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Lung carcinoma is the leading cause of mortality globally, posing a significant public health concern.
Fluorescent-mediated tumor imaging is emerging as a novel diagnostic and therapeutic approach in clinical
practice. Nevertheless, traditional probes lack accuracy in diagnosing tumors due to the overlap in baseline
values of certain tumor biomarkers between normal and tumor cells as both exhibit turn-on fluorescence,
rendering it impossible to distinguish tumor tissue from normal tissue with high resolution. We introduce a
sensing strategy that constructs a probe with an elevated biomarker response-threshold and targeting ability for
the endoplasmic reticulum (ER), enabling precise distinction between tumor and normal cells, and successfully
develop such a probe. Elevating the response-threshold is advantageous in minimizing interference from baseline
values of biomarkers in normal cells. Additionally, targeting the ER ensures that the probe’s response range is
consistent with the biomarker content in the ER, collectively enhancing differentiation between normal and
cancer cells. Using this novel probe, a distinct bright fluorescence signal from tumors could be observed in
confocal imaging of tumor tissues from tumor-bearing mice after intravenous injection, in stark contrast to the
limited fluorescence emanating from normal tissues. Furthermore, this probe demonstrated exceptional precision
in distinguishing clinical lung cancer tissue from para-cancer tissue. This work presents a more reliable tumor
detection strategy, capable of accurate diagnosis even when the biomarker is highly expressed in both normal
and tumor tissues. It promises to be a valuable tool for future clinical applications, particularly in intraoperative
assisted resection.

1. Introduction the cells/tissues, which differ from normal cells/tissues. Relying solely

on morphology is prone to misdiagnosis of inflammation or other dis-

Among various malignant tumors, lung carcinoma exhibits the
highest morbidity and mortality. The complete resection of the lesion
site and the clearance of metastatic lymph nodes determine the prog-
nosis of carcinoma patients [1,2]. Accurate diagnosis of lung cancer
constitutes an essential prerequisite for cancer treatment [3,4]. The crux
and challenge of cancer diagnosis reside in the discrimination of
cancerous cells/tissues from normal ones. Lung cancer progress slowly
in the early phases and fail to develop a typical pathological morpho-
logic structure. Nevertheless, alterations have actually occurred within
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orders [5]. Hence, the development of techniques capable of precisely
differentiating between cancer cells and normal cells, thereby indicating
the boundary between cancerous and normal tissues, is of great value for
the accurate diagnosis of lung cancer and subsequent symptomatic
treatment [4,6]. In addition, the recurrence of the tumor mainly results
from incomplete clinical surgical resection. Specifically, given the
absence of effective approaches to clearly delineate the boundary be-
tween normal tissue and tumor tissue, it is challenging for surgeons to
detect and precisely remove metastatic tumors based on visual
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inspection and palpation. Hence, it is of urgent necessity to develop a
highly discriminatory detection method for tumor and normal tissue to
assist in clinical diagnosis and treatment.

Fluorescence detection has emerged as a powerful tool for moni-
toring a wide array of physiological and pathological processes in real-
time, at both the cellular and molecular levels. This technique holds
considerable promise for tumor screening, as evidenced by numerous
studies conducted over the past decades [7-15]. Various tumor
biomarker-activated fluorescent probes have been developed for imag-
ing and detecting cancer. These probes primarily rely on the differences
in endogenous substance content or microenvironmental characteristics
between tumor and normal tissues, encompassing enzymes, biothiols,
reactive oxygen species (ROS), reactive nitrogen species (RNS), pH
levels, viscosity, and other factors [16-23]. However, few probes can
effectuate effective differentiation. This limitation stems from the high
sensitivity of these probes, which often leads to an inability to distin-
guish between cancer tissue and normal tissue due to their susceptibility
to interference from normal tissues [5,8,24]. The primary reason for this
phenomenon lies in the fact that certain biomarkers are present a certain
baseline value in normal cells, thereby leading to the highly sensitive
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probe demonstrating intense fluorescence in both tumor and normal
cells [20]. To address this issue, previous works have proposed
dual-locked systems to enhance the precision in cancer identification
[25]. While this strategy has proven effective in improving diagnostic
accuracy, it may result in false negative signals due to the two-step re-
action activation process, which inherently compromises sensitivity.
Therefore, we introduce a novel approach aimed at increasing the
response threshold of biomarker-activable fluorescence probe to
enhance precision in clinical lung cancer tissue biopsy. Our approach
involves two key innovations to avoid interference from the baseline
values of normal intracellular biomarkers. Firstly, we elevate the probe’s
response threshold towards the biomarker by leveraging the steric hin-
drance effect in the reaction. Secondly, recognizing the uneven distri-
bution of some biomarkers within the cytoplasm and organelles, we
further enhance reliable differentiation through the specific organelle
targeting capability of the probe. To tackle the aforementioned chal-
lenge comprehensively, we have integrated this strategy and designed a
high-threshold organelle-targeting fluorescent probe that achieves reli-
able discrimination between normal cells and cancer cells for enhanced
precision in clinical lung cancer tissue biopsy.
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Among various biomarkers, glutathione (GSH), an important bio-
thiol, is widely used as the cancer biomarker to design activable probe.
However, GSH is present in high levels in both normal and tumor cells
with concentration of 1-5 mM for normal cells and higher concentration
(about 5-20 mM) for cancer cells, respectively [26,27]. Despite the
numerous reports on GSH probes [28-31], they are highly sensitive
(Table S1), and low concentrations of GSH (significantly below baseline
levels) will saturate the fluorescence response, which is detrimental to
the discrimination between normal tissues and tumors (Scheme 1a).
Chan et al. developed a GSH-insensitive probe for lung cancer diagnosis
via photoacoustic imaging [32]. Although the detection effect is notable,
the hemicyanine probe might be influenced by the high concentration of
ROS in tumors, leading to inaccurate detection outcomes [33]. It has
been reported that the distribution of GSH in organelles is uneven,
namely, 10-15 % in mitochondria and approximately 5 % in the endo-
plasmic reticulum (ER) and nucleolus [34]. The selection of ER targeting
is further conducive to the discrimination between normal cells and
cancer cells. Although a few examples of ER-targeted GSH probes have
been reported [35-37], they merely investigated the alterations in GSH
content under diverse physiological conditions of cells and were not
employed to discriminate normal cells from cancer cells, owing to the
high sensitivity of these probes, and even 5 % of the GSH content of
normal cells is sufficient to saturate the probe response, which signifi-
cantly limits the accuracy of their detection. Consequently, it remains
indispensable to develop a high-threshold ER-targeted GSH fluorescent
probe through rational design for reliably discriminating normal cells
from cancer cells.

In this study, we rationally designed an ER-targeted GSH fluorescent
probe with a high response threshold, specifically for enhancing clinical
precision in lung cancer tissue biopsy (Scheme 1). The probe possesses
high lipid solubility to rapid targeting of the ER. Meanwhile, the probe
has an extremely high response threshold to GSH, 100 pM GSH can
merely induce weak fluorescence enhancement of the probe. Our
objective is to discover a suitable approach to increase the threshold of
probe response with GSH. In our previous research, we developed a
novel fluorescence probe for GSH detection by means of the assembly
and de-assembly strategy based on a specific GSH recognition site,
phenyl-selenium (PSE) group [38]. However, the J-aggregation is un-
stable in vivo, thereby resulting in the enhancement of the background
fluorescence of the probe. Hence, we aim to replace PSE with
phenyl-tellurium (PTE) on this basis as we propose that Te atoms possess
a larger atomic radius and the greater steric hindrance might attenuate
the nucleophilic addition ability of GSH. The fluorescence response
experiment indicated that the PTE group significantly raised the
threshold of the probe’s response to GSH, and the PSE modified probe
was utilized as the control. Owing to the high threshold of the probe to
GSH, we were able to achieve a reliable distinction between normal and
tumor cells. Most importantly, we have successfully discriminated clinic
lung cancer tissue from adjacent tissue based on the fluorescence in-
tensity of the probe. For treatment, fluorescence probe can assist in
identifying the risk of the tumor edge and distant metastasis, thereby
guiding precise tumor resection, reducing the risk of tumor recurrence
and metastasis, protecting the patient’s healthy lung tissue, and further
prolonging the patient’s life.

2. Experimental section
2.1. Experimental procedures

Unless otherwise specified, absorption and fluorescence spectra were
measured in 10 mM PBS buffer (pH 7.4, containing 50 % DMSO) at
37 °C. A stock solution of Te-BOD (1 mM) was prepared in DMSO, and a
working solution was obtained by mixing 10 pL of the stock solution
with 500 pL of PBS buffer and 490 pL of DMSO to achieve a final con-
centration of Te-BOD at 10 pM. For fluorescence experiments, an
appropriate amount of analyte solution was added to the probe solution
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to prepare the test samples. The UV-Vis spectrum was recorded over the
range of 400-700 nm, and the fluorescence spectrum was measured
from 520 to 650 nm with an excitation wavelength of 480 nm (slit
widths, 5 nm/5 nm).

2.2. Cell culture and cytotoxicity assay

1929, HUVEC, 293T, H1299, A549, MCF-7, Luc-4T1, HepG2, and
Hep3B cells were cultured in Gibco’s DMEM medium supplemented
with 10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin
(dual antibiotics), and maintained in a humidified incubator with 5 %
COy at 37 °C.

2.3. Cytotoxicity assay

Initially, 4T1, A549, and HUVEC cells were seeded into 96-well
plates following a 6 x 6 layout. After cell culture, the probe Te-BOD
at various concentrations (0, 2, 4, 6, 8, 10 pM) was added to the plates,
and cytotoxicity was assessed using the MTT colorimetric assay. The
absorbance at 490 nm was measured by using a microplate reader. Cell
viability was determined using the following formula: Cell viability ratio
(%) = (ODsample — ODpps)/(ODgjank — ODpps) x 100 %.

2.4. In vivo imaging

A subcutaneous tumor model was established through subcutaneous
injection of LA-795 cells in mice. Te-BOD (20 pL, 200 pM) was respec-
tively injected into normal tissue and the tumor site for fluorescence
imaging. In the inhibition group, 30 pL of 5 mM NEM was injected into
the tumor site and the normal tissue site for 30 min, followed by in-
jection of the probe for imaging. Intravenous injection was carried out
by injecting a 20 pL 200 pM probe via the tail vein, followed by fluo-
rescence imaging. All live cells and live animal operations were in
accord with institutional animal use and care regulations, according to
protocol No. SYXK (Xiang) 2020-0012, approved by Laboratory Animal
Center of Hunan.

2.5. Clinical lung cancer tissue imaging

Clinical lung cancer and para-cancer tissues were obtained from
Hunan Cancer Hospital. The samples consisted of surgically removed
lung tumors and a certain extent of surrounding tissues (para-cancer
tissues). The samples were resected and stored at 0 °C. Fluorescence
imaging was performed on tumor tissues from patients clinically diag-
nosed with lung cancer within 3 h post-sample collection. Larger tumor
samples (approximately 0.5 x 1.5 x 0.2 cm), along with para-cancer
tissues harvested from the operating table, were placed in a sterile
dish. The tissue is immersed in a solution of the probe (200 pM, 1 mL)
and then imaged. All the clinical experiments were approved by the
Medical Ethics Committee of Hunan Cancer Hospital (No. 135).

3. Results and discussion
3.1. Design and synthesis of the Te-BOD

Given that tumor cells/tissues encompass a high concentration of
oxidizing substances, to guarantee the reliability of fluorescence detec-
tion, we selected BODIPY as a dye molecule due to its excellent chemical
stability and light stability [33,39]. Since both normal and cancer cells
possess high concentrations of GSH, it is of critical importance to elevate
the threshold of the probe’s response to GSH for achieving the
discrimination between normal and cancer cells. We hypothesize that Te
atoms have larger atomic radii compared to Se atoms, which might
enhance the steric hindrance of GSH during nucleophilic substitution,
thereby reducing the threshold of response (Fig. S1). Therefore, we
replace the Cl atom on BODIPY with PTE to obtaining Te-BOD, and
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employ Se-BOD as a control. In addition, ER targeting constitutes
another crucial factor for further attaining reliable discrimination be-
tween normal and cancer cells. Given that only approximately 5 % of
total GSH is present in the ER [34], and this GSH content might be
within the response range of the probe, thereby ensuring the accuracy of
the detection. ER is a good lipid-soluble system. Probes with high lipid
solubility typically possess a hydrophobic structure and can be
embedded within the lipid bilayer [40-42]. This characteristic enables
them to bind to the ER more readily rather than remaining in the
cytoplasm or other hydrophilic regions. The lipophilicity of fluorescent
molecules can be evaluated through a calculated clogP. It has been re-
ported that specific targeting to the ER demands appropriate lip-
ophilicity (clogP >3.4) [43], and the clogP of Te-BOD is approximately
8.69. Thus, the probe is expected to possess a strong ability for ER tar-
geting. After the probe was designed and synthesized, the properties of
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the probe were investigated.

3.2. Spectral properties of Te-BOD

Firstly, the influence of different organic concentrations on the sol-
ubility of the probe was investigated by UV spectroscopy. As depicted in
Fig. 1a and Fig. S1la, both Se-BOD and Te-BOD present obvious H/J-
aggregation absorption peaks when the organic term concentrations are
below 50 %. No aggregation peak was observed in 50 % and 70 %
organic terms. Our objective was to design fluorescent probes targeting
the endoplasmic reticulum, which possesses higher lipophilic than other
organelles on account of its involvement in lipid metabolism and protein
folding [44]. The ER membrane, consists of 50 % phospholipids and 20
% protein [45]. Hence, we selected 50 % organic phases to simulate the
microenvironment of the ER and then we investigated the fluorescence
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response of two probes to GSH (Fig. 1b, Fig. S1b and Fig. S2). The
background fluorescence of Se-BOD is significantly higher than that of
Te-BOD at the same conditions, endowing the larger signal-to-back
(S/B) ratio of Te-BOD than that of Se-BOD. The fluorescence response
of both probes reaches saturation in the presence of 2 mM GSH, with 2.0
and 7.5-fold fluorescent enhancement respectively. In conclusion, it is
determined that Te-BOD has a superior S/B ratio compared to Se-BOD.
With the further increase of GSH concentration, the fluorescence in-
tensity of the probe declined (Figs. S3a and 3b). In addition, the ab-
sorption spectrum of the Te-BOD undergoes a significant decrease upon
the addition of 5 mM GSH and the color turns light yellow (Fig. S3c),
suggesting that the conjugate structure might be disrupted. This might
be attributed to the nucleophilic addition of a high concentration of GSH
(>3 mM) to BODIPY (Fig. S3d) [46,47]. This result may cause the probe
to exhibit weak fluorescence in other organelles or cytoplasm with a
high GSH content within the cell, except for the ER, and to show strong
fluorescence only in the ER. In addition, Te-BOD merely exhibited a
favorable response under the most similar conditions of the ER micro-
environment, and failed to demonstrate a good response in other cir-
cumstances (Fig. 1c-and Fig. S4, S5). This also facilitated the probe to
generate a distinct fluorescence enhancement exclusively in the ER upon
entering the cell. Subsequently, we elaborately investigated the fluo-
rescence response of GSH to Te-BOD and verified the reaction mecha-
nism under 50 % organic phase conditions. As depicted in Fig. 1d, the
probe manifested a favorable linear fluorescence enhancement within
the GSH concentration range of 400 pM-1000 pM. Based on the actual
minimum response concentration of the probe towards GSH (>100 pM),
the limit of detection (LOD) of the probe for GSH is 40 pM, which is
conspicuously higher than that of the traditional GSH probe (typically
less than 1 pM) [28]. By enhancing the steric hindrance effect of Te
atoms with larger atomic radius, we managed to increase the threshold
of the probe’s response to GSH, which is nearly a hundred times higher
than that of the reported GSH fluorescent probes’ threshold, and thus is
more suitable for reliable discrimination between normal and cancer
cells. More significantly, the detection range of Te-BOD might lie within
the GSH content range of the ER, thereby facilitating reliable imaging.
Additionally, the higher threshold will possess greater accuracy in
discriminating between normal and cancer cells compared with tradi-
tional highly sensitive ER target GSH probes [48]. The probe could react
with GSH effectively within 60 min (Fig. 1e) and exhibited optimal
fluorescence response at physiological pH (Fig. 1f). We further investi-
gated the fluorescence behavior of the Te-BOD toward GSH and various
biological species containing thiol, ROS, anions, and cations (Fig. 1g).
The results demonstrated that the probe exhibited high specificity to
GSH, while no significant signal fluctuation was observed in the pres-
ence of other analytes. The absolute fluorescence quantum yields of
Te-BOD (probe) and Cl-BOD (dye) were measured, and it was demon-
strated that PTE group effectively quenched the fluorescence of CI-BOD
(Fig. 1h). The absolute fluorescence quantum yield increases after the
probe reacts with GSH, which is consistent with our fluorescence spec-
tral response results. The absolute fluorescence quantum yield of
Se-BOD (Fig. S1d) is higher than that of Te-BOD, suggesting that the
PET effect of the PTE group is superior to that of the PSE. We employed
high performance liquid chromatography (HPLC) to further validate the
reaction mechanism of Te-BOD and GSH (Fig. 1i). The results were in
accordance with the anticipated mechanism, with PTE serving as the
recognition moiety for sulfhydryl nucleophilic substitution and the
fluorescence quenching group being eliminated upon reaction with
GSH, thereby restoring the fluorescence. We further verified the reaction
mechanism through mass spectrometry (Fig. S6). To guarantee the ac-
curacy of the probe monitoring results, we also explored the stability of
the probe Te-BOD against ROS which are usually present in high con-
centrations in tumor cells. As depicted in Fig. S7a, the absorption
spectrum of the probe did not change significantly even in the presence
of arelatively high concentration of ROS. It has been reported that C10™
oxidizes Te atoms and gives rise to fluorescence turn-on, which can be
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recovered in the presence of GSH [49]. As depicted in Figs. S7c, 30 pM
ClO™ can result in a weak fluorescence enhancement of probe, while
ClO™ concentrations below 30 pM showed almost no significant fluo-
rescence response (Fig. S7d). ClO™ is primarily generated by the mye-
loperoxidase (MPO) system in neutrophils and macrophages. These cells
produce ClO~ during immune responses to kill pathogens. In
non-immune cells, the content of CIO™ is typically low. Some literature
reports that the intracellular concentration of ClO™ may be around 30
pM [50]. The ER hardly contains MPO, and under normal conditions
without external stimulation, it does not produce CIO~. The time
response of the probe to ClO™ indicates that its reaction with ClO™ is
very slow, taking about 60 min to reach saturation (Fig. S7¢). However,
our probe can rapidly target the ER (in less than 5 min, Fig. 2¢). Within
such a short time frame, the CIO™ in the cells does not significantly affect
the probe. After targeting the ER, the probe mainly reacts with GSH, so
ClO™ does not interfere with the probe’s detection performance. In
addition, when subjected to continuous laser irradiation for 30 min, the
probe demonstrated outstanding optical stability both in the absence
and presence of GSH (Fig. S8). The above experiments suggest that
Te-BOD has the potential to reliably differentiate between normal cells
and cancer cells.

3.3. Imaging of living cells with Te-BOD

Owing to the excellent sensing performance of the probe, we
endeavored to employ the probe for the reliable discrimination between
normal cells and cancer cells. Prior to conducting live cell imaging, the
cytotoxicity experiment of Te-BOD was carried out by MTT assay. Under
the condition where the probe concentration reached up to 10 pM and
the incubation time was 24 h, 4T1, A549 and HUVEC cells still main-
tained high viability, which clearly demonstrated the negligible cyto-
toxicity of the probe (Fig. S9). In the design of the probe, it is our
aspiration to achieve that the probe can rapidly target ER and subse-
quently respond to the GSH within ER (Fig. 2a). Firstly, we verify the
mechanism of the probe’s response in the cells. We selected A549 cells
and HUVEC cells for co-localization experiments, and the experimental
outcomes indicated that the probe was predominantly located in ER
(Fig. 2b, Fig. S10 and Fig. S11) due to its larger clogP than the
requirement of ER targeting (clogP >3.4), it has a tendency to target ER.
The time response experiments of the probe within the cell demon-
strated that the fluorescence of the probe was gradually intensified in
the portion overlapping with the ER tracker, which verified that the
probe could rapidly target ER after entering the cell and generate fluo-
rescence mainly through reacting with the GSH in the ER (Fig. 2c,
Fig. S12 and Fig. S13). It has been reported that the pH value of the ER is
approximately 7.20 [51], and the probe demonstrates the optimal
fluorescence response to GSH around pH 7.2 (Fig. 1f). Thus, pH does not
exert an influence on the fluorescence response of the probe. It is
generally held that GSH in ER is more oxidizing than that in other
non-secretory organelles such as mitochondria, the nucleus, or cyto-
plasmic plasma because ER is where disulfide bonds are synthesized and
transferred to nascent secreted proteins and membrane proteins, and the
formation of disulfide bonds is a key process for protein synthesis in ER
[52]. The highly oxidative environment is necessary for the ER to fulfill
its function, during which the majority of GSH is oxidized to GSSG [53].
Our probe rapidly targets ER and subsequently reacts with GSH in ER.
Furthermore, we carried out long-term fluorescence imaging, and the
experimental outcomes demonstrated that the probe was capable of
imaging the ER with high contrast over an extended period of time
(Fig. 2d and e). Even at 240 min, there were still signals and favorable
localization coefficients. This might be attributed to the prolonged
retention of the probe in ER and the destruction of the diffused probe by
the high concentration of GSH in the cytoplasm. Therefore, the detection
threshold and upper limit of GSH detection of our probe may be appli-
cable to the precise differentiation between normal cells and cancer
cells.
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The response mechanism of the probe within the cell was in line with
our anticipated design, and subsequently, we employed the probe for
fluorescence imaging of both normal and cancer cells. Three normal
cells (L929, HUVEC, and 293T) and six cancer cells (Hep3B, MCF-7,
H1299, Luc-4T1, A549, and HepG2) were selected for cell imaging
(Fig. 3a). Because the ER of normal cells contains a lower level of GSH
compared to that of cancer cells, merely extremely weak fluorescence
could be observed in them. The cancer cells led to significant fluores-
cence, which was approximately 8-9 times enhanced in all cancer cells
in comparison with HUVEC cells (Fig. 3c). To validate the responsive-
ness of the probe to intracellular GSH, we employed NEM, a thiol
depleting agent, to manifest that the probe selectively reacts to GSH.
NEM was initially incubated with the above normal cells and cancer cells
for 30 min, followed by the addition of the probe (Figs. S14 and S15). It
was noted that the fluorescence of both normal cells and cancer cells was
lower than that of the group without NEM, suggesting that the probe
truly selectively responded to GSH in ER. In contrast, normal cells
(HUVEC) and cancer cells (Hep3B) were incubated with Se-BOD for
fluorescence imaging (Fig. S16). The experimental results indicated that
the fluorescence intensity in cancer cells was less than 2-fold higher than
that in normal cells due to the low S/B ratio of the Se-BOD, and the
contrast was poor, thereby making it challenging to distinguish normal
cells from cancer cells. Subsequently, flow cytometry was employed to
further validate whether the probe could precisely discriminate between
normal cells and cancer cells. As depicted in Fig. 3d, in contrast to
HUVEC cells, A549 cells manifested stronger fluorescence, and the
fluorescence intensity was significantly decreased upon the addition of
inhibitors, which was in accordance with our confocal imaging
outcomes.

To further validate that our probe can effectively discriminate
normal cells from cancer cells, normal cells (HUVEC) and cancer cells

(Hep3B) with distinct morphological disparities were co-cultured and
confocal imaging was conducted (Fig. 3e). HUVEC cells presented an
irregular morphology being slightly larger and presenting a darker
coloration, whereas Hep3B cells were pebble-shaped. These two cell
lines were selected to facilitate the identification by our eyes. After the
addition of the probe, Hep3B cells manifested brighter fluorescence than
HUVEC cells, indicating that the probe was capable of distinguishing
normal cells from cancer cells even in the immediate state of cell
mixture. The aforementioned conclusions substantiate that Te-BOD
holds the potential to reliably distinguish between normal cells and
cancer cells. There exist several approaches for the detection of clinical
lung cancer, such as imaging, blood tests, and pathology. Among these,
pathological examination serves as the gold standard for clinical diag-
nosis. The principal method involves extracting sputum or pleural
puncture liquid specimens and identifying whether the cells are
cancerous under the microscope through the naked eye. This approach is
relatively challenging since the cells in body fluids are complex and have
diverse shapes, which may lead to erroneous detection. We attempted to
apply the probe for fluorescence imaging of pleural effusion in clinical
patients with lung disease. Under the microscope, we observed signifi-
cant variability in pleural effusion among different patients. In mild
cases, the pleural effusion was relatively clear with few cells, while in
severe cases, it appeared slightly turbid and contained various types of
cells. We selected pleural effusion from relatively severe patients for
fluorescence imaging because their cells are more complex and present
greater challenges. As shown in Fig. S17, we observed that among the
numerous cells, most exhibited weak fluorescence, while a few cells
displayed strong fluorescence (Red circle). We speculate that these may
be cancerous cells. Moreover, cancer cells typically exhibit cluster dis-
tribution, which is consistent with our experimental results. If this
clinical sample were analyzed solely based on cell morphology (clinical
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cytological examination), it might lead to misdiagnosis due to the large
number of cells present. Our fluorescent probe demonstrates
outstanding performance in differentiating between normal and cancer
cells and can distinguish the cells by fluorescence intensity with higher
accuracy and speed compared to the clinical gold standard.

3.4. Imaging of tumor bearing mice by Te-BOD

Encouraged by the outstanding performance of Te-BOD at the
cellular level, the capacity of Te-BOD to discriminate tumors from
normal tissues in mice was evaluated. First, we investigated the time-
dependent imaging of endogenous GSH in normal tissue and tumor-
bearing tissue by the probe. As shown in Fig. 4a, fluorescence in the
tumor gradually enhanced with time and reached a plateau at about 70
min. Due to the high-threshold of probe and the emission wavelength of
the probe was short and the penetration depth was limited, there was
almost no obvious fluorescence change in normal tissue. At 70 min, the

fluorescence of tumor site was enhanced nearly 4 folds, which was
significantly different from normal tissue (Fig. 4b). We subsequently
utilized other tumor-bearing mice to conduct fluorescence imaging at
70 min after the injection of the probe (Fig. 4c). The experimental
outcomes indicated that the probe exhibited obvious fluorescence
enhancement at the tumor sites, but almost no fluorescence enhance-
ment at the normal tissue sites. To prove that the probe responds to GSH
in the tumor, we injected NEM into the tumor for 30 min and then
injected the probe for imaging. The fluorescence intensity of the tumor
site was significantly reduced, and the fluorescence intensity was similar
to that of the normal tissue where the probe was injected. Compared
with normal tissues (Fig. 4d), the fluorescence enhancement at the
tumor sites was 3—4 folds, while the fluorescence of the tumor sites with
NEM was significantly weakened, showing only 1.5 times of fluores-
cence enhancement. Subsequently, confocal tissue imaging of the
injected probe tumors, the NEM-pretreated tumors, and normal tissues
excisions was conducted (Fig. 4e). The tissue imaging revealed that
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tumor tissue exhibited intense fluorescence due to the high GSH content,
whereas the NEM group and normal tissue displayed weak fluorescence
due to the low GSH content, which was in accordance with the outcomes
of in vivo imaging. H&E staining was applied to the normal tissue and
subcutaneous tumor tissue of mice, as shown in Fig. S18. The cells in the
normal tissue were arranged orderly with a clear tissue structure, while
the tumor tissue appeared dark and unevenly arranged. Many dark blue
spots were observed, which might be attributed to apoptosis and ne-
crosis in the tumor tissue. This result was consistent with the detection
result of the Te-BOD, thereby verifying the accuracy of the probe for
tumor detection. Benefitting from the high-threshold response, the
probe will not be activated by GSH in the blood during circulation, as the
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GSH content in blood of tumor-bearing mouse is approximately in the
range of 200-300 pM [54]. Thus, we also employ intravenous probe to
study the ability of discrimination tumors from normal tissues (Fig. 4f).
Following intravenous injection of the probe, the fluorescence at the
tumor site gradually intensified with the passage of time, whereas there
was scarcely any notable fluorescence alteration in normal tissue. Three
hours after the intravenous probe, the fluorescence of the tumor site
reached its plateau, demonstrating approximately 1.8 times the fluo-
rescence enhancement compared to normal tissue, effectively achieving
the discrimination between tumor and normal tissue (Fig. 4g). Our
objective is not merely to discriminate between tumor and normal tissue
via the probe, but also to observe the boundary between them, as this
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= 490 nm, Aey = 510-550 nm. Scale bar: 50 pm (g) Representative H&E-stained sections of the clinical lung cancer tissue and para-cancer tissue samples. Scale bar:

500 pm *P < 0.1, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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will enable the removal of the least amount of normal tissue possible
during surgery. The tumor and a small amount of adjacent tissue were
removed and confocal imaging was performed 3 h after intravenous
injection into the tumor-bearing mice. As shown in Fig. 4h, we can
distinctly observe the alteration of fluorescence intensity from
cancerous tissue to normal tissue. The cancer tissue exhibited intense
fluorescence, the adjacent tissue displayed relatively weak fluorescence,
and the normal tissue manifested almost no fluorescence. Finally, we
established a metastatic pneumonia disease model using B16 cells and
conducted fluorescence imaging by spraying a probe. As depicted in
Fig. S19, the lungs with inflammation exhibited local fluorescence
enhancement (approximately 2-2.5 times compared to normal tissues);
however, the obvious lesions were difficult to observe with the naked
eye, which demonstrated that the probe was capable of detecting the
inflammation site through fluorescence imaging. These experimental
results manifest that the probe can reliably distinguish between
cancerous and normal tissues based on the disparity in GSH content.

3.5. Imaging clinical lung cancer and para-cancer tissue by Te-BOD

Inspired by the outstanding performance of Te-BOD in discrimi-
nating orthotopic tumors from normal tissue in mice, we further utilized
the probe to distinguish fresh human lung cancer tissues from para-
cancerous tissues derived from clinical surgical samples (Fig. 5a).
Firstly, lung cancer tissue and para-cancer tissue were soaked in the
probe solution to monitor the fluorescence trend of the two tissues over
time. As time elapsed, the fluorescence in both tissues gradually inten-
sified and reached saturation at 30 min (Fig. 5b). The real-time confocal
imaging at the tissue level is also consistent with this conclusion
(Fig. S20). The fluorescence in lung cancer tissue was about 3-fold than
that in adjacent tissue, thereby enabling reliable discrimination of
cancerous tissue (Fig. 5c¢). Subsequently, more clinical samples were
imaged (Fig. 5d). It was noted that all the phenomenon was consistent,
and the fluorescence intensity of lung cancer tissues was higher than that
of para-cancer tissues, with a statistically significant difference (Fig. 5e).
Furthermore, the fluorescence imaging of the probe-soaked lung tissue
slices under confocal microscopy also indicated that the fluorescence of
lung cancer tissue was more intense (Fig. 5f). We further validated the
accuracy of the detection results through H&E staining (Fig. S21). As
depicted in Fig. 5g, the lung cancer tissue exhibited a greater number of
black spots, suggesting severe inflammation and lesions within the
cancerous tissue. Meanwhile, the adjacent cancerous tissue presented
partial lesions, and the boundary of the tissue gradually transitioning
from cancerous to normal could be observed. This outcome further
substantiated the accuracy of our probe in discriminating between
cancerous and para-cancer tissues. Histological examination is mainly
applied to tumor tissue, and H&E staining serves as the gold standard for
this examination as it enables the observation and analysis of the tissue
structure and has the merits of low cost. Nevertheless, H&E staining has
certain limitations, such as the poor staining of some tissue structures
and the inability to display intracellular details. Additionally, this
method is complex and time-consuming, often requiring at least three
days to obtain results. In contrast to H&E staining, our probe is more
accessible to enter cells, can differentiate normal tissue from tumor by
fluorescence intensity, featuring a fast response and simple operation,
and possesses better clinical diagnostic value. Most importantly, it ex-
hibits capability in delineating tumor margins with remarkable
precision.

4. Conclusion

We developed a novel probe with an elevated biomarker response-
threshold and ER-targeting ability for successfully enhancing clinical
precision in lung cancer tissue discrimination. Owing to the steric hin-
drance effect, the PTE recognition groups significantly raise the
response-threshold to GSH, nearly a hundred-fold improvement over

10

Materials Today Bio 32 (2025) 101654

previous GSH probes. Meanwhile, the probe possesses strong lipid sol-
ubility, which is beneficial for the rapid targeting of ER. This design
strategy enhances the response-threshold of the probe, and ingeniously
positions the response range of the probe to GSH within the endogenous
GSH content in ER. Owing to the outstanding sensing performance of the
probe, we successfully accomplished the precise discrimination between
normal cells and cancer cells, and further manifested the capacity of the
probe to distinguish the two types of cells via normal cells and cancer
cells mixed culture fluorescence imaging experiments. The probe
demonstrated approximately 4-fold fluorescence enhancement in the
tumor compared to normal tissues. Furthermore, using this probe, a
distinct bright fluorescence signal from tumors could be observed in
confocal imaging of tumor tissues from tumor-bearing mice after
intravenous injection, in stark contrast to the limited fluorescence
emanating from normal tissues. Finally, we also discriminated clinical
lung cancer tissue from para-cancer tissue using the probe and verified
our results through the gold standard H&E staining. These results
demonstrated that Te-BOD can serve as a crucial research tool and holds
potential applications in cancer diagnosis and clinical application of
intraoperative assisted resection in the future.
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