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ARTICLE INFO ABSTRACT

Keywords: Hypopharyngeal carcinoma (HPC) is a class of rare squamous cell carcinomas of the head and neck that are

Gl“tafhione ) highly aggressive and have a poor prognosis. It is mostly clinically diagnosed at an advanced stage and is pro-

Eear'mf@red fluorogenic probe nounced resistant to chemotherapy. Ferroptosis, a class of iron-dependent programmed cell death triggered by
erroptosis

lipid peroxidation accumulation, is regarded as a novel strategy for antitumor therapy. In this work, a novel GSH-
activatable near-infrared fluorogenic (NIRF) probe, DCI-F, was screened based on a substituent-regulation
strategy. This probe was successfully applied to the study of ferroptosis induced by the combination of low-
dose PTX and RSL3, which demonstrated that the combination therapy synergistically accelerated GSH deple-
tion in tumor cells. DCI-F was able to distinguish tumor cells from normal squamous cells. The combination of
PTX + RSL3 reduced intratumorally GSH levels and enhanced the therapeutic efficacy compared to single-drug
treatment in FaDu tumor-bearing mice model. DCI-F enabled deep tissue imaging in fresh specimens of HPC
patient. This work provided a novel GSH imaging tool for the development of low-toxicity and efficient tumor
synergistic treatment strategies.

Hypopharyngeal carcinoma
Therapy monitoring

1. Introduction resistance include inhibition of glutathione (GSH)-mediated regulation

of reactive oxygen species (ROS), reduction of intracellular GSH levels to

Hypopharyngeal carcinoma (HPC) is a rare malignant tumor of the
head and neck originating from the squamous epithelium, with a higher
incidence in Asia than in other regions [1]. The disease appears to be
gender-specific, with males being at higher risk of developing the dis-
ease and having a lower survival rate [2]. Due to the absence of typical
clinical symptoms in the early stages, most patients are diagnosed in
advanced stages, often associated with cervical lymph node metastases
[3,4]. Late-stage HPC is usually treated with a combination of surgery
and radiotherapy [5]. Paclitaxel (PTX) is a commonly used first-line
chemotherapeutic drug that interferes with microtubule function and
induces cell cycle arrest [6,7]. Current strategies to overcome PTX

prevent drug efflux or metabolic inactivation, and activation of pro-
grammed cell death pathways [8,9].

Ferroptosis is a class of iron-driven programmed cell death modal-
ities dependent on the accumulation of lipid peroxidation as the central
mechanism, which is closely associated with the development of tumors
[10-12]. GSH, a key molecule in maintaining intracellular redox ho-
meostasis, is the main reducing substrate of glutathione peroxidase 4
(GPX4). Depletion of GSH or inactivation of GPX4 leads to an imbalance
in the function of the antioxidant system, triggering the accumulation of
lipid ROS and ferroptosis [13,14]. In the tumor microenvironment, GSH
levels in malignant tissues are usually upregulated compared to normal
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Scheme 1. Illustration of screening a GSH-activatable NIRF probe for visualizing ferroptosis induced by low-dose PTX/RSL3 and assessing HPC treatment efficacy

(by BioRender).

tissues, enhancing chemotherapy tolerance and inhibiting ferroptosis
signaling activation [15-17]. Hence, real-time monitoring of GSH dy-
namics in tumors is essential for clarifying the ferroptosis mechanism
and accurately assessing the therapeutic efficacy.

Near-infrared fluorogenic (NIRF) probes have received widespread
attention in the field of in vivo imaging owing to their advantages of deep
tissue penetration, low background interference, and minimal photo-
damage [18-21]. In recent years, a variety of GSH-responsive fluoro-
genic probes have been developed based on different recognition
moieties [22-31]. However, some of them are still limited to the visible
light band, with poor selectivity and limited biological applications
[32]. Herein, an activatable NIRF probe, DCI-F, was screened through
substituent optimization of the recognition moiety based on dicyanoi-
sophorone dye (Scheme 1). Employing DCI-F, endogenous GSH fluctu-
ations during ferroptosis induced by the combination of low-dose PTX
and RSL3 were visualized. Moreover, DCI-F was successfully applied to
evaluate the efficacy of FaDu tumor-bearing mice of PTX-+RSL3 com-
bination therapy and to diagnostic imaging of HPC clinical specimens.

2. Experimental section
2.1. Materials and apparatus

The materials, instruments, fluorescence analysis, analytes solution
preparation, cytotoxicity, cell culture, and cellular model were listed in
the Supporting information.

2.2. Synthesis of (E)-2-chloro-4-(2-(3-(dicyanomethylene)-5,5-
dimethylcyclohex-1-en-1-yl) vinyl) phenyl 2-fluoro-4-nitrobenzenesulfo-
nate (DCI-F)

Compound DCI (65mg, 0.2 mmol) was dissolved in dichloro-
methane, followed by the addition of 2-fluoro-4-nitrobenzenesulfonyl
chloride (96 mg, 0.4 mmol) and triethylamine (0.2 mL) under stirring.
The reaction was monitored by TLC until completion. The ice-cooled
water was added to the reaction mixture, then extracted with
dichloromethane, dried over anhydrous sodium sulfate, and concen-
trated under reduced pressure. The crude product was purified by silica
gel column chromatography (EA/PE = 1/3) to afford DCI-F as a yellow
solid (59 mg, yield: 56 %). 'H NMR (400 MHz, CDCl3): 6 8.15 (t, J =
7.1 Hz, 2 H), 8.10 (d, J = 7.6 Hz, 1 H), 7.52 (s, 1 H), 7.42 (s, 2 H), 6.92
(d, J = 4.2 Hz, 2 H), 6.87 (s, 1 H), 2.61 (s, 2 H), 2.43 (s, 2 H), 1.08 (s,
6 H); °C NMR (101 MHz, CDCls): 168.80, 152.29, 145.15, 136.53,

133.17, 132.42, 131.70, 129.31, 127.65, 126.85, 124.94, 119.38,
119.34, 113.62, 113.36, 113.06, 112.31, 80.24, 42.87, 39.10, 32.01,
27.95. HRMS m/z: Co5H19CIFN3OsS [M - H] caled for 526.0640 found
526.0667.

2.3. Synthesis of (E)-2-chloro-4-(2-(3-(dicyanomethylene)-5,5-
dimethylcyclohex-1-en-1-yD) vinyD) phenyl 2-chloro-4-nitrobenzenesulfo-
nate (DCI-Cl)

DCI-Cl was prepared from typical procedure (EA/PE = 1/3) as yel-
low solid (52 mg, 48 %). H NMR (400 MHz, CDCls): & 8.46 (t, J =
1.9 Hz, 1 H), 8.25-8.20 (m, 2 H), 7.52 (d,J =1.9 Hz, 1 H), 7.39 (dd, J =
8.6, 1.9 Hz, 1 H), 7.33 (d, J = 8.6 Hz, 1 H), 6.94 (d, J = 16.2 Hz, 1 H),
6.89(d,J=16.3 Hz, 1 H), 6.86 (s, 1 H), 2.61 (s, 2 H), 2.42 (s, 2 H), 1.07
(s, 6 H); 13C NMR (101 MHz, CDCls): 168.92, 152.42, 151.14, 145.49,
139.91, 136.58, 135.73, 133.31, 133.10, 131.78, 129.53, 127.97,
127.38, 126.87, 125.04, 124.96, 121.90, 113.18, 112.43, 80.34, 42.99,
39.22, 32.12, 28.07. HRMS m/z: Co5H19CIsN3OsS [M - H] caled for
542.0344 found 542.0403.

2.4. Synthesis of (E)-2-chloro-4-(2-(3-(dicyanomethylene)-5,5-
dimethylcyclohex-1-en-1-yl) vinyl) phenyl 4-nitrobenzenesulfonate (DCI-
H)

DCI-H was prepared from typical procedure (EA/PE = 1/3) as yellow
solid (60 mg, 59 %). 'H NMR (400 MHz, CDCls): 8.39 (d, J = 8.8 Hz,
2H), 8.12 (d, J = 8.8 Hz, 2 H), 7.49-7.43 (m, 3 H), 6.93-6.87 (m, 3 H),
2.61 (s, 2 H), 2.43 (s, 2 H), 1.07 (5, 6 H); 1>*CNMR (101 MHz, dg-DMSO):
170.22, 154.87, 151.33, 144.37, 139.63, 137.29, 134.13, 132.22,
130.19,129.17,128.33,126.98,125.17,124.50, 124.04, 113.65, 77.61,
42.21, 38.07, 31.70, 27.44; HRMS m/z: Ca5HoCIN3OsS [M + Na]™
caled for 532.0710 found 532.0706.

2.4.1. In vivo fluorescence imaging in tumor-bearing BALB/c mice model
All surgical procedures and experimental protocols were approved
by the Animal Care and Use Committee of Hainan Medical University
(HYLL-2024-809). FaDu tumor-bearing BALB/c nude mice were
randomly divided into four groups: control, PTX, RSL3, and PTX
-+ RSL3. Drug formulations were prepared as follows: PTX was dissolved
in DMSO to yield a stock solution of 0.1 mg/mL and administered
intraperitoneally at 1 mg/kg; RSL3 was dissolved in DMSO to prepare a
0.5 mg/mL stock and administered intraperitoneally at 5 mg/kg. For
PTX + RSL3 group, mice received consecutive injection of PTX (1 mg/
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Fig. 1. (a) Synthetic route of NIRF probes DCI-H, DCI-C, and DCI-F. (b) Fluorescence intensity at 675 nm of DCI-H, DCI-Cl, and DCI-F upon treatment with various
sulfur species (GSH, Cys, Hcy, NayS). (c) Fluorescence spectra of DCI-H (10 pM, c), DCI-C1 (10 pM, d), DCI-CI (10 uM, e) in the presence of different sulfur species
(GSH, Cys, Hcy, Na,S). The final concentrations were 1 mM of GSH, 200 pM of Cys, 100 uM of Hcy, or Na,S. Aey = 560 nm.

kg) and RSL3 (5 mg/kg) to ensure simultaneous action of the two drugs.
The control group received vehicle alone under matched volumes. All
treatments were administered every other day for a total of 14 days. All
mice were administered DCI-F (100 pM, 50 pL) via intratumorally in-
jection. Following anesthesia, in vivo fluorescence imaging was per-
formed using IVIS Lumina XR small animal optical imaging system. The
imaging parameters were set with an excitation wavelength of 535 nm,
and fluorescence emission was recorded at 675 + 20 nm. Tumor tissues
were then fixed in 4 % paraformaldehyde, embedded in paraffin, and
subjected to standard hematoxylin and eosin (H&E) staining for histo-
pathological analysis.

O
g

(a) (

3. Results and discussion
3.1. Molecular design

Substituent-regulation strategies have been widely employed to
modulate electronic effects and spatial configuration of fluorogenic
probes to optimize their response kinetics and recognition selectivity
with specific biomarkers. In complex physiological environments,
rational substituent design could improve the imaging performance of
probes. In this design, three 4-nitrobenzene sulfonyl derivatives bearing
different substituents (H, Cl, F) were introduced into the DCI dye scaf-
fold to generate a series of NIRF probes DCI-H, DCI-Cl, and DCI-F
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Fig. 2. (a) Excitation and emission spectra of the fluorescent dye DCI. (b) Fluorescence spectra of DCI-F (10 pM) after adding various concentrations of GSH
(0-500 pM) for 10 min. (c) Fluorescence intensity of DCI-F (10 pM) before and after the addition of GSH (1 mM). (d) Time-dependent fluorescence spectra of DCI-F
(10 pM) in the presence of GSH (1 mM). (e) Effects of pH on DCI-F (10 pM) for detection of GSH (1 mM). (f) Fluorescence response of DCI-F (10 pM) at 675 nm
toward various representative biological species. 1. blank; 2-12: 100 uM of Na™, K*, Zn**, Cu®*, Mg?*, SO%, CO%, NO3, PO3, F,, SO%; 13-18: 1 mM of Met, Ser, Val,
Arg, Gly, Pro; 19-21: 100 uM of H,0,, ClO", GSSG; 22: 1 mM of GSH. Aex = 560 nm.
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Fig. 3. Discrimination between FaDu and WSU-HN30 cells based on intracellular GSH levels. (a) Fluorescence imaging of FaDu and WSU-HN30 cells stained with
DCI-F (10 uM) for 30 min. The cells were either untreated, pretreated with NEM (1 mM) for 15 min, or NEM (1 mM) for 15 min followed by GSH-OEt (1 mM) for
another 15 min. Scale bars: 20 pm. (b) Pixel intensity of images in plane (a). The data are presented as mean =+ s. d. (n = 3).

(Fig. 1a). The chemical structures of these compounds were confirmed
by NMR and HRMS (Figure S1-S10). The selectivity of DCI-H, DCI-CI,
and DCI-F toward biological sulfur species (GSH, Cys, Hcy, HaS) was
then evaluated. The results in Figs. 1b-1e implied that DCI-H exhibited
moderate selectivity for GSH but suffered from low detection sensitivity.
The sensitivity of DCI-Cl was remarkably improved compared to DCI-H.
However, its selectivity for GSH was compromised by interference from
Cys and Hcy. Having comprehensively analyzed the effects of sub-
stituents on the reactivity of the DCI-H, DCI-Cl, and DCI-F with biolog-
ical sulfur species, DCI-F was found to be the most suitable for in vitro
and in vivo GSH imaging. To further clarify the sensing mechanism, the
UV-Vis absorption spectra were compared (Figure S10). DCI-F exhibited
a characteristic absorption peak centered at 375 nm, whereas the ab-
sorption peak of DCI was located at 535 nm. Upon reaction with GSH,
the solution appeared both 375nm and 535 nm absorption peaks,
indicating the co-existence of DCI-F and DCI in the system. Moreover,
HRMS indicated in the reaction system of DCI-F and GSH, two major
peaks at at m/z 323.0963 and m/z = 526.0643, assigned to compound
DCI ([M - H]) and DCI-F ([M - H]) respectively (Figure S12). These
results verified that DCI-F could be specifically cleaved by GSH to
release DCI dye.

3.2. Evaluation of the spectral properties of DCI-F

With DCI-F in hand, its performance in response to GSH in PBS
(20 mM, containing 1 mM CTAB, pH 7.4) solution was investigated. The
excitation and emission spectra of the fluorescent dye DCI were first
tested. As shown in Fig. 2a, DCI presented a broad excitation band, and
the maximum emission peak located at 675 nm. Based on this, 560 nm
was chosen as the excitation wavelength in the subsequent experiments.
Upon incremental addition of GSH, a gradual increase in the fluores-
cence of DCI-F was observed (Fig. 2b). Up to 500 pM GSH, the fluores-
cence intensity approached saturation (Figure S13a). Analysis displayed
that fluorescence intensity at 675 nm of DCI-F was linearly correlated
with GSH concentration in the range of 0-100 uM (y = 6517.9
x + 16919, R? = 0.98), and the limit of detection (LOD) was calculated
to be 0.59 pM (Figure S13b). The reaction kinetics between DCI-F and
GSH was further examined (Figs. 2¢, 2d). Upon reacting with GSH, the
fluorescence intensity of DCI-F progressively increased and reached a
plateau period of approximately 10 min. To assess the adaptive range of
DCI-F to pH, the fluorescence response of DCI-F to GSH at varied pH
from 3.0 to 11.0 (Fig. 2e). DCI-F remained relatively stable at a pH less
than 8.0; its fluorescence increased at a pH greater than 8.0, probably
due to the alkaline environment inducing the hydrolysis of DCI-F and the
release of the fluorescence product DCI. It was noteworthy that DCI-F
exhibited a stable and strong fluorescence response to GSH across a

wide pH range (4.0-11.0) and showed excellent fluorescence enhance-
ment under physiological pH (7.4). In the end, the selectivity of DCI-F
for GSH was evaluated by comparing its response with various repre-
sentative biological species, including cations (Na*, K", Zn?*, Cu®*,
Mg2+), anions (SO%’, CO%’, NOg3, PO%’, F, SO%’), amino acids (Met, Ser,
Val, Arg, Gly, Pro), reactive oxygen species (H203, ClO), and sulfur
species (GSSG, GSH). As depicted in Fig. 2f, fluorescence intensities of
biological species were nearly identical to that of the blank. Only the
addition of GSH produced a significantly enhanced fluorescence that
was markedly higher than the blank and biological species. These results
indicated that DCI-F could be selectively activated, suiting for sensitivity
and specificity for GSH detection.

3.3. Imaging of endogenous GSH in live cells

Biosafety is a pivotal factor in the clinical translational application of
molecular probes. To evaluate the biocompatibility of DCI-F, its cyto-
toxicity was measured in the concentration range of 0-50 pM using the
CCK-8 assay. As illustrated in Figure S14, the cell viability of human
hypopharyngeal squamous carcinoma cells (FaDu) and normal squa-
mous epithelial cells (WSU-HN30) was maintained above 75 % even at
the highest concentration of 50 pM after 24 h of treatment, indicative of
the low toxicity of DCI-F, making it applicable for live cell imaging ex-
periments. Afterward, DCI-F was incubated with FaDu and WSU-HN30
cells, respectively, and the intracellular fluorescence response to
endogenous GSH was observed via confocal laser scanning microscopy
(CLSM). As seen in Fig. 3a, WSU-HN30 cells, which possessed relatively
low endogenous GSH levels, produced weak fluorescence after incuba-
tion with DCI-F. In contrast, FaDu cells exhibited significantly enhanced
fluorescence due to high endogenous GSH levels. These results
confirmed that DCI-F was able to effectively distinguish WSU-HN30
from FaDu cells based on differences in intracellular GSH levels. More-
over, treatment with N-ethylmaleimide (NEM) (a commercial thiol
scavenger) resulted in a marked reduction in fluorescence in both cell
types. When exogenously supplemented with GSH-OEt, a membrane-
permeable GSH precursor hydrolyzed to GSH, the intracellular fluores-
cence was restored (Fig. 3b). This reversible response further validated
the reliability and specificity of DCI-F as an activatable NIRF probe for
intracellular GSH detection.

3.4. Real-time visualization of intracellular GSH dynamics in the process
of RSL3-induced ferroptosis

Upon GSH depletion or impaired GPX4 function, the cellular anti-
oxidant defense mechanism was imbalanced, thereby triggering fer-
roptosis [33,34]. As such, the reduction of GSH levels was considered to
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Fig. 4. Imaging of GSH dynamics during RSL3-induced ferroptosis. (a) Fluorescence imaging of FaDu cells loaded with DCI-F (10 pM) for 30 min. The cells were
pretreated with L-RSL3 (0.25 pM), H-RSL3 (0.5 pM), or H-RSL3 (0.5 pM) + Lip-1 (0.1 pM) for 24 h. Scale bars: 20 pm. (b) Pixel intensity of images in plane (a). The
data are presented as mean =+ s. d. (n = 3). Statistical analysis was performed using a one-way ANOVA and multiple comparison test of significant differences
(*P < 0.05, P < 0.01).
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Fig. 5. Imaging of intracellular GSH under combination treatment with low-dose PTX and RSL3. (a) Fluorescence imaging of FaDu cells loaded with DCI-F (10 uM)
for 30 min. The cells were pretreated with PTX (3 nM), L-RSL3 (0.25 pM), PTX (3 nM) + L-RSL3 (0.25 pM), PTX (3 nM) + L-RSL3 (0.25 pM) + Lip-1 (0.1 pM) for
24 h. Scale bars: 20 pm. (b) Pixel intensity of images in panel (a). (c) Cell viability of different groups in panel (a). The data are presented as mean =+ s. d. (n = 3). Aex
=561 nm. Statistical analysis was performed using a one-way ANOVA and multiple comparison test of significant differences (P < 0.01,
“"P < 0.001, """P < 0.0001).
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Fig. 6. In vivo imaging and treatment evaluation of FaDu tumor-bearing mice. (a) Fluorescence images of tumor-bearing mice within 90 min post-intratumorally
injection of DCI-F (100 pM, 50 pL) in four groups: control, PTX, RSL3, PTX + RSL3. (b) Average radiant efficiency in the mice’s tumor region corresponding to
panel (a). (c) H&E staining images of the tumor tissues from each group. Scale bar: 150 pm. (d) NIRF imaging of freshly frozen HPC tissue. Confocal z-stack images
acquired at penetration depths of 0 - 60 pm. The data are presented as mean + s. d. (n = 3).

be one of the key drivers for the onset of ferroptosis and was also widely
regarded as an important biomarker for assessing this process [35]. To
verify this mechanism, FaDu cells were treated with various concen-
trations of RSL3 (a GPX4-specific inhibitor) for 24 h (Fig. 4a). High-dose
RSL3 (H-RSL3) treatment greatly reduced the intracellular fluorescence
intensity, indicative of a decrease in GSH levels. In contrast, low-dose
RSL3 (L-RSL3) treatment did not elicit noticeable changes, implying
that the ferroptosis pathway was not sufficiently activated at this con-
centration. It was noteworthy that the fluorescence intensity was
significantly restored upon the addition of ferroptosis inhibitor
liproxstatin-1 (Lip-1), illustrating that Lip-1 was effective in blocking
GSH depletion induced by H-RSL3 (Fig. 4b). The cytotoxicity of various
concentrations of RSL3 was further evaluated. As presented in
Figure S15, cell viability showed a decreasing trend with increasing
RSL3 concentration. Of which, no significant cell death was observed in
the L-RSL3 group, while substantial cytotoxicity was detected in the
H-RSL3 group. These findings demonstrated that H-RSL3 could induce a
decrease in GSH levels and cell death via the activation of ferroptosis,
whereas L-RSL3 was not sufficient to trigger this process alone.

3.5. Fluorescence imaging reveals synergistic ferroptosis induction by low-
dose PTX and RSL3 in FaDu cells

Although PTX was a classical chemotherapeutic agent, high doses
were usually required for efficacy in hypopharyngeal squamous cell
carcinoma, which was often paired with strong toxic side effects [36].
Thus, exploring combination strategies to enhance efficacy under
low-dose conditions was of interest to improve the precision and safety
of chemotherapy [37-39]. Aiming at this challenge, the viability of
FaDu cells was initially examined following 24 h of treatment with
varying concentrations of PTX. Figure S16 showed that no obvious cell
death was observed despite a slight decrease in cell viability with a
gradual increase in PTX concentrations from 0nM to 3.0 nM. A

concentration of 3.0 nM PTX was chosen for the subsequent experiment.
As observed in Fig. 5a, the fluorescence intensity of DCI-F-stained cells
after pretreatment with low-dose PTX or L-RSL3 alone was marginally
lower than that of the control group. Interestingly, the fluorescence in-
tensity of cells pretreated with low-dose PTX in combination with
L-RSL3 was dramatically lower than that of either the low-dose PTX or
L-RSL3 group. Further, this fluorescence decrease was effectively sup-
pressed upon the addition of Lip-1, demonstrating that this phenomenon
was closely related to the ferroptosis process (Fig. 5a). The results
revealed that there might be a potential synergistic antitumor effect
between low-dose PTX and L-RSL3. Both of them enhanced the sensi-
tivity of FaDu cells to chemotherapy by inducing ferroptosis and
decreasing the intracellular GSH level. CCK-8 assays further verified this
conclusion. Cell viability in the group co-treated with low-dose PTX and
L-RSL3 was markedly lower than that of the group treated with either
low-dose PTX or L-RSL3 alone, and the Lip-1 intervention partially
recovered cell viability. Taken together, L-RSL3 could synergize with a
non-cytotoxic dose of PTX to promote the death of FaDu cells and
enhance the therapeutic effect through the ferroptosis mechanism.

3.6. Monitoring ferroptosis-enhanced chemotherapy in vivo and clinical
specimens

Given that GSH levels in malignant tumor tissues were prominently
higher than those in normal tissues, DCI-F could visualize tumor regions
with the specific recognition of intracellular GSH. A FaDu tumor-bearing
mouse model was established and divided into four experimental
groups: control, PTX, RSL3, and a PTX+RSL3 combination group. As
indicated in Fig. 6a, within 90 min post-intratumorally injection, the
tumor area of control mice emitted intense fluorescence signals attrib-
uted to the high level of endogenous GSH within the tumor tissues. In
comparison, the fluorescence intensity of the tumor area in the PTX
group was weakened, and there was no statistical difference between
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RSL3 and the control group. The fluorescence signals of the tumors in
the PTX+RSL3 combination group were lower than those of the three
groups mentioned above, suggesting that this combined treatment
markedly reduced the GSH level in the tumor (Fig. 6b). The combination
therapy group displayed better tumor suppression effects, and the
variation of GSH levels in the tumor site could be dynamically imaged by
DCI-F, thus realizing the visual tracing of the treatment process.
Meanwhile, H&E staining results of the tumor tissues in each group
further confirmed that the PTX+RSL3 group exhibited more pronounced
structural disruption, verifying its enhanced anti-tumor effect (Fig. 6¢).
The above results indicated that DCI-F could be a powerful tool for HPC
efficacy monitoring. To further validate the potential of DCI-F in clinical
samples, fresh surgical specimens from HPC patients were collected and
subjected to CLSM imaging (Fig. 6d). Tumor tissues were incubated with
DCI-F for 30 min and then washed with PBS to remove non-specific
binding. Clear fluorescence signals were detected up to a depth of
60 um within the tumor tissues. The results demonstrated that DCI-F
offered favorable imaging capabilities for intraoperative navigation
and pathological evaluation in clinical HPC samples.

4. Conclusion

In summary, a NIRF probe DCI-F, was screened based on a
substituent-regulation strategy to enable the visualization of intracel-
lular GSH dynamics in the process of ferroptosis. DCI-F exhibited high
sensitivity, fast response-ability, and excellent selectivity for GSH under
physiological conditions. In particular, DCI-F could image GSH deple-
tion in real-time during ferroptosis induced by the combination of low-
dose PTX and RSL3. This combination strategy effectively overcame the
potential toxicity problem associated with the use of PTX alone. DCI-F
was also successfully applied to FaDu tumor-bearing mice model and
HPC clinical specimens. Overall, DCI-F proved to be a promising tool for
detecting GSH levels, with application in GSH-related disease diagnosis
and therapeutic monitoring.
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