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The rapid proliferation of tumor cells is driven by metabolic reprogramming and redox regulation. Real-
time monitoring of glutathione (GSH)/adenosine-5'-triphosphate (ATP) provides a dynamic perspective
for tumor metabolism and is crucial for guiding precision treatment. We report a dual-site activatable
fluorescent probe M901 for simultaneously detecting GSH and ATP without spectral overlap, and the
detection range (GSH: 0-7 mmol/L, ATP: 0-6.5 mmol/L) matching the physiological concentration range.
Based on this, M901 visualizes a bidirectional regulatory relationship between ATP synthesis| (energy
imbalance) < electron transport chain dysfunction < reactive oxygen species (ROS)? < GSH{ (oxida-
tive stress). Additionally, M901 reveals for the first time the dynamic compensatory mechanism between
GSH and ATP in cellular oxidative stress induced by the inhibition of solute carrier family 7 member 11
(SLC7A11) or glutathione peroxidase 4 (GPX4). In vivo imaging further confirms oxidative stress and mi-
tochondrial dysfunction are core pathological mechanisms leading to liver injury, with treatment efficacy
positively correlated with GSH/ATP levels. Importantly, the dynamic visualization of GSH/ATP by M901
enables real-time evaluation of the anti-tumor effects of ferroptosis inducers and cisplatin, guiding suc-
cessful precision resection of invasive malignant tumors (negative margins <0.2 mm). This study confirms
the potential of M901 as a clinical visualization tool for diagnosing, treating and monitoring a variety of

diseases.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.
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Malignant tumors, characterized by uncontrolled cell prolifer-
ation and invasion, posing a significant threat to human survival
[1-3]. Chemotherapy and surgical resection remain the primary
treatment modalities for solid tumors [4-6]. Accurate monitoring
of the tumor’s status is crucial for assessing treatment efficacy and
guiding optimization of treatment plans to improve survival rates
[7]. In recent years, clinical imaging methods including X-rays,
ultrasound (US), magnetic resonance imaging (MRI), and positron
emission tomography-computed tomography (PET-CT) have made
significant advancements in tumor localization [8-10]. However,
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these methods cannot provide real-time monitoring tumor pro-
gression or accurately distinguish tumor boundaries. Puncture
biopsy is widely recognized as the clinical diagnostic "gold stan-
dard", but it carries a potential risk of tumor metastasis [11-13].
Therefore, there is an urgent need to develop a non-invasive
method based on specific biomarkers for real-time monitoring of
tumor progression.

Cancer cells sustain rapid proliferation through metabolic re-
programming, while their abnormally active biosynthetic demands
significantly enhance their reliance on ATP and antioxidant systems
[14-16]. Mitochondria, as the main site of ATP synthesis, generate
substantial byproducts reactive oxygen species (ROS) during the
process of energy production through oxidative phosphorylation
[17-19]. Cancer cells maintain redox homeostasis to counteract the
cytotoxicity of ROS by synthesizing glutathione (GSH) through so-
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Scheme 1. M901 visualizes energy metabolism pathways under oxidative stress as-
sociated with cancer treatment and liver injury.

lute carrier family 7 member 11 (SLC7A11)-mediated cystine (Cys)
uptake, and utilizing glutathione peroxidase 4 (GPX4) to eliminate
lipid peroxides [20-22]. Tumor cells effectively avoid programmed
cell death pathways such as ROS induced ferroptosis while main-
taining high proliferation activity [23-25]. Therefore, GSH and ATP
could serve as potential biomarkers for detecting and evaluating
the development status of tumors. Based on this, targeting the
tumor antioxidant defense system (such as inhibiting SLC7A11 or
GPX4) could disrupt the redox homeostasis, accurately monitor
the specific compensation pathways of GSH and ATP, not only for
studying the specific regulatory relationship between oxidative
damage and energy blockade, but also provide new ideas for over-
coming tumor drug resistance. Small molecule fluorescent probes
have attracted wide-spread attention due to their advantages
of excellent permeability, biocompatibility, non-invasiveness and
real-time tracking of endogenous species [26-28]. The activatable
sensor with multi-recognition sites eliminates false signals through
specific multi biomarker activation and spatiotemporal consistency
characteristics, enhancing detection accuracy and sensitivity, which
is suitable for dynamic analysis of pathological mechanisms in
complex diseases [29-31]. Currently, the development of several
probes capable of simultaneously detecting ATP and reactive sulfur
species (RSS) for synchronized imaging has provided critical tools
for studying related pathological processes (Table S1 in Supporting
information). These probes exhibit higher sensitivity and lower
detection limits, but their detectable ranges are mostly confined
to the micromolar range (pmol/L) [32-37]. The reported literatures
indicate that the concentration of GSH/ATP in tumor cells are in
mmol/L range [38-40]. Therefore, achieving mmol-level visualiza-
tion imaging of ATP/GSH in biological systems is crucial for disease
diagnosis and evaluation of therapeutic efficacy.

To meet the above requirements, the sulfonamide group was
introduced into 1,8-naphthalimide and incorporated into the
modified rhodamine lactam skeleton to synthesize a dual-sites
probe M901 for independent detection of GSH and ATP without
spectral crosstalk (peak separation is 155nm) (Scheme 1). Upon
activation by GSH and ATP, M901 exhibited of 15- and 700-fold
fluorescence responses, respectively, the response range of M901
for GSH (0-7mmol/L) and ATP (0-6.5mmol/L) matching the
physiological concentration fluctuations [38,39]. Based on this, the
bidirectional regulatory relationship between energy imbalance
induced by carbonyl cyanide 3-chlorophenylhydrazone (CCCP) and
oxidative stress induced by L-buthionine sulfoximine (BSO) in
tumor cells was visualized by M901. ATP synthesis inhibition|
(energy imbalance) < dysfunction of the electron transport chain
< ROStT <« depletion of GSHJ (oxidative stress). Targeting the
tumor antioxidant defense system (such as inhibiting SLC7A11 or
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GPX4) to disrupt redox homeostasis, the differential compensation
mechanism of GSH/ATP was revealed for the first time. In addition,
M901 revealed GSH depletion and ATP reduction are direct results
of liver injury, and the therapeutic effect is positively correlated
with the content of GSH/ATP. More importantly, M901 directly cor-
relates metabolic regulation mechanisms with therapeutic effects
by dynamically visualizing GSH/ATP in tumors. It could predict
and evaluate the anti-tumor effects of different ferroptosis agents
and cisplatin combination treatments, and the results showed that
the therapeutic effect was positively correlated with the decrease
in GSH/ATP concentration. Through dual-channel imaging, M901
guided precise resection of invasive malignant tumors (negative
margin 0.2mm). The M901 provides a multifunctional visualiza-
tion tool for high-accuracy disease diagnosis, treatment efficacy
evaluation, and precise surgical resection.

Designing GSH/ATP dual-responsive fluorescent probes must
adhere to the following core principles: Spectrally resolvable
dual-emissive fluorophores; non-emissive or weakly emissive
in the absence of biomarkers; precise mitochondrial targeting
capability. Rhodamine and 1,8-naphthalimide were selected as
fluorophores. N,N-Dimethylbenzene was incorporated into the
rhodamine skeleton to extend emission to the near-infrared
range and avoid spectral crosstalk. A sulfonamide group was
integrated into the 1,8-naphthalimide skeleton and combined with
cyclorhodamine via diethylene triamine to construct probe M901
for GSH/ATP detection. The sulfonamide group suppresses the
intramolecular charge transfer (ICT) of 1,8-naphthalimide, while
spirocyclization disrupts the rhodamine m-conjugated region,
placing M901 in a fluorescence-off state for both GSH and ATP
channels. GSH cleaves the sulfonamide bond to generate a thiol
substitute, restoring electron transfer in 1,8-naphthalimide and
activating green fluorescence at 495 nm. ATP triggers a reversible
non-conjugated-to-conjugated ring-opening transformation in
the rhodamine derivative via synergistic hydrogen bonding and
m-m stacking, activating near-infrared fluorescence at 650nm.
The two-channel fluorescence emission peaks differ by ~155nm,
eliminating spectral crosstalk. M901 was synthesized according to
the synthetic route shown in Scheme S1 (Supporting information).
M901 and its corresponding intermediates were well characterized
by high-resolution mass spectrometry (electron spray ionization)
(HRMS (ESI)) and 'H, 13C nuclear magnetic resonance spectra
(NMR) (Figs. S31-S35 in Supporting information).

We systematically investigated the dual-channel optical re-
sponse characteristics of M901 to GSH and ATP. In a phos-
phate buffered saline (PBS) containing 10% ethanol, the absorp-
tion spectra and concentration-dependent fluorescence spectra of
M901 were measured by adding varying concentrations of GSH.
As shown in Fig. 1A, a new absorption peak emerged at 398 nm.
Simultaneously, under 450 nm excitation, the fluorescence inten-
sity at 495 nm gradually increased with increasing GSH concentra-
tion (0-7 mmol/L), achieving a 15-fold fluorescence enhancement
at 495 nm, which was attributed to the formation of nucleophilic
substitution products mediated by GSH (Fig. 1B). The green fluo-
rescence intensity at 495nm exhibited a good linear relationship
with GSH concentration (0.5-6.0 mmol/L), and the detection limit
for GSH was calculated as 0.2 mmol/L (Fig. 1C). Subsequently, we
evaluated the specificity of M901 for GSH recognition. As shown in
Fig. S1A (Supporting information), in the presence of metal ions,
ROS/RNS, or energy metabolism-related molecules alone, the fluo-
rescence signal at 495 nm exhibited negligible enhancement. No-
tably, significant fluorescence enhancement effect was observed
only when GSH was added, and this activation effect remained
highly specific even after adding 1 mmol/L Cys (Fig. S2 in Support-
ing information).

Next, we evaluated the response characteristics of M901 to
ATP. As shown in Fig. 1D, upon incubation condition of 6.5 mmol/L
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Fig. 1. Optical properties of M901 (10 pmol/L) toward GSH and ATP in PBS buffer (10 mmol/L, pH 7.4, 10% EtOH). (A) Absorption spectra of M901 in the absence and presence
of GSH (7.0 mmol/L). (B) Fluorescence spectrum of M901 (10 umol/L) upon addition of GSH (0-7 mmol/L). (C) Linear correlation between the fluorescence intensity of M901
at 495 nm with various GSH. (D) UV-vis absorption spectra of M901 in the absence and presence of ATP (6.5 mmol/L). (E) Fluorescence spectrum of M901 (10 umol/L) upon
addition of ATP (0-6.5 mmol/L). (F) Linear correlation between the fluorescent intensity of M901 at 650 nm after treatment with ATP. The data are expressed as the mean +
SD (n=3). (G) Molecular docking calculations of M901 in the presence of ATP. The hydrogen bond interaction is denoted by green lines, and the -7 stacking interaction is
denoted by a blue line. Carbon, hydrogen, oxygen, nitrogen, and phosphorus atoms are colored with gray, white, red, blue and orange, respectively.

ATP, the absorption spectrum showed a characteristic peak at
614nm. Under 580nm excitation wavelength, the near-infrared
fluorescence at 650 nm showed a significant increase with a pos-
itive correlation to ATP concentration (0-6.5mmol/L), achieving
a steady-state signal amplification factor of 700-fold (Fig. 1E).
The linear range of the detection system was 1.5-5.5mmol/L, and
the detection limit was 0.32 mmol/L. The selectivity test showed
that M901 could specifically recognize ATP and was significantly
distinguishable from ROS, RNS/RSS, and nucleoside polyphosphates
(NPPS) (Fig. S1B in Supporting information). The above in vitro
experiments confirmed the application potential of M901 in the
field of ATP biosensing. In addition, in the GSH channel, adding
6.5 mmol/L ATP did not cause a noticeable change in fluorescence
signal at 495nm, whereas adding 7.0mmol/L GSH significantly
enhanced the emission peak, indicating no cross-response to
ATP in this channel (Fig. S3A in Supporting information). In the
ATP channel, adding 7.0 mmol/L GSH only weakly increased the
650nm signal, while ATP addition robustly amplified the signal,
confirming the channel’s specificity for ATP (Fig. S3B in the Sup-
porting information). The two channels are spectrally separated
(495nm vs. 650nm), enabling independent detection of GSH and
ATP and effectively avoiding spectral crosstalk. Under physiological
pH conditions, M901 and its activated products with GSH and
ATP demonstrate excellent stability (Figs. S4A and B in support-
ing information). After adding 7.0 mmol/L GSH, the fluorescence
intensity at 495nm reached its peak within 20 min, while with
the addition of 6.5 mmol/L ATP, the fluorescence signal at 650 nm
rapidly attained a stable maximum within 60s (Figs. S5A and B
in Supporting information). After reacting with GSH/ATP, the fluo-
rescence intensity of M901 at 495 nm and 650 nm remained stable
within 24 h (Figs. S6A and C in Supporting information). In a serum
environment, both M901 itself and its reaction products demon-
strated good stability (Figs. S6B and D in Supporting information).

To elucidate the reaction mechanism of M901 towards GSH/ATP,
the Gaussian 16 program was employed to optimize the molecu-
lar geometries of M901 and its GSH/ATP-activated products. After
GSH nucleophilic substitution, the energy gap between the high-
est occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) increased from 2.06 to 2.43 (Fig. S7 in
Supporting information), which contradicts the experimental re-
sults showing longer absorption and emission wavelengths of the
products post-reaction. We separately investigated the frontier or-

bitals of the two recognition units before and after the reaction.
As shown in Fig. S8 A (Supporting information), in the GSH reac-
tion unit, GSH attacks the sulfonamide site to generate an elec-
tron donor, reducing the HOMO-LUMO energy gap (3.92-3.27eV)
and promoting a red shift in the absorption band. HRMS detected a
product peak (my/z) at 1037.4207 (calcd. for 1037.4226), confirming
that GSH underwent nucleophilic attack on the 4t carbon atom of
the 1,8-naphthalimide fluorophore (Figs. S9 and S10 in Supporting
information). In the ATP recognition section, the addition of ATP
reduced the bandgap from 3.80eV to 2.62eV, generating conju-
gation recovery-related absorption and emission "turn-on" charac-
teristics (Fig. S8B in Supporting information). After adding ATP to
the M901 solution, HRMS detected a new peak (m/z) at 1406.3579
(calcd. for 1406.3553), consistent with ATP-mediated formation of
a hydrogen-bonded open-ring compound (Fig. S11 in Supporting
information). Furthermore, optical results in Fig. S12 (Supporting
information) showed that the fluorescence signal at 650 nm rapidly
recovered upon adding apyrase (an enzyme hydrolyzing phosphate
groups) to the M901+ATP solution, indicating hydrogen bond inter-
actions between ATP and the probe. As shown in Fig. 1G, molecu-
lar docking calculations showed that M901 forms intramolecular
hydrogen bonds between the phosphate group H atoms and di-
ethylenetriamine group N atoms (distances of 1.73 and 2.02 A), and
the adenine backbone of ATP matches the spatial orientation of the
rhodamine group (distance of 3.44 A). Studies on the spatial config-
urations of other nucleoside polyphosphates probed by the probes
found that GTP/CTP form hydrogen bonds with M901, but lack
m-m stacking interactions due to spatial configuration mismatch
(Fig. S13 in Supporting information). Additionally, the M901+ATP
group exhibited distinct chemical shifts in both 3'P signals and 'H
NMR, indicating that the ATP-triggered near-infrared emission of
M901 originated from the synergy of hydrogen bonding and -
7 stacking interactions (Fig. S14 in Supporting information). HRMS
(ESI) verification confirmed M901’s capability for simultaneous de-
termination of GSH/ATP, with mass spectrometry analysis reveal-
ing a target product peak (m/z) at 1542.4131 (calcd. for 1542.4037)
(Fig. S15 in Supporting information). The experimentally measured
spectral overlap integral (J) between the M901+GSH donor and
M901+ATP acceptor was 14.8 (Fig. S16 in Supporting informa-
tion), below the effective Forster resonance energy transfer (FRET)
threshold (J>30) [41,42], suggesting no resonance energy transfer
occurred.
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Based on the excellent performance of M901 in reacting with
GSH/ATP in vitro, the feasibility for simultaneous imaging moni-
toring GSH and ATP in tumor cells was further evaluated. MTT
assay demonstrated low cytotoxicity of M901 (Figs. S17A and B
in Supporting information). Additionally, after continuous irradia-
tion with 488/594nm lasers for 60 min, the intracellular fluores-
cence intensity in both channels remained stable (Fig. S18 in Sup-
porting information), indicating excellent optical stability of M901.
Additionally, M901 enables dual-channel detection of intracellu-
lar GSH and ATP without spectral crosstalk. The green channel
(Aex =488 nm, Aem =500-550nm) and red channel (Aex =605 nm,
Lem =620-700 nm) respectively captured endogenous fluorescence
signals of GSH and ATP. The fluorescence intensity in channel
3 (Aex=488nm, Aem=620-700nm) was negligible (Fig. S19 in
Supporting information), demonstrating excellent spectral inde-
pendence of the dual-channel detection system. The Pearson co-
efficient between M901 and Mito-Tracker Green reached 0.932
(Fig. S20 in Supporting information), indicating its high mitochon-
drial targeting specificity. Mitochondrial GSH/ATP level differences
could reflect cellular metabolic characteristics. M901 was incu-
bated with different cell lines, as shown in Figs S21A and B (Sup-
porting information), compared to LX2 normal cell lines, other
cancer cell lines demonstrated significant signal increases in both
metabolic pathways. Commercial detection kits further validated
the overexpression of GSH/ATP concentrations in cancer cell lines
(Fig. S21C in Supporting information). This discovery reveals that
cancer cells maintain high metabolic demands through enhanced
oxidative and energy metabolic pathways, while M901 probes en-
able effectively distinguish metabolic differences between normal
and cancer cells as metabolic tracking tools.

Based on the high-precision imaging of cellular GSH/ATP us-
ing probe M901, we analyzed their correlation under different
incubation conditions. Experimental findings revealed that exoge-
nous addition of either GSH or ATP enhanced the dual-channel
signal intensity, and the results were verified by commercial kit
(Figs. S22A-C in Supporting information). ATP synthesis inhibitor
oligomycin A (Omy A) and GSH synthesis inhibitor BSO were used
to investigate the endogenous levels of GSH or ATP in cells [43]. As
shown in Figs. S23A-C (Supporting information), cells treated with
Omy A exhibited ATP/GSH fluorescence intensities that were 0.32-
and 0.467-fold of the control group, and endogenous ATP and GSH
concentrations were reduced to 0.7 and 2.2 mmol/L respectively.
Upon addition of exogenous ATP, the red fluorescence significantly
increased while the green fluorescence partially recovered. After
treatment with BSO, the fluorescence of GSH was significantly
reduced, and the ATP signal also partially decreased. After supple-
mentation with 5 mmol/L glutathione monoethyl ester (GSH-MEE),
the fluorescence in both channels was partially restored. The
above results show that energy imbalance induced by Omy A and
oxidative stress induced by BSO could both significantly regulate
the dynamic balance between GSH and ATP.

Next, we further verified the regulatory relationship of en-
dogenous GSH/ATP under cellular oxidative stress and energy
imbalance. As shown in Figs. S23D-F (Supporting information),
after pre-treatment with H,0,, the fluorescence intensity of GSH
and ATP decreased to 0.288- and 0.312-fold of the control group
respectively, and the endogenous GSH and ATP concentrations
decreased to 2.0 and 1.03 mmol/L, indicating significant depletion
of GSH and notable inhibition of ATP in cells under oxidative
stress. Upon supplementation with the GSH synthesis substrate
N-acetyl-L-cysteine (NAC), the fluorescence signals of GSH and
ATP were restored [44,45]. After co-incubation with the oxidative
phosphorylation uncoupling agent CCCP [46], tumor cells exhibited
significant inhibition in both red and green channels, indicating
significant depletion of GSH and ATP in cells under energy imbal-
ance. Meanwhile, treatment with NAC pro-moted the recovery of

Chinese Chemical Letters 37 (2026) 111334

GSH/ATP fluorescence intensity. M901 visualized the bidirectional
regulatory relationship between energy imbalance and oxidative
stress by tracking GSH/ATP, ATP synthesis inhibition| (energy
imbalance) < electron transport chain dysfunction < ROS1T <
GSH depletion| (oxidative stress). Therefore, achieving energy
blockade in tumor cells by regulating oxidative stress may be a
feasible anti-cancer strategy.

We first explored the dynamic regulation mechanism of
GSH/ATP under erastin incubation [47]. As shown in Figs. 2A-C,
within 0-6h, the fluorescence intensity of GSH in tumor cells de-
creased with time, while the ATP fluorescence signal increased
slightly. Subsequently, within 9-24h, the fluorescence intensity of
the GSH/ATP channel continued to decrease, and the cell mor-
phology was significantly damaged or even ruptured (Fig. 2D). The
experimental results were verified by commercial kits (Fig. S24A
in Supporting information). Erastin inhibits the Cys transporter
SLC7A11, blocking GSH synthesis and causing redox imbalance and
ROS burst, ultimately leading to lipid peroxidation accumulation.
In the initial phase, ROS transiently activate mitochondrial mem-
brane potential to promote ATP synthesis. However, subsequent
mitochondrial damage, metabolic collapse, and sustained ROS ac-
cumulation result in energy depletion.

Next, we studied the GSH/ATP compensation mechanism un-
der (1S,3R)-RSL3 (RSL3) incubation [48]. As shown in Figs. 2E-
H, within 0-12h, the fluorescence signal of ATP slightly weak-
ened, while the fluorescence signal of GSH showed an up-ward
trend. Within 12-24h, the GSH level decreased and finally stabi-
lized at a certain level, while ATP was depleted. The experimen-
tal results were verified by commercial kits (Fig. S24B in Support-
ing information). Inhibition of GPX4 does not block Cys uptake,
and GSH precursors can still be temporarily supplemented. Under
these conditions, cells consume ATP to maintain metabolic balance.
GSH becomes irreversibly depleted due to direct neutralization of
ROS, while mitochondrial damage leads to metabolic collapse, ulti-
mately triggering cell death. Thus, M901 provides a real-time track-
ing of the concentration changes of ROS and GSH, elucidating the
compensatory-collapse relationship between oxidative stress and
metabolism.

All surgical procedures and experimental protocols were ap-
proved by the Animal Care and Use Committee of Hainan Medi-
cal University (No. HYLL-2021-184). Blood routine examination and
hematoxylin and eosin (H&E) staining analysis of healthy mice in-
jected with M901 showed no significant abnormalities, indicating
the low toxicity and good biocompatibility of the probe (Figs. S25
and S26 in Supporting information). Acetaminophen (APAP) over-
dose induces hepatic oxidative stress and causes liver injury, its an-
tidote 1-aminobenzotriazole (ABT) exerts hepatoprotective effects
by inhibiting cytochrome P450 metabolic pathways [49]. We first
validated the capability of probe M901 to track GSH/ATP dynam-
ics in APAP-induced liver injury mice. C57 mice were administered
300mg/kg APAP via intraperitoneal injection to establish liver in-
jury models, followed by intravenous injection of M901 (100pL,
0.5mmol/L) via the tail vein for dual-channel fluorescence imag-
ing, and the ABT-treated group served as the repair group. The
GSH/ATP fluorescence intensities in the APAP group decreased to
0.58- and 0.61-fold of the control group, while ABT treatment
restored GSH/ATP levels to 1.35-fold and 1.42-fold of the APAP
group (Figs. S27A-C in Supporting information). Ex vivo liver tis-
sue imaging results were consistent with in vivo imaging findings
(Figs. S27D and E in Supporting information). H&E staining anal-
ysis of liver tissues confirmed high proportions of patchy hepato-
cyte necrosis in injured livers, which could be alleviated by ABT in-
tervention (Fig. S27F in Supporting information). The above results
indicate that M901 enables real-time detection of liver injury by
tracking in vivo GSH/ATP fluctuations, positioning it as a promising
tool for anti-liver drug screening.
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Fig. 2. Imaging of the GSH and ATP changes under different ferroptosis pathways within 24 h. (A) Schematic of intracellular cascade signaling pathway during erastin-
induced ferroptosis. (B) Dynamic visualization of GSH (green channel: Aex =488 nm, Aem=500-550nm) and ATP (red channel: Aex =594 nm, Aem=620-700nm) within
24 h of incubation with erastin (10 umol/L). (C) Relative pixel intensity of (B). (D) Bright-filed and cell morphology changes as represented in panel (B). (E) Schematic of
intracellular cascade signaling pathway during RSL3-induced ferroptosis. (F) Dynamic visualization of GSH and ATP within 24 h of incubation with RSL3 (1pmol/L). (G)
Relative pixel intensity of (F). (H) Bright-filed and cell morphology changes as represented in panel (F). The data are expressed as the mean + SD (n=3). Scale bar: 20 um.
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Tumor cells rely on abnormally high levels of GSH and ATP to
maintain proliferative activity and evade programmed death, so we
investigated the enhanced anticancer efficacy of energy imbalance
induced by GSH depletion under cisplatin (CDDP) treatment by tar-
geting the antioxidant system. 4T1 cells were subcutaneously in-
jected into the right axilla of nude mice. Eight days later, tumor-
bearing mice were randomly divided into four groups treated with
PBS, CDDP, erastin+CDDP, or RSL3+CDDP. GSH/ATP signaling was
monitored using M901 to analyze tumor burden. As shown in
Figs. S28A-C (Supporting information), after tail vein injection, the
probe was continuously enriched in tumor tissues through the en-
hanced permeability and retention effect (EPR). However, passive
diffusion in systemic circulation caused strong signal interference
in the liver and kidneys. In contrast, the signal intensity of intra-
tumoral M901 injection reached its peak within 45min (Fig. 3A).
Considering imaging timeliness, local drug concentration, and sig-
nal interference factors, the intratumoral injection was ultimately
selected as the optimal administration route for efficacy evalua-
tion. As shown in Fig. 3A, the PBS group exhibited the strongest
red and green fluorescent signals, while the intensities in the pur-
ple channel for CDDP, erastin+CDDP, and RSL3+CDDP treatment
groups was 0.517-, 0.203-, and 0.183-fold that of the control group,
and the signal intensities in the red channel was 0.483-, 0.224-,
and 0.148-fold, respectively (Figs. S29A-1 and B-1 in Supporting
information). The combination therapy of RSL3 and CDDP showed
the best efficacy in tumor growth inhibition, exhibiting lower ex-
pressions of GSH and ATP (Figs. S29A-2 and B-2 in Supporting in-

formation). Tumors were collected after the treatment, as shown
in the Figs. S29C-1 and C-2 (Supporting information), the tumor
volume in the combination therapy group was reduced to 19.74%
and 10.51% of the control group, significantly suppressing tumor
growth, and consistent with fluorescence imaging results. The mice
treated with combination drug therapy showed no significant body
weight loss, demonstrating lower acute toxicity along with supe-
rior biocompatibility and anticancer activity (Fig. S29D in Support-
ing information). The survival time of the GSH-inhibition-assisted
cisplatin treatment group was significantly longer than the other
groups (Fig. S29E in Supporting information). Fluorescence imag-
ing of tissue sections showed that the signal intensity of the
RSL3+CDDP group was the lowest, which was 0.117- and 0.096-
fold that of the control group in two channels, respectively, which
were consistent with the results of in vivo imaging (Figs. S30A-
C in Supporting information). As shown in Fig. 3B, the histological
changes of collected tumor tissues were evaluated using H&E stain-
ing, showing the most severe tissue damage in the RSL3+CDDP
group with negligible damage in the control group. Tumor cell
proliferation and differentiation were assessed by detecting Ki67
protein expression, which was almost absent in the RSL3+CDDP
group, indicating strong inhibitory effects of the combination ther-
apy on tumor cell growth. The terminal deoxynucleotidyl trans-
ferase (TdT) dUTP nick-end labeling (TUNEL) assay further con-
firmed that GSH inhibition augmented by cisplatin induced mas-
sive apoptotic cells throughout the tumor tissue. These experimen-
tal results suggest that the GSH/ATP content is negatively corre-
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lated with the therapeutic effect. M901 could evaluate the tumor
treatment effect and predict the results in real time by monitoring
GSH/ATP.

Currently, for early-stage solid tumors without metastasis,
surgery is the cornerstone of curative treatment; however, the in-
vasive growth characteristics of tumor cells blur the boundaries
between the tumor and normal tissues. In traditional surgeries,
micro-invasive foci (such as <5mm) are difficult to accurately lo-
cate macroscopically, potentially leading to residual margins. To
enhance the accuracy of fluorescence-guided tumor resection, we
attempted dual-channel fluorescence-guided surgery using a dual-
responsive turn-on probe with a good signal-to-noise ratio, explor-
ing the effectiveness of dual fluorescence channel surgical naviga-
tion. Following injection of the probe, tumors could be accurately
distinguished from surrounding normal tissues and successfully re-
moved under NIR fluorescence guidance (Fig. 3C). Additionally, un-
der real-time image guidance, the relative fluorescence intensity
(RFI) between the resected tumor and adjacent normal tissues was
observed to be 3.774- and 4.09-fold, respectively (Figs. 3C-1 and
C-2). Subsequently, the excised specimens were stained with H&E
for pathological diagnosis, and H&E staining analysis confirmed the
reliability of our probe in tumor resection, reducing the residual
negative margin diameter to approximately 0.2 mm (Fig. 3D). The
probe M901 enables precise localization of tumor boundaries and
provides effective assistance in tumor navigation through high-
specificity NIR-I imaging.

In summary, we synthesized a dual-site probe M901 to simul-
taneously detect GSH and ATP in mitochondria without spectral
overlap (peak difference 155nm), and the response range match-
ing the fluctuation range of physiological concentrations of GSH
(0-7mmol/L) and ATP (0-6.5mmol/L) in tumor cells. The excel-
lent performance of M901 for GSH and ATP in vitro enables it to
visualize the bidirectional regulatory relationship between CCCP-
stimulated energy imbalance and BSO-stimulated oxidative stress
in tumor cells. Based on this, M901 first revealed the differential
compensation mechanism of GSH and ATP under the disruption
of the antioxidant defense system of tumor cells (such as inhibi-
tion of SLC7A11 or GPX4). More importantly, by tracking GSH/ATP,
M901 enable predict and evaluate the anti-tumor efficacy of differ-
ent ferroptosis-inducing drugs in combination with cisplatin, and
successfully guide the precise resection of 0.2 mm invasive tumors.
M901 has potential as a clinical visualization tool for diagnosing,
treating and monitoring a variety of diseases.
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