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Diabetes and its complications have drawn growing research attention due to their detrimental effects on
human health. Although optical probes have been used to help understand many aspects of diabetes, the
lung diseases caused by diabetes remain unclear and have rarely been explored. Herein, a tandem-reaction
(TR) strategy is proposed based on the adjacent diol esterification-crosslinking reaction and the
nicotinamide reduction reaction of nicotinamide adenine dinucleotide (NADH) to design a lung-targeting
near-infrared (NIR) small molecule probe (NBON) for accurate imaging of diabetic lung diseases. NBON
was designed by coupling a phenylboronic acid analog that can form borate ester bonds by reversibly
binding with NADH via an esterification-crosslinking reaction. Streptozotocin (STZ)-induced diabetic
mice and metformin (MET)/epalrestat (EPS)-repaired model studies demonstrated that NBON allowed

the sensitive imaging of NADH for lung disease diagnosis and therapeutic monitoring. The proposed
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Accepted 22nd April 2025 antioxidant mechanism by which EPS alleviates diabetic lung disease was studied for the first time in

living cells and in vivo. Furthermore, NBON was successfully applied in the detection of NADH in tumors

DOI: 10.1039/d55c01488¢ and lung metastases. Overall, this work provides a general platform for a NIR NADH probe design, and
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Introduction

Diabetes mellitus is a metabolic disorder that is characterized
by chronic hyperglycemia and which leads to multiple systemic
diseases, rendering it one of the main causes of human death."?
Indeed, the probabilities of premature death and functional
disability are known to be higher in diabetic patients than in
healthy individuals. The pathophysiological process of diabetes
involves multiple organs, such as the liver and the kidneys.* In
the 1970s, Schuyler et al. first proposed that the lungs may be
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advances the development of NADH probes for mechanistic studies in lung diseases.

one of the target organs of diabetic injury.* Since patients with
diabetes are often in a state of hyperglycemia for long periods of
time, a series of changes can be induced in the lungs, causing
various lung diseases, such as pneumonia, pulmonary inter-
stitial fibrosis, and lung cancer, among others.>® Thus, the
growing incidence rates of diabetes in recent decades poses
a significant threat to human health.

Diabetes originates from glucose metabolism disorders and
is characterized by sustained high blood sugar levels, which can
lead to glucose toxicity. Nicotinamide adenine dinucleotide
(NADH) is the most important coenzyme in cells, and is
involved in substance and energy metabolism.” Because glucose
is one of the main sources of NADH, its accumulation often
leads to the excessive production of NADH, resulting in an
intracellular NAD/NADH redox imbalance. During the entry of
upregulated NADH electrons into the electron transfer chain,
electrons may leak and bind to oxygen, producing a large
amount of reactive oxygen species (ROS), thereby inducing
oxidative stress, and ultimately leading to cell death.® Despite
this knowledge, the specific regulatory mechanism of NADH in
diabetes-induced lung diseases and the relationship between
NADH levels and lung injury remain controversial. One of the
main obstacles hindering the study of these molecular events is
a lack of precise methods for the non-invasive detection of
NADH concentration changes in cells, tissues, and in vivo. It is
therefore desirable to construct a highly sensitive and selective
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fluorescent reporter to monitor NADH levels in diabetes-
induced lung disease in vivo.

In recent years, with the rapid development of molecular
imaging technologies, optical probes have attracted increasing
attention owing to their high sensitivities, high spatial resolu-
tions, rapid analysis, and noninvasive nature.’* Consequently,
they have become a powerful tool for the real-time monitoring
and imaging of diabetes and lung diseases. To date, a number
of NADH probes have been reported.”** For example, Chang
et al. developed a highly sensitive NADH probe inspired by
enzyme-catalyzed reactions to detect NADH in living cells.”® In
addition, Kim et al. selected a rhodamine dye as the fluorescent
group and constructed an NADH probe using the reducing
ability of NAD(P)H to detect NAD(P)H during cellular hypoxia.?®
Furthermore, Yin et al. designed an NADH fluorescent probe
using rhodamine dye to distinguish p53-abnormal tumors from
normal tumors.?® Although there has been some progress in the
detection of NADH in cells using existing molecular fluorescent
probes, the majority of advances have been achieved in situa-
tions where the concentration of NADH changes dramatically
owing to human stimulation, rather than reflecting true fluc-
tuations during pathological processes in living cells. As
a result, these developed probes cannot provide accurate
information regarding intracellular molecular events. In addi-
tion, the imaging wavelengths of most probes are relatively
short, and significant improvements are required in terms of
their sensitivities. Furthermore, considering that the lungs are
located deep within the human body, issues related to probe
targeting, spontaneous fluorescence interference and the
imaging signal-to-noise (S/N) ratio must be addressed to
successfully conduct noninvasive optical imaging in vivo. Owing
to the ability of near-infrared (NIR) fluorescence imaging to
detect the light emission of fluorescent dyes in the range of 650-
900 nm, the spontaneous fluorescence of biological tissues in
this range is significantly reduced, resulting in reduced light
scattering.***” Therefore, the development of NIR NADH fluo-
rescence probes would be expected to permit the non-invasive in
vivo imaging and detection of diabetic lung diseases with a high
S/N ratio and a high sensitivity, thereby enhancing the accuracy
and reliability of analysis and detection.

Herein, a tandem-reaction (TR) strategy is developed based on
the adjacent diol esterification-crosslinking reaction and nicotin-
amide reduction reaction of NADH by introducing both an NADH
recognition group and an NADH crosslinking group on the probe.
This method is aimed at improving the probe sensitivity, whilst also
promoting its specific targeting and accumulation in the lungs. A
NIR semi-cyanine dye derivative is selected as the fluorescent
reporting group, and hydroxyl protection and deprotection strate-
gies are employed on the probe to achieve fluorescence regulation
with the aim of constructing a highly sensitive lung-targeted NIR
NADH probe (NBON). Subsequently, the developed probe is applied
in the detection of endogenous NADH changes in cells, and to
visualize trace fluctuations of the NADH levels in cells under high
glucose stimulation conditions. The ability of the probe to visualize
changes in the NADH levels in streptozotocin-induced diabetic lung
diseases and in a metformin (MET)/epalrestat (EPS) repair model in
vivo is also evaluated. Furthermore, antioxidant mechanism by
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which EPS alleviates diabetic lung disease is examined in vivo.
Moreover, the developed probe is employed to sensitively detect
changes in the NADH levels in lung tumors and metastases.

Results and discussion
Design and synthesis of NBON probe

NADH is a reducing agent composed of adenine, sugars (ortho-
dihydroxyl compounds), phosphate linkers, and niacinamide
(Fig. S17). Its reduction mainly originates from the niacinamide site,
which is often employed as the reactive attack site for NADH probes.
However, the sensitivities of traditional NADH probes are often
limited (Scheme 1A), and so an alternative approach should be
considered. In this context, NADH contains an adjacent diol struc-
ture which is prone to reactions with phenylboronic acids. Inspired
by this reaction, a TR strategy was considered for the design of
a novel NADH probe (Scheme 1B). More specifically, a group con-
taining a phenylboronic acid analog was initially attached onto the
probe molecule to promote an esterification-crosslinking reaction
with adjacent diols on NADH (Reaction 1). Subsequently, the
recognition group on the probe molecule was modified for reduc-
tion by NADH, rendering it highly reactive (Reaction 2). Based on
the above design idea, a highly stable semi-cyanine NIR dye deriv-
ative with a tunable hydroxy group was selected as the fluorescence
reporting unit (CS), which exhibits a high fluorescence quantum
yield and long absorption and emission wavelengths in the NIR
region (Aaps/Aem = 700/721 nm).*® Consequently, changes in the
fluorescence signal can be regulated by protection and deprotection
of the hydroxyl group. For this molecular structure, a long-chain
phenylboronic acid binding group was introduced (NBCS) to
impart the compound with a good hydrophilicity and promote
effective circulation in the blood and accumulation in lungs.*
Furthermore, compared to commercial MitoTracker Deep Red
(Fig. S2 and S37), NBCS exhibits a good photostability in solution
and in cells, which is beneficial for biological imaging of the lung in
vivo. For the NADH recognition group, a quinoline salt derivative
was selected, and the target NBON was prepared (Scheme 1C). A
control compound without the modified boronic acid binding
group was also synthesized (NCCN), as outlined in Schemes 1C and
S1.7 Compounds were characterized by nuclear magnetic resonance
(NMR) spectroscopy, mass spectrometry and high-performance
liquid chromatography (HPLC), as detailed in the ESL}

Optical properties of fluorescent probes toward NADH

Initially, the feasibility of NBON to detect NADH in a buffer
solution (phosphate buffered saline (PBS)/ethanol (EtOH) = 7:
3, pH 7.4) was investigated. As shown in Fig. 1A, the fluores-
cence spectrum indicated that NBON exhibited a sensitive
response toward NADH (0-1 uM), with a 45 nM detection limit
(Fig. 1B). In contrast, the control compound NCCN, which did
not contain the long-chain phenylboronic acid binding group,
showed no obvious signal changes in the presence of NADH
(0-1 uM) under comparable conditions (Fig. 1C). It was specu-
lated that this may have been caused by the low sensitivity of
NCCN toward NADH. Indeed, in the presence of a higher NADH

concentration (0-100 pM) (Fig. 1D), a relatively poor
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Scheme1 (A) Traditional “reaction type” probes for NADH from previous work. (B) Our “tandem-reaction” type probes for NADH in this work. (C)
Design and structure of compounds NBON/NCCN and the proposed mechanism of NBON for imaging NADH in diabetic lung diseases.
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Fig.1 (A) Fluorescence emission spectra of NBON (5 uM) with concentration of NADH (0-1 uM). (B) Linear correlation between the fluorescence
intensity of NBON (5 uM) and NADH concentration. (C) Fluorescence emission spectra of NCCN (5 uM) with concentration of NADH (0—1 uM). (D)
Fluorescence emission spectra of NCCN (5 uM) with concentration of NADH (0-100 uM). (E) Linear correlation between the fluorescence
emission intensity of NCCN (5 uM) and NADH concentration. (F) Fluorescence emission spectra of NBON (5 uM) with concentration of NADH (0—
100 pM). (G) Normalized absorption spectra of NBON (5 uM) in the presence of NADH (70 uM). (H) The time-dependent fluorescence intensity of
NBON (5 pM) with NADH. (I) Fluorescence intensities of NBON to various analytes (2-7, 1 mM; 8-13, 100 uM; 14-15, 70 uM).
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fluorescence enhancement was observed (Fig. S4), and the
detection limit was determined to be 2.5 uM (Fig. 1E), con-
firming the low sensitivity of this system. Thus, the detection of
NADH by NBON was further evaluated upon increasing the
NADH concentration to 100 uM. Notably, an apparent enhanced
NIR signal (Aem = 721 nm) was captured with a 12-fold increase
in fluorescence intensity (Fig. 1F), while the absorption peak at
615/657 nm was red-shifted to 669/709 nm in response to NADH
(Fig. 1G). These differences were attributed to the superior
sensitivity of the NBON probe toward NADH (Table S1}), which
in turn was caused by the presence of a phenylboronic acid
binding group enabling a rapid response.

To further verify the reaction mechanism between NBON
and NADH, high-performance liquid chromatography (HPLC)-
mass spectrometry (MS) and mass spectrometry were per-
formed. As shown in the HPLC-MS results presented in Fig. S5,
NBON (m/z 924.4, [M]") exhibited a single sharp characteristic
peak with a retention time of 8.60 min. However, upon the
addition of NADH, a new peak appeared with a retention time of
10.41 min, which was confirmed to originate from the expected
product NBCS (m/z 767.3, [M—H] ") = 767.3. A compound I (m/z
1572.45, [M]") was also detected in the reaction mixture by mass
spectrometry, which likely originated from the NADH response

(B)
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NBON

Mito-Green

NBON

Fig. 2
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intermediate (Fig. S6T). The absorption spectra further sup-
ported the above results (Fig. S7t), thereby confirming the
complete conversion of NBON to NBCS upon the reduction of
NADH. This is consistent with the proposed reaction mecha-
nism, and supports the design idea that NBON efficiently reacts
with NADH via a TR strategy (Scheme S27).

Subsequently, the fluorescence kinetic curves were recorded for
NBON upon incubation with NADH (0-100 pM) for different incu-
bation times (0-90 min). No apparent signal changes were observed
in the absence of NADH (Fig. 1H); however, the fluorescence
intensity of NBON increased rapidly after incubation with different
NADH concentrations, and reached a plateau after 60 min, thereby
suggesting that NBON can sensitively and rapidly detect changes in
the NADH concentration. Furthermore, the selectivity of NBON
toward NADH was investigated in the presence of various ions (Ca”",
K, Na*, Zn**, Fe**, and Mg”"), reactive species (Cysteine (Cys) and
glutathione (GSH)), and biomolecules (Glucose (Glu), adenosine
triphosphate (ATP), adenosine diphosphate (ADP), nicotinamide
adenine dinucleotide (NAD"), and nicotinamide adenine dinucleo-
tide phosphate (NADPH)). As shown in Fig. 1I, none of the other
species responded to NBON, indicating the excellent selectivity of
NBON toward NADH. In addition, it possessed a good photostability
(Fig. S8t), and it was observed that NBON could successfully

NADH (uM) (C)

Control 600

~

NADH (uM)
1000 3000

Normalized intensity

Scatter Plot

Overlap

Overlap Scatter Plot

(A) Fluorescence images of endogenous NADH in A549 cells incubated with NBON (15 uM) within 60 min. (B) Fluorescence images of

exogenous NADH in A549 cells incubated with different concentration NADH (0—-3000 puM) for 2 h, then incubated with NBON (15 pM) for
40 min. (C) Average fluorescence intensity in (B) (n = 4, data expressed as mean + SD, **P < 0.01, ***P < 0.001, and ****P < 0.0001, Student's t-
test). Scale bar = 20 pm. (D) Intracellular localization of NBON in A549 cells using MitoTracker Green and LysoTracker Green. Scale bar: 10 pm.
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monitor NADH between pH 6.0 and 8.0 (Fig. S9t) upon variation in
the solution pH, thereby confirming that NBON is a suitable agent
for recognizing NADH in complex systems.

Fluorescence imaging of NADH in living cells using the NBON
probe

Inspired by the above experiments performed using a buffer
solution, the ability of NBON to detect NADH was evaluated in
human lung cancer A549 cells overexpressing NADH. Initially,
a MTT assay was conducted for 24 h using different NBON
concentrations to confirm the low cytotoxicity of NBON toward
the living cells (Fig. S10t). As shown in Fig. 24, after incubation
of NBON with the A549 cells for 60 min, the fluorescence signal
gradually increased in intensity, reaching a maximum value at
~40 min. This bright fluorescence signal demonstrated that
NBON was activated by the overexpression of NADH in the A549
cells. Images were also obtained to detect exogenous NADH (0-3
mM) (Fig. 2B and C), further confirming that NBON can be
sensitively activated by exogenous NADH during live-cell
imaging.

Subsequently, the cellular distribution of NBON was inves-
tigated in A549 cells using the commercial agents MitoTracker
Green and LysoTracker Green (Fig. 2D). Co-localization imaging
results revealed enhanced NBON localization in the mitochon-
dria (Pearson correlation coefficient = 0.94) compared to in the
lysosomes (Pearson correlation coefficient = 0.78), likely due to
the electrostatic interactions between the positively charged
NBON and the negative potential of the inner mitochondrial

) LA/P M
Control y (mM)
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membrane. These results therefore suggest that NBON was
mainly located in mitochondria.

It is well known that the pyruvate/lactate imbalance greatly
influences NADH levels in living cells,* wherein lactate dehy-
drogenase is able to efficiently catalyze the oxidation of NADH
by transporting two electrons from NADH to pyruvate for the
generation of lactate. Therefore, changes in NADH levels were
investigated during pyruvate/lactate by using NBON. As shown
in Fig. 3A and B, a considerably increased fluorescence signal
(~1.4-fold) was observed upon the incubation of A549 cells with
exogenous lactate. In contrast, pyruvate-treated cells exhibited
a large fluorescence reduction (Fig. 3B and S117), suggesting
that NBON can be used to detect changes in the endogenous
NADH levels caused by the pyruvate/lactate imbalance in living
cells.

Changes in NADH levels were subsequently evaluated in the
respiratory cascade, considering the important role of NADH in
mitochondrial oxidative phosphorylation during rotenone
stimulation (a known respiratory complex I inhibitor). Notably,
an increased fluorescence was achieved with different concen-
trations of rotenone (Fig. S127), indicating that the NADH levels
increased during the oxidation of complex I in the mitochon-
drial respiratory chain. The experiment was also performed
using carbonyl cyanide chlorophenylhydrazone (CCCP)-treated
cells. The uncoupler, CCCP, affects ATP synthesis by
increasing the proton permeability across the inner mitochon-
drial membrane. The fluorescence images show an obvious
decrease in the fluorescence intensity of NBON in the CCCP

(B)

20/0

0/10

©)
Glu (mM)

0/20

h =

Intensity
N
hnh 2

as

(D)

Control 20

Fig.3

(A) Fluorescence images of NADH in A549 cells treated with only probe NBON (15 pM) or pretreated with LA/Py (20/0, 0/10 and 0/20 mM)

for 30 min. Scale bar: 20 um. (B) Relative fluorescence intensity in (A). (C) Fluorescence images of NADH in A549 and WI-38 cells treated with only
probe NBON (15 uM) or pretreated with glucose (5, 20 and 30 mM) for 12 h. (D and E) Relative fluorescence intensity in (C) for A549 cells (D) and
for WI-38 cells (E). (n = 3, data expressed as mean + SD, *P < 0.05, ***P < 0.001 and ****P < 0.0001, Student's t-test). Scale bar: 20 um for A549

cells and 50 pm for WI-38 cells.
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dose-dependent experiment (Fig. S13%), likely due to the
reduction of NADH under these conditions. Moreover, the
existence of crosstalk was evaluated between the redox regula-
tors GSH and NADH.>* Consequently, a reduced fluorescence
intensity was observed for NBON in the presence of high GSH
concentrations (Fig. S14%), and this was attributed to the
decrease in endogenous NADH levels, ultimately suggesting
a close connection between the redox balance and NADH.

Fluorescence imaging of NADH in the glucose-stimulated
cells

The above observations inspired the use of NBON to detect
NADH in a diabetic disease environment. For this purpose, high
glucose levels were used to stimulate cells to mimic the diabetic
environment. As shown in Fig. 3C, compared to the control
group, the cells pretreated with increasing doses of glucose (5,
20, and 30 mM) exhibited significantly enhanced fluorescence
signals (1.1-, 1.2-, and 1.8-fold) (Fig. 3D). A similar phenomenon
was observed in normal fibroblasts (WI-38) upon incubation
with glucose (Fig. 3C and E). This may be due to the excessive
formation of NADH during the electrochemical reduction of
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(A) The proposed mechanistic pathway of EPS for relieving diabetic lung diseases. (
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NAD" to NADH, indicating that the NBON probe could sensi-
tively monitor NADH fluctuations in cells incubated with high
glucose concentrations.

Under high-glucose conditions, glucose is converted into
fructose through the aldose reductase (AR, a rate-limiting
enzyme in the polyol pathway) and sorbitol dehydrogenase
(SD, involved in oxidative stress) pathways, which can disturb
the redox balance between NAD'/NADH (Fig. 4A).>*°* EPS,
which is an AR inhibitor, can reduce the intracellular sorbitol
content under high-glucose conditions, and has also been
implicated in the pathogenesis of diabetic complications.* It
was therefore speculated that EPS could alleviate or repair dia-
betes by inhibiting the AR enzyme and enhancing the antioxi-
dant capacity to regulate the redox balance in living cells. Thus,
experiments were conducted using living A549 and WI-38 cells.
As shown in Fig. 4B, when the cells were pre-treated with
different concentrations of EPS (0-50 uM) during incubation
with glucose, the resulting NAD'/NADH imbalance led to
significant reductions in the NBON fluorescence intensity, with
6.1- and 3.3-fold reductions being observed for the A549 and WI-
38 cells (c.f, the strong signal obtained in the presence of
glucose alone) (Fig. 4C and D). These results were attributed to
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B) Fluorescence images of NADH in A549 and WI-38

cells treated with only NBON (15 uM) or incubated with EPS (0, 20 and 50 uM) for 24 h before glucose stimulation (40 mM) for 12 h. Scale bar: 20
um for A549 cells and 50 pm for WI-38 cells. (C and D) Relative fluorescence intensity in B for A549 and WI-38 cells. (E) Flow cytometric analysis
of intact cells-loaded NBON incubated with glucose/epalrestat (40 mM/0 uM, 40 mM/20 uM and 40 mM/50 uM). (F) Measurement of NADH from
cells incubated with glucose/epalrestat (40 mM/0 uM and 40 mM/50 pM). (G) Measurement of GSH/GSSG from cells incubated with glucose/
epalrestat (40 mM/0 uM and 40 mM/50 pM). (H) Measurement of FRAP value from cells incubated with glucose/epalrestat (40 mM/0 uM and 40
mM/50 uM). (1) Fluorescence images of ROS in A549 treated with only commercial probe DCFH-DA (20 uM) or incubated with EPS (0, 20 and 50
puM) for 24 h before glucose stimulation (40 mM) for 12 h. Scale bar = 20 um. (J) Relative fluorescence intensity in I. (n = 3, data expressed as
mean =+ SD, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, Student's t-test).
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the downregulation of NADH under the experimental condi-
tions. Flow cytometry was then performed (Fig. 4E), and
commercial NAD'/NADH and GSH/GSSG assay kits were
employed to detect the contents of NADH and GSH/GSSG in the
EPS-treated cells. It was found that the level of NADH was
reduced 1.4-fold (Fig. 4F), while the GSH/GSSG level was
increased 1.8-fold compared to their corresponding levels in the
glucose-treated cells (Fig. 4G), thereby confirming the down-
regulation of NADH levels and the upregulation of GSH levels. A
total antioxidant capacity assay kit based on the ferric reducing
ability of plasma (FRAP) method (i.e., a T-AOC Assay Kit) was
also used to evaluate the redox state of the system, demon-
strating an enhanced antioxidant capacity for the cells treated
with EPS (Fig. 4H). Importantly, for further evaluation of the
ROS and GSH levels in cells under EPS treatment conditions,
experiments were also performed using a commercial ROS assay
kit>** and a GSH probe®” that was previously reported by our
group. It was found that the ROS levels decreased following EPS
stimulation (Fig. 41 and J), while the GSH levels increased
(Fig. S1571), thereby confirming the above findings and sug-
gesting that EPS has the potential to relieve high glucose-
induced diabetes by regulating the redox balance. Moreover,
these results demonstrate that the small molecule NBON probe
is suitable for monitoring NADH levels in living cells under
these conditions.

In vivo imaging of NADH in a diabetic lung disease model

Given its impressive in vitro performance, the ability of NBON to
detect NADH in a mouse model of diabetic lung disease was
evaluated. Initially, the biosafety of NBON was assessed in
healthy Kunming mice to ensure a low systemic toxicity during
in vivo treatment. The major organs (i.e., heart, liver, spleen,
lungs, and kidneys) of the mice were collected for hematoxylin
and eosin (H&E) staining 24 h after the intravenous injection of
NBON. Importantly, no obvious histopathological or physio-
logical diseases were observed in the mice treated with NBON
(c.f, the saline treatment group) (Fig. S16t1). In addition,
a hemolysis test was performed using NBON, indicating a slight
change in hemolysis (Fig. S177), and suggesting that the test
dose of NBON exhibited a small degree of toxicity during in vivo
imaging.

Subsequently, the biodistribution of NBON was examined after
its intravenous administration in mice, and as shown in Fig. S18,t
NBON was preferentially accumulated in the livers within 2 hours,
and also enriched in lungs after 4.5 hours injection. The bio-
distribution of the NBCS product (i.e., from the reaction between
NBON and NADH) was also tracked, and it was found that NBCS
was mainly localized in the lungs (Fig. 5A), while CS was mainly
distributed in the liver (Fig. 5B). These results indicate that the
introduction of the phenylboronic acid analog into the molecular
skeleton of the CS dye promotes its accumulation in the lungs,
likely due to the change in its hydrophilic/hydrophobic proper-
ties. These results indicate that the NBON reporter is suitable for
imaging diabetic lung disease in vivo.

The response of NBON to NADH was then evaluated in mice.
As shown in Fig. S19,7 the signal recorded for the right thigh,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which was stimulated with exogenous NADH, clearly increased
compared to that observed for the left thigh, which was treated
only with NBON. This result reveals the potential of NBON for
detecting NADH in vivo. Subsequently, the ability of NBON to
visualize changes in the NADH level was evaluated in a mouse
diabetic lung disease model (Fig. 5C). To the best of our
knowledge, direct evidence for NADH generation in this context
is lacking. Thus, a diabetic lung disease model was constructed
using streptozotocin (STZ)*® to image endogenous NADH
generation. Metformin (MET), a biguanide derivative,*® was
selected as the traditional medication for diabetes, and EPS was
also used to evaluate its therapeutic effects in diabetes based on
its excellent performance in living cells. The experiments were
divided into four groups, namely the control (PBS treatment
only), STZ, STZ/MET, and STZ/EPS groups. As shown in Fig. 5D,
the mice in the control group showed no fluorescence signal.
For the STZ group, the mice from were intraperitoneally injec-
ted with STZ over 7 days following the intravenous injection of
NBON (100 pL, 200 pM). Consequently, the fluorescence signals
in the mice lungs gradually increased (1.8-, 1.9-, and 2.0-fold,
respectively) at time intervals (30, 90, and 150 min) compared
with the mice of the control group (Fig. 5E). This result was
mainly attributed to the NAD'/NADH imbalance in the STZ-
stimulated mice, which resulted in excessive NADH forma-
tion, as demonstrated using the commercial NAD'/NADH kit
(Fig. 5F). In living systems, a NAD'/NADH imbalance is known
to affect the antioxidant capacity of the organism. It was
therefore speculated that compared to the control group, the
antioxidant capacities of the tissues would be significantly
reduced under STZ stimulation, as demonstrated using the T-
AOC assay kit (Fig. 5G). Notably, when mice from the STZ/
MET and STZ/EPS groups were treated with MET for 28 d and
EPS for 49 d, respectively, maximum reductions of 2.0- and 2.1-
fold were observed for the fluorescence signals of the lungs in
the STZ/MET and STZ/EPS groups. These results were attributed
to recovery of the NAD'/NADH balance in the lung after MET
and EPS treatment for diabetic lung disease, resulting in lower
NADH levels (Fig. 5F) and an enhanced antioxidant capacity
(Fig. 5G). Moreover, H&E staining revealed different patholog-
ical characteristics before and after treatment of the lung injury
(Fig. 5H), which were supported by an ex vivo organ experiment
performed in the presence of NBON (Fig. 5I and S20t). Taken
together, these results imply that EPS has the potential to treat
diabetic lung disease based on its regulation of the system redox
state, thereby demonstrating that the probe NBON is applicable
for the high-fidelity imaging of lung disease and repair in vivo.

In vivo imaging of NADH for lung metastases and tumors

The worst-case outcome of lung disease is the development of
lung tumors, which primarily include metastatic and primary
tumors. Based on the favorable properties of NBON identified
above, investigations were carried out to assess its performance
in the imaging of lung metastases and tumors in mice. For this
purpose, the mice were divided into two groups, namely normal
mice and mice with lung metastases. More specifically, BALB/c
mice with lung metastases were established by the intravenous
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Fig.5 Fluorescence images of compounds NBCS (A) and CS (B) in mice (intravenous injection, 60 uL, 200 uM, 90 min) and ex vivo. (1) Heart; (2)
liver; (3) spleen; (4) lung; (5) kidney. (C) Schematic representation for constructing diabetic lung disease model and imaging. (D) Real-time
imaging of Kunming mice with different treatment by receiving injection of PBS, STZ (150 mg kg%, intraperitoneal), STZ/MET (150/200 mg kg%,
intraperitoneal) and STZ/EPS (150/100 mg kg~?, intraperitoneal/gavage), followed by intravenously injecting NBON (60 L, 200 uM). (E) Relative
fluorescence intensity in D. (F) Measurement of NAD*/NADH ratio and (G) FRAP value of lung tissues from mice treated with STZ (150 mg kg™,
STZ/MET (150/200 mg kg~ and STZ/EPS (150/100 mg kg™?). (H) Hematoxylin and eosin (H&E) staining of lung tissues from mice treated with STZ
(150 mg kg%, STZ/MET (150/200 mg kg~ and STZ/EPS (150/100 mg kg ~?). Scale bar: 50 um. (I) Normalized intensity for the lung incubated with
NBON from mice treated with STZ (150 mg kg ™), STZ/MET (150/200 mg kg~Y) and STZ/EPS (150/100 mg kg~Y). (n = 3, data expressed as mean +

SD, *P < 0.05, ¥**P < 0.01, ***P < 0.001, and ****P < 0.0001, Student's t-test).

injection of 4T1 cells for three weeks (Fig. 6A). Subsequently,
these mice were intravenously injected with NBON (100 pL, 200
uM), and as shown in Fig. 6B, apparent signal enhancements
were observed in the metastasis group over time (i.e., at 25 and
120 min), whereas a negligible signal change was observed for
the normal mice. After sacrifice, lung samples were collected
from the mice (Fig. 6B(c) and 6B(g)), and the ex vivo fluores-
cence images also showed a large difference in the signal
intensity between the two groups (Fig. 6B(d) and 6B(h)). More
specifically, cancer cell metastases were only observed on the
lung tissue surfaces of the mice with lung metastasis; no

9420 | Chem. Sci., 2025, 16, 9413-9423

changes were observed for the normal lungs. These results were
further verified by H&E staining (Fig. 6C), which indicated that
NBON can track metastatic lung tumor lesions and image
NADH levels during lung metastasis in vivo. Finally, an addi-
tional experiment was conducted using NBON to image NADH
and guide the resection of lung tumors. The tumor model was
established by implanting A549 cells into BALB/c mice for 20 d.
PBS and NBON (30 pL, 100 uM) were then simply sprayed onto
the tumor (Fig. S217). Notably, the tumor was accurately lit up in
situ within 25 min, while no fluorescence signal was obtained
after spraying with PBS alone (Fig. 6D). Consequently, it was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Schematic representation for lung metastatic tumor model and imaging. (B) Imaging of normal lung (first row) and lung metastatic

tumor (second row) through intravenously injecting NBON (100 plL, 200 pM) in BALB/c mice. White oval: lung. (a and e) Injecting intravenously
NBON for 25 min, then fluorescence image; (b and f) injecting intravenously NBON for 120 min, then fluorescence image; (c and g) bright image
(up: normal lung; down: lung metastasis); (d and h) dissection lung tissues from BALB/c mice after injecting intravenously NBON for 130 min. (C)
Hematoxylin and eosin (H&E) staining of normal lung and lung metastasis from mice. Scale bar: 50 um. (D) Fluorescence-guided resection and
imaging of lung tumor through spraying PBS and NBON (30 pL, 100 uM) in BALB/c mice. 1 and 2: lung tumor for PBS (1) and NBON (2). (E) Imaging
of lung tumor and para-carcinoma tissues through spraying NBON (10 pL, 500 uM) ex vivo. (F) Relative intensity in (E). (n = 3, data expressed as

mean + SD, ***P < 0.001, Student's t-test).

possible to completely remove the tumor under the fluores-
cence guidance provided by NBON (Fig. 6D). Additionally, in
vitro lung tumor and para-carcinoma tissues could also be
effectively distinguished via the in situ spraying of NBON at
a tumor/normal tissue ratio of 1.7:1 (Fig. 6E and F). These
results confirm the potential of NBON for NADH detection/
imaging in lung tumors, and its role in aiding in the accurate
resection of lung tumors.

Conclusions

In summary, a lung-targeted nicotinamide adenine dinucleo-
tide (NADH)-sensitive long-wavelength near-infrared (NIR)
fluorescent reporter (NBON) was designed and developed using
a tandem reaction (TR) strategy based on the dual reactions of
NADH. More specifically, a group containing a phenylboronic
acid analog was initially attached onto a probe molecule to
promote an esterification-crosslinking reaction with the adja-
cent diols present in the NADH structure. Subsequently, the
recognition group on the probe molecule was modified for
reduction by NADH, rendering it highly reactive and leading to
a strong fluorescence signal in the presence of NADH. This
approach generated a sensitive probe with a low NADH detec-
tion limit (45 nM), and which also selectively accumulated in
the lung. Importantly, these characteristics indicated the

© 2025 The Author(s). Published by the Royal Society of Chemistry

potential of the NBON for detecting the NADH generated in
diabetic lung disease. Owing to the high sensitivity and selec-
tivity observed for NBON in vitro, it was subsequently confirmed
that this probe could detect small fluctuations in the NADH
levels in living cells during high-glucose stimulations and
epalrestat (EPS) repair. In addition, NBON was above to track
changes in the NADH levels in streptozotocin-induced diabetic
lung injury and MET/EPS repair models in mice. More impor-
tantly, the proposed antioxidant mechanism by which EPS
alleviates diabetic lung disease was confirmed for the first time
in living cells and in vivo. Finally, the endogenous NADH
present in lung tumors and metastases was successfully moni-
tored using NBON, and its role in aiding in the accurate resec-
tion of lung tumors was demonstrated. It is expected that this
novel TR strategy will be applicable to the development other
activatable probes. Moreover, this work should promote further
research into the design of NADH probes for biological appli-
cations, including disease diagnosis and therapy.
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