumor-related oxidative stress, 
Glutathione (GPx4) and NADPH act synergistically to maintain a cellular 
redox homeostasis environment via the generation of endogenous an
tioxidants, represented by the reduced state of glutathione (GSH). 
Elevated levels of GSH are commonly found in many types of tumors, 
and have been considered as the key indicator for discrimination of 
tumor region from the normal tissue [28–32]. Moreover, mitochondria 
are gaining increasing attention due to their critical role as the hub of 
metabolic activity and their potential as targets for cancer treatment. 
Consequently, the development of mitochondria-targeted fluorescent 
probes has emerged as a significant focus of research. To date, several 
GSH-activatable fluorescent molecular probes have been developed for 
detecting endogenous GSH and for further exploration of its biological 
role [33–38]. Despite significant advancements in GSH sensors designed 
for in vivo tumor imaging and therapy intervention, challenges remain. 
These challenges are partly due to the limited emission wavelength (less 
than 700 nm), undesirable mitochondrial targeting capabilities and the 
inadequate sensitivity of these sensors in detecting endogenous GSH 
levels, which typically range within the millimolar concentration.

To address earlier issues mentioned, herein, we report the GSH- 
activatable NIR-I/II fluorescent probe for specific tumor detection and 
image-guided tumor resection (Scheme 1). In this study, a carboxy- 
modified heptamethine cyanine (Cy-7) derivative was chosen as the 

fluorescence reporter due to its excellent biocompatibility and intrinsic 
ability to target mitochondria [39–41]. Additionally, p-Methoxy thio
phenol functionality was integrated into the Cy-7 fluorophore to serve as 
a GSH-specific response site and fluorescence quencher, resulting in the 
fabrication of the NIR fluorescent sensor LJ-GSH. Initially, LJ-GSH ex
hibits a weak fluorescence signal due to the fluorescence quencher effect 
of the thiophenol site. However, upon exposure to a solution containing 
GSH, the GSH reacts with the probe through aromatic nucleophilic 
substitution, leading to the formation of a thiol skeleton with enhanced 
electron transfer and the subsequent emission of the bright optical 
signal. In vitro studies have shown that LJ-GSH demonstrates a suitable 
response sensitivity (0− 10 mM GSH) and high specificity for GSH, with 
an emission maximum at 815/910 nm. This unique characteristic makes 
LJ-GSH a reliable fluorescent tool for discriminating tumor cells from 
normal ones based on GSH content discrepancy. Additionally, distinct 
fluctuations in GSH levels during the oxygen-glucose deprivation model 
process were monitored with real-time fluorescence imaging. More 
importantly, in combination with its NIR-II emission and GSH-specific 
activation characteristics, the probe LJ-GSH demonstrated promising 
capabilities for the precise localization of subcutaneous tumors and lung 
metastatic lesions, achieving the accurate removal of tumors with 
negative margins as small as 0.2 mm in diameter.

2. Materials and methods

2.1. In vivo tumor imaging and image-guided tumor resection

Four-week-old female BALB/c nude mice were purchased from Shi
laikejingda Co., Ltd. (license No: SCXK 2019-0004, Hunan, China), and 
bred at Hainan Medical University Laboratory Animal Center. All sur
gical procedures and experimental protocols were approved by the 
Animal Care and Use Committee of Hainan Medical University (HYLL- 
2021-184). 50 μL PBS containing 1 × 107 4T1 cells were transplanted 
around the armpit or hind legs of female nude BALB/c mice to establish 
the animal experiment models. When their size was about 200–300 
mm3, mice were randomly assessed for imaging experiments. Firstly, to 
verify the feasibility of our probe in precise tumor imaging, LJ-GSH 
(100 μL, 1 mM in physiological saline containing 1 % Tween-80 and 4 % 
DMSO) was intravenously injected into mice, and then, time-dependent 
NIR-I imaging were acquired using IVIS Lumina XR imaging system 

Scheme 1. (a) Schematic illustration of probe LJ-GSH design and response strategy. (b) Schematic describing the mechanism of utilizing LJ-GSH for NIR-II imaging- 
guided lung metastatic lesions diagnosis.
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(Excitation：740 nm, Emission: 780–825 nm). At 24 h post-injection, 
tumor and other organs (liver, lung, spleen, heart, stomach, kidney) 
were collected for ex vivo imaging. It should be mentioned that fluo
rescence imaging in the NIR-II region has become the promising 
approach for tumor localization and intraoperative guidance of surgical 
navigation. In this end, LJ-GSH-based in vivo tumor was conducted by 
NIR-II imaging system. Finally, image-guided surgical resection was 
performed at 24 h administration of probe, and under the guidance of 
NIR-II imaging, the tumor was precisely resected. NIR-II images were 
collected using an InGaAs camera equipped with the 808 nm laser and a 
900 nm long-pass filter (40 mW/cm2; exposure time, 20 ms).

2.2. In vivo lung metastasis imaging

10 days after the intravenous injection of 100 μL 4T1-Luci tumor 
cells (1 × 106) into mice, LJ-GSH (100 nM) was intravenously injected 
into the mice, and fluorescence imaging in the NIR-II region was 
captured. Then, representative bioluminescence image was obtained to 
localization of the tumor position and validate the reliability of probe′s 
fluorescence imaging. Afterward, at 24 h post-injection of LJ-GSH 
(100 nM), mice were dissected, and the ex vivo lung image observed an 
obvious NIR-II fluorescence signal. Finally, lung metastatic sites and 
normal lung tissue were further analyzed by H&E and Ki67 staining. 
NIR-II images were collected using an InGaAs camera equipped with the 
808 nm laser and a 900 nm long-pass filter (40 mW/cm2; exposure time, 
20 ms).

3. Results and discussion

3.1. Design and synthesis of GSH-responsive NIR-II probe LJ-GSH

Developing a fluorescent diagnostic probe for tumor applications, 
the ideal imaging agent should meet the following prerequisites: (1): 
NIR fluorescence emission for deep-tissue penetration and minimize 
auto-fluorescence; (2) tumor-related biomarker activation to enhance 
tumor imaging contrast (3): a highly specific response to the biomarker 
for increasing the accuracy in tumor diagnostics. To this end, we 
selected Cy derivative as the fluorescent scaffold considering its NIR 
emits characteristic, easy modification and favorable biocompatibility. 
Then, p-Methoxy-modified thiophenol, as the GSH reaction site and a 
fluorescence quencher, was incorporated into Cy skeleton to prepare 
probe LJ-GSH. The synthesis of the probe followed the route shown in 

Scheme S1, and the compound was characterized using nuclear mag
netic resonance (1H/13C NMR) and high-resolution mass spectrometry 
(ESI-HRMS) (Supporting information Figure S17–20).

3.2. Spectroscopic characteristics and optical response of LJ-GSH to GSH

To demonstrate the feasibility of using LJ-GSH for detecting GSH in 
vitro, absorption and fluorescence spectrum of the probe were initially 
studied in PBS buffer (PBS/DMF, 9:1, v/v, 10 mM, pH 7.4, 37 ◦C) both in 
the absence and presence of GSH. As shown in Fig. 1a&S1a, LJ-GSH 
inherently showed a faint absorption and emission peak at 780/815 nm 
due to the p-Methoxy-thiophenol functionality restricted the electron 
transfer of the probe. Upon introducing GSH (0–10 mM) to the probe 
system, the enhanced absorption peak at 782 nm appeared, along 
with⋅fluorescence “turn on” response at 815 nm (Fig. 1a-b&S1b). 
Furthermore, the GSH-trigger NIR-II fluorescence response at 910 nm 
was observed at 808 nm excitation, with the emission spectrum being 
board and extending into the NIR-II region (1000–1200 nm) (Fig. 1c). 
These photophysical changes were ascribed to the conversion of LJ-GSH 
into its thiol form through aromatic nucleophilic substitution, followed 
by enhanced intramolecular electron transfer. Then, the sensitivity and 
specificity of LJ-GSH to GSH were investigated in PBS buffer. After 
treating increasing levels of GSH, dose-dependent absorption/fluores
cence signals were collected (Φ = 0.08), and the fluorescence intensity 
at 815 nm was linearly proportional to GSH concentration 
(0.25–2.0 mM). The limit of detection for GSH was determined to be 
75 µM using the 3σ/slope method (Fig. 1d-e), indicating that probe 
endows a suitable response range and sensitivity for monitoring GSH 
levels dynamically (Table S1). Subsequent experiments on specificity 
and interference of LJ-GSH to GSH and other physiological species, such 
as metal ions, reactive oxygen species (H2O2, HClO) reactive sulfur 
species (Cys, Hcy, NaHS, Na2S4) and reactive nitrogen species (ONOO-, 
NO), were conducted. Results from Fig. 1f&Fig. S2 suggested that 
minimal fluorescence response was found when other interfering targets 
were introduced, and only GSH led to an evident fluorescence 
enhancement.

It is known that a fast response rate enables real-time monitoring of 
dynamic processes, and kinetic studies revealed that the fluorescence 
maxima can be reached within 30 min (Fig. S3a-b). Furthermore, we 
confirmed that LJ-GSH exhibited good stability over the pH range from 
4 to 9 in PBS buffer. Meanwhile, the optical signal of LJ-GSH after 
reacting with GSH within the pH verified from 6.5 to 8.0 was hardly 

Fig. 1. (a) Absorption spectra of LJ-GSH (10 μM) upon the addition of 0–10 mM GSH; (b) NIR-I, and (c) NIR-II FL spectrum of LJ-GSH (10 μM) after treatment with 
different concentrations of GSH (0–10 mM). (d) Titration curve of LJ-GSH (10 μM) to 0–10 mM GSH; (e) Linear relationship between fluorescence intensity at 
815 nm and [GSH] in the range of 0.25–2.0 mM; (f) NIR-I FL response of 10 μM LJ-GSH to various interfering species and GSH. λex = 808 nm for NIR-II, and λex =
720 nm for NIR-I.
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influenced, suggesting its promise for monitoring the fluctuation in GSH 
levels during both physiological and pathological processes (Fig. S4a-b). 
Stability in the presence of serum was also evaluated owing to possible 
interactions in an organism, and the results depicted in fig. demon
strated that negligible effect on LJ-GSH fluorescence upon coincubation 
of 0–24 h (Fig. S5). Finally, both LJ-GSH and its reaction product 
maintained a relatively stable optical signal when exposed to continuous 
Xe lamp radiation for 20 min (Ex= 720 nm, Fig. S6). To verify the 
response mechanism of the probe to GSH, a high-resolution mass spec
trometry analysis of LJ-GSH in the presence of GSH was conducted. As 
shown in Fig. S7, an expected ion peak (m/z) at 812.3678 was identified 
(calculated value: 812.3688), thereby confirming the GSH-mediated 
nucleophilic substitution mechanism.

3.3. Applicability to live cell imaging

Encouraged by the favorable optical responsivity of LJ-GSH to GSH 
in PBS buffer, subsequent experiments were carried out to assess the 
probe’s capability to monitor the fluctuations of endogenous GSH in 
living cells. Firstly, the 3-(4,5-dimethylthiazol-2-yl)-2,5-iphenylte
trazolium bromide (MTT) assay was used to evaluate the probe’s cyto
toxicity. After the 4T1 cells were incubated with increasing 
concentration of probe (0–10 μM) for 12 h, over 80 % were alive, indi
cating a high compatibility of the probe (Fig. S8). Subsequently, we 
explored the photo-stability of LJ-GSH in cellular imaging. After 30 min 
incubation, cells were administrated into the confocal microscope, and 
the fluorescence signal of LJ-GSH in cells maintained relative stability 
under continuous laser radiation (633 nm) for over 5 min (Fig. S9a-b). 
To better understand the distribution of LJ-GSH in cells, we then per
formed the colocalization test by co-incubation of the probe with a 
commercially available fluorescent dye Mito-Tracker Green. As shown 
in Fig. S10, the fluorescence signal in the red channel showed significant 
overlap with the green channel, and Pearson’s correlation coefficient 
was calculated as 0.93.

Inspired by the promising mitochondria-targeted capability of the 
probe, we investigated the real-time monitoring of dynamic fluctuations 
in mitochondria GSH. Upon loading cells with 10 µM of the probe for 
30 min, a strong fluorescence signal in the red channel was observed, 
indicating that LJ-GSH could be activated by endogenous GSH (Fig. 2a- 
i). To validate this hypothesis, cells were pre-treated with N-methyl
maleimide (NMM), a GSH inhibitor, followed by incubation with the 
probe, which resulted in a 3.4-fold decrease in red fluorescence 
compared to the control group (Fig. 2a-ii&b). Interestingly, the addition 
of glutathione monoethyl ester (an exogenous GSH donor) led to a 

significant fluorescence increase in the red channel, demonstrating that 
LJ-GSH could effectively visualize GSH dynamics within cells (Fig. 2a- 
iii&b). It is worth noting that tumor cells exhibit higher levels of ROS to 
support their rapid proliferation compared to normal cells. Additionally, 
accumulated ROS may disrupt redox balance and cause oxidative stress. 
Next, we investigated whether GSH assumption caused by H2O2, a 
typical reactive oxygen species, could be visualized with LJ-GSH 
(Fig. 2a-iv&b). Indeed, Treatment with exogenous H2O2 led to a 
decreased optical signal in the red channel, indicating that tumor cells 
may have evolved an anti-oxidative system to scavenge cellular H2O2 by 
oxidizing GSH to GSSG. Furthermore, a similar fluorescence quencher 
phenomenon was found in the LPS-treated group, which is known to 
stimulate the production of endogenous ROS (Fig. 2a-v&vi&b).

The capability of LJ-GSH to discriminate between tumor cells and 
normal cells is significant for tumor-associated interventions. For this 
purpose, several cell lines, such as, PC 12 cells, 4T1 cells, A549 cells, 
U87 cells, Macrophage-Raw 264.7, and cerebral vascular endothelial 
cell-hCMEC/D3 (normal cells) were loaded with probe for 30 min, 
respectively, and then imaged under otherwise the same conditions. As 
shown in Fig. S11a-b, the fluorescence signals in tumor cells and Raw 
264.7 showed an over 2-fold enhancement than that of normal cells, 
suggesting much higher GSH expression in the former. This finding may 
be attributed to the fact that both the tumor and macrophage cells 
generally possess high levels of ROS. In response, these cells develop an 
anti-oxidative defense system, characterized by the generation of 
endogenous antioxidants, represented by GSH. All above results 
demonstrated that probe LJ-GSH was capable of monitoring and visu
alizing endogenous GSH generation in cells.

3.4. Investigation of GSH biological role in the oxygen-glucose 
deprivation/reperfusion model

Hypoxia and inadequate energy supply induced by restricted blood 
supply are important features of tumors. Hence, we then investigated 
whether LJ-GSH could visualize GSH fluctuations and further evaluate 
its biological role in the oxygen-glucose deprivation/reperfusion model. 
After establishing the time-dependent (0–120 min) oxygen-glucose 
deprivation processes, probe was added to cells and the GSH dynamics 
were monitored using confocal imaging. Compared to the un-treated 
group (0 min oxygen-glucose deprivation intervention), significantly 
decreased fluorescence signals were observed as time progressed, indi
cating a marked GSH consumption under oxygen-glucose deprivation 
(Fig. 3ai-iv&b). Interestingly, the red fluorescence signal continued to 
decline even after 30 min reoxygenation and perfusion with a normal 

Fig. 2. (a-i) Cells were only incubated with probe (10 μM) for 30 min. (a-ii) Cells were pre-treated with 1 mM NEM for 20 min, and then cells were incubated with 
LJ-GSH for 30 min. (a-iii) Cells were treated with GSH-ethyl-ester (1 mM) and probe (10 μM) for 30 min. Cells were pre-incubated with H2O2 (0.2 mM, a-vi), 5 μg/ 
mL Lps (a-v), and 2.5 μg/mL Lps (a-vi) for 2 h, and then incubated with LJ-GSH (10 μM) for 30 min. (b) Fluorescence intensity of Aa− f group cells. Data denote mean 
±s.d. (n=3, **P<0.01, ***P<0.001, ****P<0.0001). The images were recorded with 633 nm excitation and 725− 800 nm collection. Scale bars: 25 μm.
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medium containing glucose (Fig. 3a-v&b&S12). This result may be 
attributed that upon restoration of oxygen-glucose supply during 
reperfusion, there is a sudden shift in redox balance, triggering an in
crease in intracellular ROS generation. Moreover, we noticed a pro
gressive restoration of fluorescent signals in cells over time, indicating 
that prolonged oxygen-glucose refusion triggers a restructuring of 
cellular redox balance and an increase in GSH production (Fig. 3a-vi- 
viii&b&S12). More importantly, based on the variation of GSH as shown 
by the fluorescence signal, we can better understand the timing and 
trend of GSH dynamics, enabling timely intervention and monitoring the 
following therapeutic outcomes in a physiological context.

3.5. Precise delimitation of tumor and NIR-II imaging-guided 
intraoperative surgical resection

Encouraged by the excellent performance of LJ-GSH in cell studies, 
we assessed its feasibility in vivo tumor diagnosis and intraoperative 
guidance of tumor treatment. Initially, the biosafety of probe as the in 
vivo imaging contrast was evaluated. Histological analysis of major or
gans, including heart, liver, spleen, lung, and kidney, after 24 h post- 
injection of the probe revealed no significant injuries, indicating the 
probe’s favorable compatibility (Fig. S13). Moreover, the results pre
sented in Fig. S14 indicate that most of the probe can be metabolized 
from the liver within 48 h post-injection. Then, to study the tumor im
aging capability of the probe, LJ-GSH was injected intravenously into 
4T1 tumor mice, and time-dependent whole-body NIR fluorescence 
images were captured. The results illustrated in Fig. 4ai-b&S15 
demonstrated a gradually increased imaging signal in tumor over time, 
reaching a plateau within 12–24 h post-injection. Quantitative analysis 
showed a nearly 2.7-fold fluorescence amplification in tumor regions 
compared to normal tissue (Fig. 4c). This suggests successful tumor 
accumulation of LJ-GSH and subsequent activation by tumor GSH. To 
further verify that optical imaging with longer excitation and emission 
wavelength has better imaging performance by reducing tissue auto- 
fluorescence and photon scattering, in vivo tumor imaging was carried 
out by the NIR-II imaging system. As shown in Figs. 4a-ii, 1 h after 
intravenous injection of the probe, the tumor tissue could be clearly 
distinguished from surrounding normal tissue. In the following 24 h 
post-injection, the fluorescence signal of LJ-GSH in tumor region 
continuously enhanced, and reached the maximum at 24 h PI with a T/N 
ratio of 5.85 ± 1.7 (Fig. 4d-e). Notably, real-time fluorescence intensity 
quantitation revealed that the optimal T/NT ratio for LJ-GSH in the NIR- 

II imaging window was 2.2-fold higher than that obtained in the NIR-I 
imaging window (5.85 ± 1.7 vs 2.65 ± 0.7), verifying the superior of 
NIR-II imaging. According to the Rose criterion, accurate identification 
of image features requires a T/N ratio over 5, indicating LJ-GSH endows 
the potential in the precise delimitation of tumor (Fig. 4f). Finally, the ex 
vivo image in Fig showed that tumor tissue exhibited the strongest 
fluorescence signal in comparison to other organs, further verifying the 
probe’s precise targeting and activation (Fig. 4g-i).

It should be mentioned that fluorescence imaging in the NIR-II region 
has become the promising approach for tumor localization and intra
operative guidance of surgical navigation, because of its inherent merits 
of high resolution and deep-tissue penetration. Thus, based on the 
favorable properties of LJ-GSH in accurate tumor localization and high- 
contrast imaging, fluorescence imaging-guided tumor resection was 
performed 24 h after administration of the probe, when the edge and 
outline of the tumor could be identified from the surrounding normal 
tissue (Fig. 4j). Under real-time image guidance, tumor tissue navigation 
achieved a region of interest A (ROI-A) signal-to-background ratio (SBR) 
of 5.77 ± 0.37. In contrast, the SBR of the resected region (ROI-B, post- 
B) decreased to nearly 1, indicating complete tumor removal (Fig. 4k). 
To illustrate the surgical outcomes more intuitively, the optical signals 
of the resected tumor and the post-surgery position were analyzed ac
cording to the line marked in Fig. 4j&4l. The results indicated a prom
inent signal at ROI-A, while negligible signal fluctuations were observed 
at ROI-B. Subsequently, the resected specimen was stained with hema
toxylin and eosin (H&E) for pathological diagnosis. The H&E staining 
analysis confirmed the reliability of our probe in tumor resection, with 
the residual negative margin diameter reduced to approximately 
0.2 mm (Fig. 4m-n). As anticipated, tumor-bearing mice that underwent 
resection surgery exhibited a higher survival rate and extended survival 
period compared to untreated controls (Fig. 4o). Overall, the probe LJ- 
GSH could achieve accurate localization of tumor boundaries and pro
vide effective assistance in tumor navigation with high-specific NIR-II 
imaging.

3.6. NIR-II imaging-guided lung metastatic lesions diagnosis

Metastatic dissemination resulting from incomplete tumor therapy is 
a major contributor to cancer-related mortality, making early diagnosis 
and treatment interventions are crucial to human health. Hence, meta
static lung tumor model was constructed to investigate whether the 
probe could identify the metastasis. 10 days after 4T1-luc cells 

Fig. 3. (ai-iv) Time-dependent (0–90 min) real-time GSH imaging with LJ-GSH (10 μM) in 4T1 cells under oxygen-glucose deprivation (glucose-free (0 mM: 0 G), 
1 % O2). (a-v-a-viii) After 90 min oxygen-glucose deprivation, cells were incubated with normal medium containing (25 mM glucose) and 21 % O2 for different 
reperfusion time, 30 min (a-v), 60 min (a-vi), 90 min (a-vii), 120 min (a-viii), subsequent, LJ-GSH (10 μM) were added to cells for another 30 min incubation. (b) 
Fluorescence intensity of ai− aviii group cells. Data denote mean±s.d. The images were recorded with 633 nm excitation and 725− 800 nm collection. Scale bars: 
25 μm.
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Fig. 4. (a-i) Time-dependent in vivo fluorescence imaging of GSH in tumor bearing mice at NIR-I window and (a-ii) at NIR-II window. (b) NIR-I and (d) NIR-II 
Fluorescence intensity in tumor region at various time points (0–24 h) after i.v. injection of LJ-GSH (100 μL, 1 mM). (c) T/N ratios after 24 h i.v. injection of 
probes at NIR-I window, and (e) at NIR-II window. (f) Time-dependent T/N ratios after i.v. injection of probes. (g)-(h) representative ex vivo fluorescence images of 
tumor and major organs at 24 h post-injection of LJ-GSH. (i) Normalized NIR-II fluorescence intensity of the tumor and other organs in panels g. (j) NIR-II image- 
guided subcutaneous tumor resection. (k) SBR of the resected tumor (ROI-A) and post-surgery position (ROI-B). (l) Line profile of photon counts from j. (m)-(n) H&E 
staining results of excised tumor margin, Scar bar: 200 μm. (o) Kaplan–Meier survival rate curve of five mice with or without tumor resection. NIR-I window: Ex =
745 nm, Em: 780− 825 nm. NIR-II images were collected under 808 nm excitation, 900 nm long-pass filter, 40 mW/cm2, and exposure time: 20 ms. n=3, Data denote 
mean±s.d. (n=3, **P<0.01, ***P<0.001, ****P<0.0001).
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administration, LJ-GSH was intravenously injected into mice followed 
by NIR-II and bioluminescence imaging Fig. 5a. As shown in Fig.S16a, a 
faint fluorescence signal was observed in the thoracic cavity. We spec
ulated that the tumor metastasis may have occurred in the lung region, 

generating tumor-related GSH and triggering the activation of probe LJ- 
GSH. To make check, bioluminescence imaging and ex vivo lung im
aging were performed. Bioluminescence signal in the thoracic cavity 
corresponded well with in vivo NIR-II imaging (Fig. 5b), demonstrating 

Fig. 5. (a) Schematic illustration the timeline of lung metastasis model establishment and real-time tumor imaging. (b) Representative bioluminescence image. (c)- 
(d) NIR-II imaging of lung tissue dissected from lung metastatic mice after 24 h post-injection of (100 nM) LJ-GSH. (e) SBR of lung metastatic tumors according to c 
and d (marked as a-f and control as g). (f) H&E, ki 67, and F4/80 immunofluorescence staining of the resected lung metastatic nodules (ROI-a) Scar bar: 1 mm.
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the reliability of our probe in metastatic tumor applications. Meanwhile, 
ex vivo lung imaging revealed that pulmonary metastasis exhibited a 
high SBR of 7.2 (ROIa/ROIg), suggesting LJ-GSH has the potential for 
discriminating between metastatic lesions and adjacent lung tissues 
(Fig. 5c-e&s16b). To this end, the lung tissue of ROI-a was resected, and 
subsequently subjected to H&E and immunofluorescence staining tests. 
Based on the H&E, metastasis-related ki67 and F4/80 imaging results, 
LJ-GSH could effectively identify and navigate metastatic lesions under 
high-specific NIR-II imaging guidance (Fig. 5f).

4. Conclusion

In summary, based on cyanine fluorophore, we reported the GSH- 
activated NIR-I/II fluorescent probe, LJ-GSH, for specific lung metas
tasis imaging and fluorescence-guided surgical navigations. The probe 
initially exhibits fluorescence quenching due to the inhibited electron 
transfer process from p-Methoxy thiophenol functionality to cyanine 
moiety. Upon interaction with GSH, LJ-GSH converts to its thiol form 
through GSH-mediate nucleophilic substitution, releasing NIR-I/II 
emission (815/910 nm) with recovery of electron transfer. In vitro 
analysis tests have shown probe displays high specificity and suitable 
sensitivity to GSH, making LJ-GSH a promising tool for imaging GSH 
dynamics in cells. Benefiting from the high resolution and high-specific 
NIR-II fluorescence imaging from LJ-GSH, subcutaneous and metastasis 
breast lesions are clearly distinguished from surrounding normal tissue, 
with negative margins as small as 0.25 mm in diameter. We expected 
that LJ-GSH could offer a valuable approach for exploring the biological 
functions of GSH and potentially serve as a therapeutic technology for 
GSH-related tumours.
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