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ABSTRACT: A near-infrared fluorescent probe, A, was designed by substituting
the carbonyl group of the coumarin dye’s lactone with a 4-cyano-1-
methylpyridinium methylene group and then attaching an electron-withdrawing
NADH-sensing methylquinolinium acceptor via a vinyl bond linkage to the
coumarin dye at the 4-position. The probe exhibits primary absorption maxima at
603, 428, and 361 nm, and fluoresces weakly at 703 nm. The addition of NAD(P)H
results in a significant blue shift in the fluorescence peak from 703 to 670 nm,
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accompanied by a substantial increase in fluorescence intensity. This spectral shift is
attributed to the transformation from an A—7—A—7—D configuration to a D—z—
A—7—D pyridinium platform in probe AH, owing to the addition of a hydride from
NADH to the electron-accepting quinolinium acceptor producing the electron-
contributing 1-methyl-1,4-dihydroquinoline donor in probe AH. This conclusion is
supported by theoretical calculations. The probe was utilized to investigate NAD(P)
H dynamics under various conditions. In HeLa cells, treatment with glucose or maltose resulted in a substantial elevation in near-
infrared emission intensity, suggesting increased NAD(P)H levels. Chemotherapeutic agents including cisplatin and fludarabine at
concentrations of S, 10, and 20 yM brought about a dose-dependent increase in emission intensity, reflecting heightened NAD(P)H
levels due to drug-induced stress and cellular damage. In vivo experiments with hatched, starved Drosophila melanogaster larvae were
also conducted. The results showed a clear relationship between emission intensity and the levels of NADH, glucose, and oxaliplatin,
confirming that the probe can detect variations in NAD(P)H levels in a living organism. Our investigation also demonstrates that
NAD(P)H levels are significantly elevated in the cystic kidneys of ADPKD mouse models and human patients, indicating substantial
metabolic alterations associated with the disease. This near-infrared emissive probe offers a highly sensitive and specific method for
monitoring NAD(P)H levels across cellular, tissue and whole-organism systems. The ability to detect NAD(P)H variations in
reaction to varying stimuli, including nutrient availability and chemotherapeutic stress, underscores its potential as a valuable
resource for biomedical research and therapeutic monitoring.
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1. INTRODUCTION

NADH (nicotinamide adenine dinucleotide) alongside
NADPH (its phosphate variant) are vital cofactors that
significantly influence cellular metabolism, energy transfer,
and overall cellular function.' ~® These molecules play key roles
in various metabolic pathways: NADH is integral to catabolic
processes, where it facilitates the conversion of nutrients into
ATP, the primary energy currency of the cell. This process not
only provides energy but also supports the synthesis of
essential biomolecules. On the other hand, NADPH is crucial
for anabolic reactions, including lipid and nucleic acid
synthesis, and acts as a reducing agent in cellular antioxidant
defenses, helping to neutralize reactive oxygen species and
protect cellular integrity. The levels of NAD(P)H are tightly

regulated and reflect the metabolic state of the cell. Alterations
in these cofactors are associated with numerous pathological
conditions, such as chronic kidney disease, cancer, cardiovas-
cular diseases, metabolic disorders, mitochondrial dysfunction,
liver disease, and neurodegenerative diseases.'™® These
changes can profoundly affect cellular metabolism, signaling
pathways, and energy homeostasis, further emphasizing the
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Scheme 1. Near-Infrared Coumarin-Based Emissive Probe for NAD(P)H Sensing in Live Cells
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need for precise and real-time monitoring of NAD(P)H
dynamics. Understanding the intricate roles of NAD(P)H in
cellular metabolism and energy transfer is essential for linking
these cofactors to cellular health and function. This knowledge
not only enhances our comprehension of metabolic regulation
but also provides valuable insights into the mechanisms
underlying disease progression, paving the way for potential
therapeutic interventions aimed at restoring metabolic balance.
Therefore, accurate and live monitoring of NADH and
NADPH dynamics is essential for understanding cellular
metabolism, redox signaling, and disease progression.l_8
Traditional methods for analyzing NADH and NADPH
often lack the spatial and temporal resolution needed for
detailed studies within live cells. Techniques such as
spectrophotometry and enzyme-coupled assays may not
capture the nuanced dynamics of these cofactors in complex
cellular environments. To address these limitations, the
synthesis of fluorescent probes capable of selectively detecting
NAD(P)H has emerged as a powerful strategy (Table S1).”~>*
Near-infrared (NIR) fluorescent probes offer distinct advan-
tages over conventional fluorescent methods.”'®'**"**** They
provide superior tissue penetration and reduced background
autofluorescence, which are critical for in vivo imaging and
dynamic studies in live cells. Furthermore, while NADH
exhibits fluorescence at 450 nm and absorption at 350 nm,
NIR probes can avoid interference by operating in a different
spectral range, thus enhancing specificity and sensitiv-
ity.”! 1921232 Coumarin-based fluorophores are well-suited
for biological applications owing to their high molar
absorptivity, excellent photostability, and low cytotoxicity.”> >’
The high molar absorptivity of coumarins enables sensitive
detection with minimal probe concentrations, while their
excellent photostability ensures reliable and consistent
performance over time. Coumarins also provide the flexibility
needed to fine-tune photophysical properties, which is essential
for designing probes with high selectivity for specific
biomolecules like NADH and NADPH.>*™** Moreover,
coumarin derivatives are cost-effective and easily synthesized,
making them practical for both research and clinical use.”>™**

In this study, we introduce a NIR emissive probe designed
for the selective determination of NAD(P)H. The probe
incorporates a NAD (P)H-sensing methylquinolinium accept-
or linked via a vinyl bond to a coumarin dye at the 4-position
and features a 4-cyano-1-methylpyridinium methylene group
that replaces the carbonyl of the coumarin dye’s lactone moiety
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(Scheme 1). The probe exhibits absorption peaks at 603, 428,
and 361 nm and a weak emission peak at 703 nm. Upon
reaction with NAD(P)H, the emission shifts significantly from
703 to 670 nm, with a marked increase in intensity. This shift
is due to the transition from an A—7—A—7—D to a D—7—
A—n—D pyridinjum configuration, driven by the NADH-
triggered reduction of the methylquinolinium electron-pulling
acceptor to a l-methyl-1,4-dihydroquinoline electron-rich
donor. We validated the probe’s capabilities by studying
NAD(P)H dynamics under various treatment conditions. In
HeLa cells, glucose and maltose treatments led to increases in
near-infrared emission intensity, reflecting augmented NAD-
(P)H levels. Furthermore, treatment with cisplatin and
fludarabine at S, 10, and 20 uM concentrations resulted in
dose-proportional increases in emission intensity, revealing
enhanced NAD(P)H levels due to drug-triggered cellular
stress. In vivo experiments with developed starved Drosophila
larvae further confirmed the probe’s effectiveness. The larvae,
exposed to varying concentrations of NADH, glucose, and
oxaliplatin, revealed a direct link between emission intensity
and the levels of these substances. This supports the probe’s
capability to determine NAD(P)H changes in live organisms.
Overall, this NIR fluorescent probe provides a highly sensitive
and specific method for monitoring NAD(P)H levels,
leveraging the high molar absorptivity and excellent photo-
stability of coumarin-based fluorophores. Its ability to
circumvent fluorescence interference from NADH and respond
dynamically to metabolic changes highlights its potential as a
valuable tool for biomedical research and therapeutic
monitoring.

2. EXPERIMENTAL SECTION

Please see the detailed information in Supporting Information.

3. RESULTS AND DISCUSSION

3.1. The Design and Construction of the Probe.
Coumarin derivatives have garnered attention as versatile
platforms for fluorescent probe design due to their inherent
fluorescence properties and structural variability.”>>* The
absorption and emission wavelengths of coumarin dyes can be
fine-tuned through chemical modifications, making them
suitable for apglications in both visible and near-infrared
(NIR) regions.” > This study focused on developing a NIR
probe for NAD(P)H detection using a coumarin derivative.
We designed a probe by incorporating 3-quinolinium acceptor

https://doi.org/10.1021/acsabm.4c01294
ACS Appl. Bio Mater. 2024, 7, 8465—8478
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Scheme 2. Synthesis of a Near-Infrared Coumarin-Based Fluorescent Probe for NAD(P)H Detection
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Figure 1. Optical spectra of probe A with 5 M in PBS buffer at pH 7.4 supplemented with 5% DMSO, both without and with varying NADH

concentrations over a period of 60 min under 600 nm excitation.

via a vinyl bond linkage to the coumarin dye at the 4-position,
while simultaneously substituting the carbonyl of the lactone
function with 4-cyano-1-methylpyridinium methylene func-
tionality to enhance electron-withdrawing feature within the
probe. These structural modifications were hypothesized to
confer NIR emission properties to the probe and enhance its
sensitivity and selectivity toward NAD(P)H. The synthesis of
the probe commenced with readily available starting materials
such as 7-(diethylamino)-4-methyl-2H-chromen-2-one (1).
Initially, we synthesized thiocoumarin (2) through the reaction
of compound 1 with Lawesson’s reagent. Subsequently,
compound 2 reacted with 4-pyridylacetonitrile, yielding (E)-
2-(7-(diethylamino)-4-methyl-2H-chromen-2-ylidene)-2-(pyri-
din-4-yl)acetonitrile (4). This intermediate was then subjected
to methylation, leading to the formation of compound 5. A
condensation reaction between compound $§ and quinoline-3-
carbaldehyde (6) afforded compound 7, which underwent
further methylation to yield the final probe (Scheme 2). The
final compound was characterized by diverse spectroscopic
techniques, confirming its chemical structure and purity
(Figures S1—S6).

3.2. Optical Behavior of the Probe in the Presence of
NADH. The spectral characteristics of a probe serve as a
powerful tool for understanding its optical behavior, both in
the presence and absence of NADH. Initially, in the absence of
NADH, the probe demonstrates distinct absorption peaks at
603, 428, and 361 nm. These peaks align with specific
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molecular components within the probe, with the 603 nm peak
attributed to the extensive pi-conjugation of the coumarin-
based pyridinium dye, the 428 nm peak stemming from
transmission from the coumarin section, and the 361 nm peak
associated with the presence of the 3-quinolinium moiety. The
addition of NADH to solutions of the probe in buffer solution
at pH 7.4 results in significant changes in the absorption
spectrum. First, there is a noticeable blue shift in the
absorption peak from 603 to 559 nm, indicative of the
structural transformation caused by the addition of a hydride
from the reaction with NADH. This shift is complemented by
a gradual reduction in the absorption peak at 428 nm, also
suggestive of a modification or interaction involving the
coumarin component of the probe (Scheme 1). Additionally,
the absorption peak at 345 nm increases significantly due to
NADH absorption. In a fluorescence experiment under
excitation at 600 nm, the probe shows a weak near-infrared
peak at 703 nm without NADH. However, upon gradual
addition of NADH to the probe buffer solution, fluorescence
intensification is observed, accompanied by a notable blue shift
of the fluorescence spectra. This blue shift is evident as the
near-infrared emission peak transitions from 703 to 670 nm
(Figure 1, right). This intriguing change results from the
establishment of a distinct D—7—A—7—D hemicyanine
platform from A—7n—A—7—D via NADH-triggered trans-
formation of the quinolinium electron-deficient acceptor into
the electron-donative 1-methyl-1,4-dihydroquinoline donor.

https://doi.org/10.1021/acsabm.4c01294
ACS Appl. Bio Mater. 2024, 7, 8465—8478
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Figure 2. Emission spectra of probe A with S 4M in PBS buffer at pH 7.4 supplemented with 5% DMSO and 80 M NADH, incubated for 70 min

under 600 nm excitation.
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Figure 3. Current density difference diagrams for the electronic transitions as isosurfaces for probes A (ES1, 3, and S) and AH (ES1). The figure
displays the number of the excited state (ES) along with the calculated and experimental wavelengths, as well as the associated transitions and their
contribution percentages. The color scale range values are indicated at the top of the figure. Detailed drawings of the numbered linear combination

of atomic orbitals are provided in the Supporting Information.

This reaction underscores the complex interplay of molecular
interactions driving the observed spectral shifts, providing
deeper insights into the probe’s behavior in the presence of
NADH. The addition of a hydride ligand to probe A resulting
in the formation of AH was also confirmed by molecular
weight determinations using an electrospray mass spectrometer
(Figure S6). The probe displayed stable fluorescence responses
for 60 min (Figure 2) and was stable under excitation in the
presence of 80 uM NADH for 2 h, Figure S9.

3.3. Theoretical Calculations. The geometries of the
probe were optimized using the Gaussian 16 program” with
the APFD functional®® and with atoms identified by the 6-
311+G(d,p) basis set. These calculations were carried out to
investigate the electronic absorption characteristics and
geometry of the probes A and AH. In Probe A, Figures 3
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and S11, the planar coumarin and quinolinium moieties are
arranged at an interplanar angle of around 36.9°, implying
limited 7-conjugation between the two moieties. Probe AH,
Figures 3 and S15, looks roughly coplanar but is also twisted
slightly near the quinoline moiety at 16.5° suggesting a greater
degree of conjugation of the coumarin and quinolinium
moieties compared to probe A.

Probe A displayed three absorptions calculated theoretically,
582, 433, and 384 nm, corresponding to excited states (ES) 1,
3, and §, respectively, Figures 3 and S19, in good agreement
with those observed experimentally centered at 603, 428, and
361 nm, Figure 1. As can be seen in Figure S19 the calculated
absorption near ES S also had contribution from another
transition, i.e., ES 6, calculated to be at 359 nm, resulting in an
overall absorption at 370 nm. The current density illustration

https://doi.org/10.1021/acsabm.4c01294
ACS Appl. Bio Mater. 2024, 7, 8465—8478
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Figure 4. Emission images of HeLa cells exposed to NADH concentrations (0, 15, 50, and 80 M) in glucose-deficient DMEM for 30 min, and
then incubated probe A with S yM in glucose-deficient DMEM for 30 min. Emission was measured within the 650—750 nm emission range

utilizing excitation at 559 nm.

for this transition shown in Figure S22 is similar to that
depicted for ESS, Figure 3. Excited states 1, 3, 5, and 6 involve
movement of electron density from the coumarin section of
probe A to the electron-deficient quinolinium moiety but the
higher energy ES 5 and 6 also contained some transfer to the
pyridinium section of the probe.

The calculated UV spectrum for probe AH, Figure S24,
differed from that for probe A in that one major absorption
was observed at 581 nm close to the 559 nm observed
experimentally. The calculated spectrum, Figure S24, also did
not contain an absorption at 428 nm as did probe A, and the
reason for this is now made clear. The addition of the hydride
ligand to the quinolinium moiety produced an electron-rich
region here and thus the electronic transition consisted of
movement of electron density from this quinolinium region to
the central coumarin and the pyridinium moieties as depicted
in the current density illustration in Figure 3. The absorption
at 428 nm for probe A involved electron density moving in the
opposite direction and this is not possible for probe AH,
Figure 3.

3.4. Evaluation of Probe Selectivity, Stability, and
Cytotoxicity. Probe A demonstrates exceptional selectivity
toward NAD(P)H when contrasted with a diverse range of
compounds. Various cations (such as Co**, K*, Na*, Fe**, and
Ca’"), anions (including Cl-, HCO,;~, NO,”, and NO;"),
amino acids (comprising cysteine, glutathione, DL-tyrosine,
methionine, and lysine), and carbohydrates (such as ribose,
glucose, lactate, pyruvate, and fructose) do not result in an
increase in fluorescence over the control (Figure S8). This
heightened degree of specificity is of significant consequence
for accurately identifying and quantifying NAD(P)H, a pivotal
coenzyme crucial for energy metabolism and a range of cellular
activities. Probe A’s unique ability to discriminate NAD(P)H
precisely, while avoiding interference due to other substances,
facilitates the precise determination of this essential molecule
in elaborate biological samples.

The capacity to resist photobleaching or emission loss from
prolonged illumination, often termed photostability, is an
essential characteristic of fluorescent dyes. The noteworthy
photostability of the probe A is demonstrated by minimal
changes in fluorescence even after continuous excitation for 2 h
at 600 nm. This stability is vital for procedures that involve
prolonged or frequent imaging, since photobleaching can
compromise signal fidelity and image accuracy. The strong
photostability displayed by probe A makes it invaluable for
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applications that require consistent and reliable fluorescence
measurements for imaging and detection purposes (Figure S9).

To evaluate probe A’s potential toxicity, an MTT-based
viability test following established protocols as detailed in the
Supporting Information was conducted. HeLa cells were
subjected to probe A for 24 h, and the conversion of MTT
dye from yellow to purple in the mitochondria, which indicates
cell viability was monitored.*"*'~*® Our results reveal that at a
concentration of 50 uM, cells maintain a viability level above
85%, suggesting that some cytotoxicity was induced by the
probe (Figure S10). Employing probes with low cytotoxicity is
vital to prevent negative impacts on cellular function, thereby
ensuring the accuracy of experimental outcomes. Additionally,
low probe cytotoxicity facilitates extended exposure periods or
repetitive measurements, both of which are indispensable for
extended-duration studies and observing treatment responses.

3.5. Selective Fluorescence Response of the Probe to
Cellular NAD(P)H Levels. To study the selective fluores-
cence response of probe A to cellular NAD(P)H levels, we
employed it to monitor dynamic variations in NAD(P)H
under various chemical treatments. Probe A is activated by
near-infrared emission and is highly selective for NAD(P)H,
making it a suitable tool for this purpose. Control experiments
were initially performed using HeLa cells, where S M probe A
was applied in glucose-restricted DMEM for 30 min, with no
prior NADH exposure. The cells exhibited minimal fluo-
rescence in these baseline conditions (Figure 4), implying
minimal inherent NADH levels. This outcome reveals that
probe A does not respond without elevated NADH Ilevels,
confirming its specificity. Subsequently, we executed NADH
dose—response testing with HeLa cells. The cells were
incubated with different NADH concentrations for 30 min in
glucose-deficient DMEM prior to exposure to probe A (Figure
4). The observations displayed a marked increase in emission
intensity corresponding to the dose of NADH. Progressively
higher emission intensity was observed with increasing NADH
pretreatment concentrations, correlating directly with the
NADH levels in the extracellular environment. The concen-
tration-related emission response reinforces the specificity of
probe A for detecting NADH levels within the cells. The
increased emission fluorescence intensity with elevated NADH
content further validates probe A’s capacity to selectively
respond to NADH. These observations from control and
dose—response experiments establish that probe A effectively
monitors NADH fluctuations with high specificity, avoiding
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Figure S. Emission images of HeLa cells underwent exposure to 50 #M NADH in glucose-deficient DMEM for time intervals of 20, 30, 40, and 60
min, subsequent to a 30 min treatment of S uM probe A in glucose-deficient DMEM. Emission was measured within the 650—750 nm emission

range utilizing excitation at 559 nm.

irrelevant activation. Similar results were obtained using A549
fibroblast cells, further validating the probe’s performance
(Figures S12 and S13). The significant association between
NADH levels and emission intensity of the probe supports
accurate quantitative imaging, providing crucial understanding
of redox metabolism and energy regulation in viable cells
(Figure 4). This specificity and sensitivity make probe A a
crucial asset for investigating cellular metabolic processes and
responses to various treatments.

To assess the fluorescence responsiveness of probe A in live
HeLa cells, we assessed the probe’s ability to detect NADH at
various incubation times. HeLa cells underwent exposure to 50
uM NADH in glucose-deficient DMEM, and subsequently,
probe A (5 uM) was introduced for 30 min. Confocal
fluorescence microscopy was employed to capture fluorescence
images at different time points: 20, 30, 40, and 60 min post-
NADH treatment. The results reveal that fluorescence
intensity from probe A increases in response to NADH
treatment (Figure 5). Notably, the fluorescence intensity
reaches a steady state at the 30 min mark. This indicates that
probe A effectively detects NADH within this time frame,
achieving optimal fluorescence signal. Further observations
show that extending the incubation period to 40 and 60 min
does not result in significant changes in fluorescence intensity.
This plateau in fluorescence intensity suggests that the probe’s
responsiveness is maximized at 30 min, and additional
incubation time does not enhance or diminish the signal.
These findings underscore the efficiency of probe A in
providing a stable and reliable fluorescence signal for NADH
detection within a specific time frame. The steady response at
30 min highlights the probe’s suitability for live tracking of
NADH dynamics in cellular environments. The lack of
significant changes in fluorescence at longer incubation times
indicates that probe A reaches equilibrium with NADH in
approximately 30 min, making it a valuable tool for precise and
reproducible measurements of NADH levels in live cells.
Overall, these results confirm that probe A offers a consistent
and effective approach for monitoring NADH levels, providing
essential insights into cellular metabolic processes and the
dynamics of redox reactions. The probe’s performance within
this time frame enhances its utility for real-time fluorescence
imaging in various experimental settings.

3.6. Mitochondria-Specific Targeting of the Probe.
Probe A with a single positive charge should achieve selective
electrostatic interaction-based mitochondrial targeting in live
cells. Mitochondria are characterized by a negatively charged
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membrane potential relative to the cytosol, which attracts
positively charged molecules. To validate the hypothesis that
our probe would localize specifically to mitochondria, we
performed a colocalization analysis using HeLa cells (Figure
6). After pretreatment of HeLa cells with S0 uM of NADH for

1. Channel 1 II. IR 780 Bright Field

Intensity
Overlay [ & 11 Correlation 1 & I1
Pearson
Correlation
Coefficient:
0.969

Figure 6. Emission microscopy images of HeLa cells treated with SO
#M NADH in glucose-deficient DMEM for 30 min, subsequent to a
30 min treatment of S yM probe A and 5 uM IR-780 in glucose-
depleted DMEM for a further 30 min. Emission from probe A was
detected in the 650—750 nm range with 559 nm excitation, while IR-
780 emission was captured between 750—800 nm with the same
excitation wavelength.

30 min, the cells were then coincubated with probe A and the
mitochondria-selective dye IR-780 for 30 min. Fluorescence
microscopy was used to observe the localization of both probe
A and IR-780. The imaging data indicated a pronounced
overlap in the emission signals of both dyes. To quantify the
degree of colocalization, we calculated the Pearson correlation
coefficient, a standard metric for assessing the overlap between
fluorescence signals (Figure 6). The coefficient was greater
than 0.96, indicating a substantial correlation between the
fluorescence of probe A and IR-780 within the mitochondria.
This high coefficient suggests that probe A is predominantly
localized within the mitochondria. The positive charge on
probe A is likely instrumental in its mitochondrial targeting, as
this would be facilitated by the electrostatic attraction to the
mitochondria’s negatively charged membrane potential. This
interaction promotes the probe’s accumulation within
mitochondria, given the strong electrochemical gradient across
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Figure 7. Emission images of HeLa cells treated with altered glucose concentrations in glucose-deficient DMEM for 30 min, subsequent to a 30
min treatment of S uM probe A in glucose-deficient DMEM. Emission was measured in the 650—750 nm range with 559 nm excitation.
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Figure 8. Emission images of HeLa cells pretreated with maltose at various concentrations (0, S, 10, and 20 mM) for 30 min, subsequent to a 30
min treatment of S uM probe A in glucose-deficient DMEM. Emission was captured in the 650—750 nm range with 559 nm excitation.

the membrane of the mitochondria that favors the entry and
retention of positively charged molecules. This was further
validated by colocalization experiments conducted in AS549
cells (Figure S14). These results demonstrate that probe A not
only detects NAD(P)H content but also exhibits selective
mitochondrial localization, making it a valuable tool for
studying mitochondrial dynamics.

3.7. Mapping the Flux of Cellular NAD(P)H under
Diverse Chemical Conditions. Glucose is a critical
component of cellular metabolism, serving as a primary
substrate for glycolysis, which in turn produces NADH, a
vital molecule for energy production and redox reactions.”’
Elevated glucose levels typically boost glycolytic activity,
leading to increased NAD(P)H production. Understanding
how varying glucose concentrations influence NAD(P)H levels
can provide valuable insights into cellular metabolic processes
and energy regulation. In our study, HeLa cells were first
exposed to altered glucose levels for 30 min to investigate this
relationship. Following this treatment, the cells experienced an
additional 30 min incubation with 5 yM probe A in glucose-
deficient DMEM. The confocal fluorescence microscopy
images, as shown in Figure 7, illustrate the impact of glucose
concentration on NAD(P)H levels within HeLa cells. The
control group (0 mM glucose) displayed minimal fluorescence,
reflecting low basal NAD(P)H levels. In contrast, increasing
glucose concentrations produced an incremental increase in
emission intensity. Specifically, as glucose concentrations rose,
emission levels also increased, indicating a direct correlation
between glucose availability and NAD(P)H production. These
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findings demonstrate that probe A effectively detects variations
in NAD(P)H levels triggered by glucose availability. Tracking
NAD(P)H variations with respect to glucose levels provides an
improved understanding of cellular energy metabolism and
glucose’s effects on cellular processes.

Probe A was also employed to elucidate how maltose
influences NAD(P)H levels in HeLa cells. Maltose, a
disaccharide sugar that hydrolyzes into glucose, plays a crucial
role in cellular metabolism by increasing glucose availability.
This increase in glucose can subsequently affect NAD(P)H
levels, as glucose is a key substrate for metabolic pathways
involving NAD(P)H. HeLa cells were subjected to pretreat-
ment with a range of concentrations of maltose for 30 min to
simulate different levels of glucose availability. Following
maltose treatment, the cells received a 30 min exposure to 5
UM probe A in glucose-deficient DMEM to measure NAD (P)
H levels. The emission imaging results reveal a clear dose-
replated increase in NAD (P)H levels resulting from maltose
treatment. In the absence of maltose (0 mM), emission
intensity was minimal, indicating low baseline levels of
NAD(P)H. Since maltose concentrations increased, emission
intensity progressively rose, with the most substantial increase
observed at 20 mM maltose. Specifically, maltose concen-
trations of S mM and 10 mM brought about moderate
fluorescence increases, which became more pronounced at
higher concentrations (Figure 8). The dose-dependent
response observed with probe A highlights its utility in
monitoring metabolic fluctuations, offering valuable informa-
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Figure 9. Emission images of HeLa cells treated with fludarabine at concentrations of 0, 5, 10, and 20 yM in glucose-deficient DMEM for 30 min,
followed by an additional 30 min application of S M probe A. Emission was detected in the 650—750 nm emission range with a 559 nm excitation.
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Figure 10. Emission images of HeLa cells pretreated with cisplatin at 0, S, 10, and 20 #M concentrations in glucose-deficient DMEM for 30 min,
subsequent to a 30 min treatment of 5 yM probe A in glucose-deficient DMEM. Emission was imaged in the 650—750 nm range with 559 nm

excitation.

tion for research into cellular metabolism and related biological
processes.

Fludarabine, a chemotherapeutic agent used primarily for
treating various types of leukemia and lymphomas, is known to
induce significant cellular stress and damage.**™>" This drug
also induces apoptosis through different mechanisms, including
interference with DNA synthesis and repair.”*~>° To study
how fludarabine influences NAD(P)H levels, we carried out an
experiment with HeLa cells subjected to varying concen-
trations of fludarabine in glucose-deficient DMEM for 30 min.
After treatment, cells underwent an extra 30 min treatment
with S yM probe A in glucose-deficient DMEM (Figure 9).
This experiment was designed to elucidate the impact of
fludarabine on NAD(P)H levels, given that chemotherapeutic
agents like fludarabine can induce oxidative stress and alter
cellular redox states. Fludarabine’s mechanism of action
involves disrupting DNA synthesis and repair, leading to
increased oxidative stress and altered metabolic processes. This
stress can trigger changes in NAD(P)H levels as part of the
cellular response to counteract the induced damage. The
confocal microscopy images reveal a clear dose-related
enhancement in emission intensity correlating with fludarabine
concentration. The control group (0 M fludarabine) showed
minimal fluorescence, indicating low NAD(P)H levels under
basal conditions. In contrast, cells administered fludarabine
exhibited progressively higher fluorescence intensities. The
documented increase in fluorescence intensity is indicative of
enhanced NAD(P)H production or accumulation, likely due to
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the oxidative stress and disruption of cellular redox balance
caused by fludarabine. As cells experience increased stress and
damage, they may upregulate NAD(P)H production to
mitigate oxidative stress and support cellular repair mecha-
nisms. Overall, these findings confirm that probe A is effective
in detecting variations in NAD(P)H levels resulting from
fludarabine treatment.

Cisplatin serves as a frequently administered chemotherapy
drug known for its effectiveness in treating various
cancers.”' >* It works primarily by inducing DNA cross-
linking and cellular stress, which can disrupt normal cellular
functions and redox balance.”' —>* Comprehending cisplatin’s
impact on NAD(P)H levels is vital for uncovering its role in
cellular metabolism and stress response pathways. We
investigated these effects by treating HeLa cells with diverse
concentrations of cisplatin in glucose-deficient DMEM for 30
min. Subsequently, an extra 30 min treatment was performed
with 5 uM probe A in glucose-deficient DMEM. The emission
images shown in Figure 10 reveal a distinct increase in
emission intensity that correlates with the dose of cisplatin
treatment. The control group (0 uM cisplatin) showed
minimal fluorescence, corresponding to low NAD(P)H levels.
In comparison, HeLa cells exposed to cisplatin levels of S, 10,
and 20 uM exhibited progressively higher fluorescence
intensities. This emission intensity increase reflects an
elevation in NAD(P)H levels within the cells because of
cisplatin treatment. Given cisplatin’s role in inducing cellular
stress and damage, it is plausible that the observed increase in
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Figure 11. Emission images of hewly hatched, food-deprived fly larvae pretreated with diverse NADH concentrations in pH 7.4 phosphate-buffer
for 2 h. Afterward, the larvae were subjected to three PBS washes and incubated with probe A at 10 uM in a PBS for an extra 2 h. Emission was

imaged in the 650—750 nm range with 559 nm excitation.

NAD(P)H reflects a compensatory response to oxidative
stress. Cisplatin can induce metabolic alterations, including
enhanced glycolysis and increased NAD(P)H production, as
cells attempt to counteract the stress and maintain redox
balance.”' ~>* By using probe A, which specifically responds to
alterations in NAD(P)H levels, we can detect these
fluctuations and gain insights into how cisplatin influences
cellular metabolism. These findings provide valuable informa-
tion on how cisplatin impacts cellular redox states and
metabolic processes, enhancing our understanding of the
drug’s effects and its role in therapeutic interventions.

TGF-beta (transforming growth factor beta) is a multifunc-
tional cytokine essential for cell growth, differentiation, and
tissue repair. The upsurge in NAD(P)H levels we observed
aligns with TGF-beta’s established role in enhancing energy
metabolism in fibroblasts. Specifically, TGF-beta activates
signaling pathways that promote glycolysis and mitochondrial
function, thereby meeting the energy demands of cellular
proliferation and differentiation. This metabolic shift likely
indicates heightened biosynthetic activity necessary for
extracellular matrix production and tissue remodeling. To
further investigate the impact of TGF-beta on fibroblast cells,
we performed confocal fluorescence microscopy to analyze
cellular responses to TGF-beta concentrations of 0 ng/mL and
10 ng/mL. After a 30 min exposure, The cells received a
further 30 min of incubation with probe A. As shown in Figure
S15, TGFE-beta-treated fibroblast cells exhibited a substantial
increase in fluorescence intensity in comparison to the control
group, indicating elevated NAD(P)H levels. This suggests that
TGF-beta stimulates metabolic activity and alters cellular redox
states. Our findings demonstrate that TGF-beta significantly
influences the metabolic state of fibroblast cells, as evidenced
by the increased NAD(P)H levels detected with probe A.
These results highlight TGF-beta’s critical role in regulating
cellular metabolism and its implications for conditions such as
fibrosis. Future research should focus on elucidating the
specific signaling pathways involved and their broader effects
on fibroblast function in tissue repair and disease.

3.8. Fluorescence Imaging of NAD(P)H in Drosophila
Larvae. We explored the application of probe A for in vivo
detection of NADH levels in fruit fly larvae (Drosophila
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melanogaster), using a controlled experimental setup to ensure
reproducibility.”*"* Starvation was employed as a strategy to
deplete endogenous NADH levels, providing a consistent and
low baseline for subsequent NADH treatments.””"*° This
approach allowed us to more accurately assess the probe’s
sensitivity and specificity in detecting exogenously introduced
NADH. Starved, newly hatched larvae were incubated in a pH
7.4 phosphate-buffer at diverse concentrations of NADH for 2
h. This step enabled the larvae to uptake and accumulate
NADH in a controlled manner. After the incubation period,
the larvae were thoroughly washed to remove any unbound
NADH, ensuring that subsequent emission measurements
reflected intracellular NADH levels rather than extracellular
remnants. The larvae were then exposed to 10 uM probe A in a
PBS with for an extra 2 h. allowing sufficient time for the probe
to permeate the larvae and interact with intracellular NADH
(Figure 11). The emission images revealed a distinct
correlation between NADH concentration and emission
intensity in the larvae. In the control group (0 uM NADH),
insignificant emission was observed, consistent with the low
NADH levels expected under starvation conditions. As the
concentration of NADH increased, an associated increase in
emission intensity was detected, indicating successful detection
of NADH by probe A. The emission intensity was most
pronounced in the larvae treated with 80 uM NADH,
demonstrating the probe’s capacity to distinguish between
different NADH concentrations. These results confirm the
efficiency of probe A in determining NADH in a live organism,
with a clear dose-dependent fluorescence response. Moreover,
the use of starved larvae as a control highlighted the probe’s
selectivity. The insignificant fluorescence observed in the lack
of exogenous NADH suggests that probe A does not
significantly interact with other intracellular components
under these conditions, further validating its specificity for
NADH. This ability to monitor NADH levels in vivo is
particularly valuable for studying metabolic processes, cellular
redox states, and the effects of external stimuli on NADH
dynamics.

To evaluate the capability of probe A to determine glucose-
induced changes in NADH levels in vivo, we conducted
fluorescence imaging studies using newly hatched, food-
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Figure 12. Emission images of newly hatched, nutrient-deprived fruit fly larvae exposed to various glucose levels in pH 7.4 phosphate-buffer for 2 h.
Afterward, the larvae were cleaned thrice with PBS and further treated with probe A at 10 uM in PBS for extra 2 h. Emission was imaged in the

650—750 nm range with 559 nm excitation.
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Figure 13. Emission imaging of newly hatched, nutrient-deprived fruit fly larvae exposed to diverse concentrations of oxaliplatin in pH 7.4
phosphate-buffer for 2 h. After incubation, the larvae were cleaned thrice with PBS and then dipped in a PBS solution with 10 #M probe A for an
extra 2 h. Emission was imaged in the 650—750 nm range with 559 nm excitation.

deprived fruit fly larvae. Starvation was employed as a strategy
to reduce the larvae’s endogenous glucose and NADH
levels,”*"">° establishing a low baseline for the subsequent
glucose treatments. The larvae were suspended in PBS buffer
at pH 7.4, containing glucose concentrations of 0 mM
(control), 10 mM, and 20 mM, for a duration of 2 h. This
incubation allowed the larvae to metabolize the glucose,
leading to an increase in intracellular NADH levels as glucose
metabolism progressed. After incubation, the larvae were
thoroughly cleaned with PBS to remove any residual glucose,
ensuring that the emission signals observed were due to
intracellular processes. After washing, the larvae were treated
with a PBS solution with 10 M probe A for an extra 2 h. This
allowed the probe to interact with the NADH produced within
the larvae (Figure 12). The emission imaging results revealed a
clear correlation between glucose concentration and fluo-
rescence intensity in the larvae. The control group (0 mM
glucose) exhibited minimal fluorescence, reflecting the low
NADH levels expected under starvation conditions. In
contrast, larvae incubated with 10 mM and 20 mM glucose
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displayed progressively higher emission intensities, correspond-
ing to the increased intracellular NADH levels resulting from
glucose metabolism. The increase in emission intensity with
enhanced glucose concentrations showcases the sensitivity of
probe A in detecting NADH levels within living organisms.
The probe’s sensitivity to NADH produced through glucose
metabolism highlights its potential for studying metabolic
pathways and energy production in vivo. Additionally, the
minimal fluorescence observed in the control group under-
scores the specificity of probe A for NADH, as the probe did
not generate significant signals in the absence of glucose-
induced NADH production. Overall, these findings underscore
the utility of probe A for monitoring glucose metabolism and
its impact on NADH levels in live organisms. This approach
can be extended to other metabolic studies, where real-time
monitoring of NADH levels is critical for understanding the
effects of various metabolic interventions or disease conditions.

Ogxaliplatin, a chemotherapeutic drug incorporating plati-
num, is extensively utilized for treating different tyges of
cancers, with a particular focus on colorectal cancer.”® ¢! It
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primarily works by inducing DNA cross-linking, disrupting
DNA replication and transcription, and ultimately causing cell
death. However, oxaliplatin’s effects are not limited to DNA
damage.”*"°" It is also known to impact cellular metabolism
and induce oxidative stress, which can result in alterations in
NADH levels, a crucial cofactor participating in cellular redox
reactions and ATP synthesis.” °" To examine the effects of
oxaliplatin on NADH levels in vivo, we conducted fluorescence
imaging studies using freshly hatched, nutrient-deprived fruit
fly larvae. The larvae were starved to reduce endogenous
NADH levels, ensuring that any observed changes in emission
could be attributed to the drug treatment.””">"*> The larvae
were treated with oxaliplatin with diverse concentrations in
PBS solution with a pH of 7.4 for 2 h. After the incubation
period, the larvae were thoroughly cleaned to remove residual
oxaliplatin and then placed in a PBS solution with 10 uM
probe A for an extra 2 h. Probe A is specifically designed to
detect NADH, providing a means to monitor the metabolic
impact of oxaliplatin in the larvae (Figure 13). The results
indicated that treatment with S 4M oxaliplatin did not cause a
significant increase in emission in contrast to the control
group, suggesting that this lower concentration may not
significantly affect NADH levels. In contrast, treatment with 10
#M and 20 uM oxaliplatin resulted in substantial increases in
fluorescence intensity, demonstrating a clear dose-dependent
relationship. This finding implies that higher concentrations of
oxaliplatin induce significant changes in cellular metabolism,
possibly due to increased oxidative stress or disruptions in
mitochondrial function, which, in turn, elevate NADH levels.
The observed dose-dependent fluorescence increase highlights
the broader biological effects of oxaliplatin beyond its DNA-
damaging capabilities, providing crucial understanding of its
influence on cellular metabolism. In summary, this study
demonstrates the potential of probe A for real-time, in vivo
assessment of NADH changes in response to oxaliplatin
treatment. The observed metabolic alterations in fruit fly larvae
at higher oxaliplatin concentrations reflect the drug’s capacity
to disrupt cellular processes, emphasizing the importance of
integrating metabolic considerations into the evaluation of
chemotherapeutic effectiveness and side effects.

3.9. Investigating NAD(P)H Levels in ADPKD Using
Fluorescent Probe A. Autosomal dominant polycystic
kidney disease (ADPKD) is defined by a multifaceted set of
pathophysiological changes that disturb normal metabolic
functions. These changes often involve dysregulated cellular
mechanisms, such as increased glycolysis, mitochondrial
dysfunction, oxidative stress, inflammation, and hypoxia.
Such metabolic alterations can lead to elevated levels of
NADH and NADPH in the kidney tissues of affected
individuals, indicating significant shifts in cellular energy
dynamics and redox states. In this study, we employed
fluorescent probe A to investigate NAD(P)H levels in the
kidneys of both ADPKD mouse models and human patients.
We specifically compared renal NAD(P)H levels between S-
week-old phenotypic wildtype (WT, Pkd18“*) mice and those
with ADPKD (PkdI*“RC). Our findings revealed that the
kidneys of WT mice exhibited minimal fluorescence,
suggesting lower NAD(P)H levels, while the cystic kidneys
of ADPKD mice displayed markedly increased fluorescence,
indicating elevated NAD(P)H concentrations relative to their
healthy counterparts (Figure S16). Furthermore, we observed
that human ADPKD kidneys showed higher NAD(P)H levels
compared to age- and sex-matched normal human kidneys
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(NHK). These results demonstrate the effectiveness of probe
A in identifying metabolic differences associated with kidney
diseases, providing critical insights into the underlying
mechanisms of ADPKD and pointing to potential therapeutic
targets (Figure S17). By clarifying these metabolic changes,
this study enhances our understanding of ADPKD pathophysi-
ology and lays the groundwork for developing targeted
interventions aimed at restoring metabolic balance and
improving clinical outcomes for ADPKD patients.

4. CONCLUSION

In this study, we introduce a near-infrared emissive probe
tailored for sensitive detection of NAD(P)H in complex
biological environments. Utilizing the advantageous properties
of coumarin-based fluorophores, our probe integrates a
NAD(P)H-sensitive 3-quinolinium acceptor with a coumarin
dye through a vinyl linkage. This design effectively mitigates
fluorescence interference from NADH and leverages the high
molar absorptivity and outstanding photostability of coumarin
derivatives. Our findings validate the probe’s exceptional
performance in monitoring NAD(P)H dynamics with both
high sensitivity and specificity. The probe successfully detected
changes in NAD(P)H levels within HeLa cells under various
circumstances. Notably, glucose and maltose treatments
brought about emission increases due to enhanced NAD(P)
H levels, highlighting the probe’s ability to discern metabolic
changes. The probe demonstrated specificity for mitochondria
enabled detailed investigations into mitochondrial metabolism
and function under various metabolic conditions and stress
responses. Its mitochondrial specificity and sensitivity to
NAD(P)H levels offer considerable potential for advancing
research into mitochondrial physiology and related pathophy-
siological conditions. In our investigation of NAD(P)H levels
in ADPKD using fluorescent probe A, we observed higher
NAD(P)H concentrations in the cystic kidneys of ADPKD
mouse models and human patients compared to healthy
controls, further underscoring the probe’s effectiveness in
detecting metabolic alterations associated with kidney disease.
Additional validation in nutrient-deprived fruit fly larvae
reinforced the probe’s applicability in living organisms. The
observed emission responses to varying concentrations of
NADH, glucose, maltose, cisplatin, and fludarabine underscore
its robust applicability across cellular and whole-organism
models. Overall, this near-infrared emissive probe represents a
significant advancement in real-time NAD(P)H monitoring. Its
capacity to deliver accurate, high-resolution data on NAD(P)H
fluctuations makes it a valuable tool for in-depth studies of
cellular metabolism and therapeutic effects. By minimizing
background interference and enhancing sensitivity, the probe
opens new avenues for exploring NAD(P)H dynamics and its
implications in health and disease. This advancement promises
to deepen our knowledge of metabolic processes and improve
the evaluation of drug responses, paving the way for future
research and clinical applications.
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