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Abstract

We have developed two highly sensitive cyanine dyes, which we refer to as probes A and B.
These dyes are capable of quick and sensitive sensing of NAD(P)H. The dyes were fabricated by
connecting benzothiazolium and 2,3-dimethylnaphtho[1,2-d]thiazol-3-ium units to 3-quinolinium
through a vinyl bond. In the absence of NAD(P)H, both probes have low fluorescence and
absorption peaks at 370 nm and 400 nm, correspondingly. This is because of their two
electron-withdrawing acceptor systems with highly positive charge densities. However, when
NAD(P)H reduces the probe’s electron-withdrawing 3-quinolinium units to electron-donating
1,4-dihydroquinoline units, the probes absorb at 533 nm and 535 nm and fluoresce at 572 nm and
586 nm for A and B correspondingly. This creates well-defined donor-r-acceptor cyanine dyes.
We successfully used probe A to monitor NAD(P)H levels in live cells during glycolysis, under
hypoxic conditions induced by CoCls treatment, and after treatment with cancer drugs, including
cisplatin, camptothecin, and gemcitabine. Probe A was also employed to visualize NADH in
Drosophila melanogaster first-instar larvae. We observed an increase in NAD(P)H levels in A549
cancer cells both under hypoxic conditions and after treatment with cancer drugs, including
cisplatin, camptothecin, and gemcitabine.
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INTRODUCTION

NAD* and NADP* are coenzymes involved in redox reactions in eukaryotic cells,

including cellular metabolism and various processes.=3 The reduced forms, NADH

and NADPH, respectively, maintain cellular redox homeostasis and modulate biological
events.1=3 Imbalances or deficiencies in these redox couples are associated with pathological
disorders.? ® They are also involved in several redox reactions, such as energy metabolism,
gluconeogenesis, oxidative phosphorylation, glycolysis, and the tricarboxylic acid cycle, as
well as various cellular processes, including calcium homeostasis, oxidative stress, gene
repair, mitochondrial functions, embryonic development, immune function, transcription,
cell cycle, cell death, cellular senescence, hypoglycemia, apoptosis, hypoxia, and virus
infections.1~> Detecting NAD(P)H concentrations is crucial for understanding physiological
developments and pathological mechanisms. Assessing NAD(P)H levels in live cells
provides valuable insights into cellular redox homeostasis and modulates biological events.
Measuring the concentration of NAD(P)H in cancer cells after administering various drugs
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is also important for understanding drug action and resistance, developing new treatments,
and monitoring treatment effectiveness. 625 Fluorescence methods offer unique advantages
for real-time visualization of NAD(P)H in live cells, including sensitivity, selectivity,

rapid responses, simple operations, and spatiotemporal resolution (Table S1 in supporting
information).6-25

Two cyanine-based molecules, probes A and B, were developed to determine NAD(P)H
levels (Scheme 1). Probes A and B consist of a double connection bridge between 3-
quinolinium and benzothiazolium or naphthothiazolium units, respectively. They display no
fluorescence due to their electron-withdrawing acceptor structures of cyanine dyes. Upon
effective reduction of 3-quinolinium units of probes A and B by NAD(P)H to electron-
donating 1-methyl-1,4-dihydroquinoline units, the probe fluorescence turns on at 572 nm
and 586 nm, respectively, with new absorption features at 533 nm and 535 nm, respectively,
due to NAD(P)H-activated production of new donor-rc-acceptor cyanine platforms. Probe A
displays a Stokes shift of 39 nm and displays excellent capability for detecting NAD(P)H,
with a detection limit of 0.08 uM. Similarly, Probe B shows a Stokes shift of 51 nm and

has a high sensitivity for determining NAD(P)H, with a detection limit of 0.54 pM. Probe
A has been effectively used to quantify NAD(P)H levels in live cells during glycolysis
when glucose, lactate, and pyruvate are present. It has also been used to assess NAD(P)H
levels in CoCl,-induced hypoxic conditions and after exposure to the cancer drugs cisplatin,
camptothecin, and gemcitabine. Moreover, probe A has been applied to visualize NAD(P)H
in first-instar larvae of D. melanogaster. Additionally, A549 cancer cell’s NAD(P)H

levels increase under hypoxic conditions and upon exposure to cancer drugs, including
cisplatin, camptothecin, and gemcitabine. Therefore, probe A offers unique advantageous
features for concurrent visualization of NAD(P)H in living cells, including good sensitivity,
exceptional selectivity, speedy responses, simple operations, and spatiotemporal resolution.
Moreover, these probes offer a proficient solution to the problem of fluorescence quenching
occurring at high NADH concentrations.24 26 Unlike cyanine-based fluorescent probes that
demonstrate enhanced fluorescence at low NADH concentrations but encounter significant
fluorescence quenching as NADH levels rise,24 26 the novel probes successfully circumvent
this drawback.

EXPERIMENTAL SECTION

Please see supporting documentation for details.

RESULTS AND DISCUSSION

Synthetic methodology

To achieve the primary objective of developing highly sensitive probes for detecting

NADH through the integration of a quinolinium-sensing moiety into cyanine dyes, a

unique acceptor-re-acceptor platform with weak fluorescence was created using a simple
chemical condensation reaction. Starting materials 3-quinolinecarboxaldehyde (2) and either
2,3-dimethylbenzo[d]thiazol-3-ium iodide (1) or 2,3-dimethylnaphtho[1,2-d]thiazol-3-ium
iodide (4) was used for the aforementioned condensation reaction. Key intermediates 3 and
5 were formed as a result, and the quinoline moieties of these intermediates were methylated
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as depicted in Scheme 2.20 Two highly sensitive probes were successfully developed and
synthesized using this approach, which demonstrated excellent sensitivity and specificity
in detecting NAD(P)H. The probes and intermediates were analyzed by NMR and mass
spectrometries (Figures S1-S8).

Optical study for NADH sensing

The electronic structure of a molecule determines its optical properties, and rt-conjugation
plays a key role in defining this structure. When a molecule has alternating single and
double bonds, rt-electrons can be delocalized across multiple atoms in the molecule, leading
to re-conjugation.20 The extent of rt-conjugation within a molecule is critical in revealing

its optical properties because it affects the amount of energy required for light absorption.
Molecules with a higher degree of r-conjugation have lower energy requirements for light
absorption, resulting in longer absorption wavelengths.

In the absence of NADH or, probe A exhibits an absorption at 370 nm and probe B

absorbs at 400 nm due to its enhanced rt-conjugation with an additional fused phenyl
moiety, as depicted in Figure 1. Upon increasing NADH concentrations, both probes
experience significant enhancements in absorption at 533 nm and 535 nm, correspondingly,
accompanied by decreases in the absorptions at 370 and 400 nm for probes A and B,
correspondingly. This change in absorption is due to the addition of a hydride from NADH
to probes A and B, resulting in the production of AH and BH respectively, Scheme 2. This
formation results in a rupture in the conjugation within the quinoline sections of the probes,
which result in new peaks at 533 nm and 535 nm for AH and BH, correspondingly (Figure
1).

When NADH is not present, probes A and B display exceptionally weak fluorescence
peaks at 566 nm and 584 nm, respectively, due to the acceptor-rc-acceptor fluorophore
structures present in their chemical makeup. These structures act as electron acceptors,
thereby limiting the extent of rt-conjugation and increasing the energy required for the
molecule to absorb light. Consequently, the absorption peaks of these probes are shifted
towards shorter wavelengths, resulting in weak fluorescence as shown in Figure 2. The
restricted internal charge transfer within the two-acceptor molecule is responsible for this
weak fluorescence.

Probes A and B exhibit remarkable sensitivity to NADH, as evidenced by the substantial
increase in fluorescence at 572 nm and 586 nm, respectively, upon increasing the NADH
concentration from 0 uM to 5 uM. This fluorescence increase is accompanied by a

slight red shift. Probes A and B respond quickly to changes in NADH concentration
within a 6-min response time Figure 3, and demonstrate remarkable sensitivity, with
detection limits of 0.085 pM and 0.54 uM, respectively (Figure S11). The mechanism
responsible for this rapid response arises from the NADH-facilitated reduction of the
electron-withdrawing 3-quinolinium acceptors to electron-donating 1,4-dihydroquinoline
donors because the reaction products of the probes with NADH were established by
electrospray MS spectrometry (Figures S9 for AH and S10 for BH). This reduction
produces well-defined donor-r-acceptor cyanine dyes that are highly fluorescent and offer
sensitive detection of NADH (Figure 2).
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Probes A and B demonstrate an impressive level of selectivity for NAD(P)H in comparison
to a diverse range of other analytes. This includes cations, such as Co?*, Fe3* Na*, K,

and Ca2*, anions like CI=, NO3~, NO,™, and SO4%", as well as biothiols, such as glutathione
and cysteine, amino acids like lysine, methionine and glycine and carbohydrates, such as
glucose, ribose, fructose, galactose, lactate, and pyruvate (Figures S12 and S13). This high
level of selectivity is significant for the accurate detection and quantification of NAD(P)H,
an essential coenzyme that exerts a critical role in energy metabolism and numerous other
cellular processes. The propensity for these probes to selectively target NAD(P)H while
avoiding interference from other analytes enables the sensitive and specific determination of
this critical molecule in complex biological samples.

Theoretical calculations

Theoretical calculations were conducted as described in the supporting information.
Interestingly, the optimized geometries indicated a twisted arrangement between the two
groups connected by the ethylene bridge with dihedral angles of 25.0°, A; —0.59°, AH;
-42.2°, B; 23.6°, BH, Figure 4 for probe AH. This results in interplanar angles between the
thiazolium and quinoline moieties of 19.9°, A; 1.3°, AH; 45.8°, B; and 36.6°, BH. Based
on these results, a planar arrangement of the molecule may not be the reason for the shift in
absorption. While probe AH is planar, probe BH at 36.6° deviates significantly away from
planarity. The values for the calculated absorptions for the probes are in good agreement
within the suggested limit of 0.25 eV,27 A 366 nm, calc., (370 nm, expt.), AH 449 nm (531
nm), B 363 nm (400 nm), BH 491 nm (545 nm). Interestingly, while for probes AH and
BH, this absorption (see excited state 1 in Tables S5 and S9 for AH and BH, respectively)
consists solely of a HOMO to LUMO single LCAO transition, that for probes A and B
involves more combinations of orbitals, as is evident in Tables S3 and S7. An examination
of the orbitals responsible for excited state 1 for probe A, Figure S22, reveals that while the
HOMO (orbital 83) is essentially delocalized over the entire molecule, the LUMO (84) is
localized in the center. For probe B, the illustrations in Figure S26 show that the HOMO
(96) is not delocalized possible due to the much larger interplanar angle in B of 45.8°
compared to that in A of 25.0°. Here the electron charge shifts from the thiazolium side of
the molecule onto the middle and quinoline sections.

The current density drawing shown in Figure 5, representing the transition associated with
excited state 1 in all cases, reveals a remarkable trend in electron density shifts among
probes A and B, as well as their hydrogenated derivatives. In probe A, the electron density
shifts from either end of the molecule to the left side of the quinolinium moiety. In probe B,
electron density shifts from the aromatic rings to the sulfur atom within the napthothiazole
moiety, as well as shifting towards the ethene group. The addition of a hydride to the probes
results in a disruption in the conjugation within the quinoline moiety and for probes AH
and BH, the electron density seems to move away from the carbon atom where the hydride
coordinated, shifting towards both the sulfur atom within the benzothiazole moiety, and the
nitrogen atom in the quinolinium moiety. This difference in the origin of the transitions is
responsible for the change in absorption and thus fluorescence in the probes.
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Photostability of the probes

Photostability is a critical characteristic of fluorophores that refers to their ability to resist
photobleaching or loss of fluorescence due to prolonged light exposure. Probes A and B
exhibit remarkable photostability, as evidenced by the minimal fluorescence changes of less
than 3% observed after excitation for 2 hours at 572 nm, and 586 nm (Figures S14-S15).
This property is essential for applications that require long-term or repeated imaging, as
photobleaching can lead to loss of signal and decreased image quality over time. The high
photostability of probes A and B makes them valuable tools for imaging and detection
applications that require reliable and long-lasting fluorescence measurements.

pH effect on fluorescence responses of the probes to NADH

In our investigation, we examined the fluorescence response of the probes under varying

pH conditions both in the presence and absence of NADH. Notably, the probes displayed
minimal sensitivity to pH changes when NADH was absent. However, in the presence of
NADH, the probes exhibited fluorescence decreases as the pH decreased from 7.5 to 3.0 (see
Figures S16 and S17). Interestingly, this behavior aligns with similar observations made for
cyanine-based fluorescent probes utilized for NAD(P)H sensing.26

Cytotoxicity of the probes

An MTT assay was utilized to verify the toxicity of the probes, as described

previously.20: 28-31 A549 cells were subjected to either probe A or B, and the enzymatic
reduction of the yellow MTT dye to a purple formazan product in the mitochondria was
measured as an indicator of cell viability. The MTT assay shows that cell viability is above
80% under a concentration of 40 uM (Figures S18-S19), indicating that the probes are of
low toxicity to the cells. Employing a probe with low cytotoxicity can mitigate potential
negative impacts on cells, leading to more precise and dependable experimental outcomes.
Moreover, low cytotoxicity can enable longer exposure times or repeated measurements over
time, which is crucial for longitudinal studies or monitoring treatment effects.

Sensing of NAD(P)H in live cells

Accurately measuring NAD(P)H levels in live cells is crucial due to the coenzyme’s
involvement in diverse biological processes including energy metabolism and redox
homeostasis. 524 For this reason, having access to sensitive and compatible probes is
essential. In our study, we selected probe A, which is both highly sensitive and photostable,
to measure levels of NAD(P)H in living cells. After treating A549 cells with 10 pM of
probe A for 30 minutes, a moderate level of intracellular fluorescence was observed, which
is attributed to the presence of intracellular NAD(P)H. To confirm the selectivity of probe
A for NADH, the cells were preloaded with 20 uM of NADH in glucose-free DMEM
medium for 30 minutes, then incubated with probe A in glucose-free DMEM medium for
varying durations. A gradual increase in cellular fluorescence intensity was noted over time,
indicating high selectivity of the probe to NADH (Figure 6). We extended our fluorescence
cellular imaging study to include normal fibroblast cells (Figures S20 and S21). These cells
were initially incubated with 10 uM probe A in glucose-free DMEM medium, followed by
incubation with or without 20 uM NADH in the same medium. Over time, we observed a
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progressive increase in cellular fluorescence intensity, which reached a stable level within 30
minutes (Figure S20). Interestingly, in the control experiment, we observed that the normal
fibroblast cells exhibited a slightly lower NAD(P) level compared to A549 cancer cells
(Figure S20).

Glycolysis transforms glucose into pyruvate and results in two molecules of both ATP and
NADH per glucose molecule.32 NADH is a vital coenzyme for several metabolic processes,
including cellular respiration and energy production. The NADH molecules generated
during glycolysis can be devoted in the electron transport chain found in mitochondria to
manufacture more ATP through oxidative phosphorylation.32 Glucose and NADH levels

in live cells are closely linked, where the availability of glucose in the extracellular
environment and the cell’s ability to absorb and process glucose can affect the rate of
glycolysis and NADH production.32 To demonstrate the possibility of monitoring NADH
levels in the presence of extracellular glucose, we utilized probe A. We pretreated A549
cells with varying glucose concentrations, alternating from 0 to 20 mM, for 30 minutes,
followed by further incubation with 10 pM probe A for 30 minutes. An increase in glucose
concentration in the cell culture DMEM medium resulted in a corresponding increase in
cellular fluorescence intensity, indicating the capacity of the probe to monitor NADH levels
during glycolysis (Figure 7). We also conducted the same fluorescence cellular imaging on
normal fibroblast cells using probe A. After an initial 30-minute incubation with the probe,
the cells were further incubated with varying glucose concentrations (0, 5, 10, and 20 mM)
in glucose-free DMEM medium (Figure S21). We observed that the cellular fluorescence
intensity increased with higher glucose concentrations, indicating the production of NADH
in the presence of glucose. This increase in NADH levels can be attributed to the metabolic
processes within the cells (Figure S21). Glucose serves as an important energy source for
cellular respiration, and its metabolism through glycolysis leads to the generation of NADH.
Consequently, higher glucose concentrations in the cell media provide more substrate for
glycolysis, resulting in an elevated production of NADH. The elevated NADH levels, in
turn, contribute to the increased fluorescence intensity of the probe (Figure S20 and S21).
This sensitivity of the probe to changes in NADH concentration enables the detection and
visualization of NADH dynamics in live cells.

It is critical to monitor NAD(P)H levels in mitochondria since this cofactor is involved in
numerous metabolic processes, including ATP production through oxidative phosphorylation
in the mitochondrion.33 Thus, changes in NAD(P)H levels in mitochondria provide valuable
insightful information on the cell’s energy status and mitochondrial health. Several diseases,
including neurodegenerative disorders, cardiovascular diseases, and cancer, have been
associated with variations in the amount of NAD(P)H in mitochondria.3# For instance,
decreased levels of NAD(P)H in mitochondria have been observed in Alzheimer’s and
Parkinson’s disease, indicating that mitochondrial malfunction may contribute to the
formation of these diseases.34-36 Moreover, elevated NAD(P)H levels have been associated
with specific cancer types, indicating that mitochondrial metabolism may be altered in
cancer cells.36 To confirm that probe A could selectively target mitochondria through
electrostatic interactions, a co-incubation experiment was conducted by combining probe

A with an IR-780 cyanine dye that targets mitochondria in A549 cells. The strong
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Pearson correlation coefficient of 0.92 between IR-780 and probe A confirmed that
probe A selectively stains mitochondria (Figure 8). This result provides strong evidence
that the positive charges of probe A effectively interacted with the negative potential of
mitochondria, enabling the specificity of the probe to the mitochondria.

NADH plays a crucial role as a cofactor in glycolysis, being produced during the
transformation of glyceraldehyde-3-phosphate into 1,3-bisphosphoglycerate, and is closely
related to the generation of lactate and pyruvate.3” In hypoxic conditions, pyruvate

is transformed into lactate, leading to the regeneration of NAD* from NADH, which
allows glycolysis to continue and sustain ATP production.3”: 38 On the other hand, under
aerobic conditions, pyruvate is transferred to the mitochondria where it experiences further
metabolism in the TCA cycle, generating NADH that is employed by the electron transport
chain to create ATP. 37 The monitoring of NADH levels during glycolysis in cancer cells

is important to understand their metabolic state, and the presence of lactate and pyruvate
provides insight into the control of cellular metabolism and the progression of cancer. Our
investigation revealed that treating A549 cells with 10 mM lactate led to an increase in
cellular fluorescence intensity, while treatment with 5 mM pyruvate resulted in a decrease.
Cells treated with a mixture of 5 mM pyruvate and 10 mM lactate showed higher cellular
fluorescence intensity than control cells without treatment (Figure 9).

Under hypoxic conditions, cells experience a shortage of oxygen, leading to a reduction in
the effectiveness of the electron transport chain that relies on oxygen to produce ATP.37

As a result, cells rely more heavily on glycolysis, a process that generates ATP without
requiring oxygen, resulting in the accumulation of NADH and NADPH.3? Furthermore,

the conversion of NAD* to NADH, which is necessary for the conversion of pyruvate to
lactate through the activity of lactate dehydrogenase, further reduces the levels of NAD*.
This reduction in NAD* levels contributes to the ratio increase of NADH to NAD*, which
is a crucial parameter for regulating many cellular metabolic pathways, including signaling
pathways and gene expression.%9 Monitoring NAD(P)H levels is essential for understanding
the metabolic state of cells and their response to stress. We employed cobalt chloride
(CoCly) to trigger hypoxia and used probe A to determine NAD(P)H levels in A549 cells.
CoCls, is a hypoxia-mimicking agent that stabilizes the HIF-1a subunit by inhibiting its
prolyl hydroxylation, which triggers its degradation under normoxic conditions.* HIF-1a
is a transcription factor activated under low-oxygen circumstances, and its stabilization

can induce the upregulation of downstream target genes involved in adaptation to hypoxia,
such as those involved in angiogenesis, erythropoiesis, and glycolysis.#2: 43 CoCl, has been
widely used as a tool to study cellular responses to hypoxia because of its ease of use

and reproducibility.#4 It has been reported to provoke hypoxia-like responses in various

cell types, including cancer cells, neuronal cells, and endothelial cells.#4-46 Our results
using probe A showed that the intensity of cellular fluorescence increased significantly with
increasing doses of CoCl,, indicating that the probe could be exploited to assess alterations
in NAD(P)H levels under hypoxic conditions (Figure 10). This finding highlights the probe’s
potential as a useful tool for monitoring cellular responses to hypoxia and further exploring
the underlying mechanisms of cellular adaptation to stress.
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The drug cisplatin is frequently used in chemotherapy to damage the DNA of rapidly
dividing cancer cells.4”=4° Our findings reveal that increasing doses of cisplatin lead to
increases in NAD(P)H levels in A549 cells (Figure 11). One potential explanation for this
observation is that the DNA damage initiated by cisplatin stimulates the poly(ADP-ribose)
polymerase (PARP) pathway, which utilizes NAD* to synthesize poly(ADP-ribose) (PAR)
chains on damaged DNA. PARylation can facilitate the mobilization of DNA repair factors
to the damaged site and aid in the repair process.*’~49 However, excessive PARylation can
deplete NAD™, which can negatively affect cellular metabolism and energy production. Cells
can replenish NAD™ via the salvage pathway, where nicotinamide is converted to NAD*

by the enzyme nicotinamide phosphoribosyltransferase (NAMPT). NAMPT is upregulated
under stress conditions to facilitate this process.> Another possible mechanism for cisplatin-
induced NAD(P)H level increases can be the stimulation of the Nrf2 pathway, a crucial
regulator of antioxidant defense and stress response genes. Nrf2 can be activated by various
stress stimuli, including oxidative stress, and can enhance the expression of genes that
contribute to NAD(P)H production, such as glucose-6-phosphate dehydrogenase (G6PD),
an enzyme that is rate-limiting in the pentose phosphate pathway (PPP).%1 The PPP is an
alternative pathway for glucose metabolism that generates NAD(P)H, a reducing equivalent
that is critical for antioxidant defense and lipid synthesis.>2 Thus, the increase in NAD(P)H
levels in A549 cells administered with increasing doses of cisplatin may result from the
activation of the PARP and Nrf2 pathways,>3 which could lead to NAD* consumption

and NADPH production, respectively. These mechanisms may represent adaptive responses
of cancer cells to cope with cisplatin-induced stress and may contribute towards the
development of cisplatin resistance.53 Further understanding the molecular mechanisms that
underlie cisplatin-induced changes in NAD(P)H levels can offer insights into the metabolic
weaknesses of cancer cells and facilitate the development of novel strategies to circumvent
drug resistance.

The antimetabolite chemotherapy drug, gemcitabine, has been used to treat cancer.>4-57
Antimetabolites disrupt the process of DNA replication,? which is crucial for cell division.
In addition to its inhibitory effects on DNA synthesis, gemcitabine also affects cellular
metabolism and energy production, which may lead to its antitumor effects.>4->7 When
administered at various doses, gemcitabine results in an increase in the NAD(P)H levels in
Ab49 cancer cells (Figure 12). Numerous metabolic pathways, involving glycolysis and the
citric acid cycle, are dependent on these coenzymes. This mechanism by which the increase
in NAD(P)H levels is caused by gemcitabine remains to be discovered. It is theorized

that a decline in the amount of deoxynucleotide molecules, resulting from the action of
gemcitabine on ribonucleotise, correlates with an increase in NAD(P)H. It is therefore likely
that the increase in NAD(P)H levels by adding gemcitabine is the reason for its antitumor
capabilities and there may be changes to normal cellular metabolism and energy production
which result in apoptosis.>4=>7 Further research is required to fully clarify these points.

Camptothecin is a type of chemotherapy medication utilized for treating various cancers,
including A549 lung cancer.5%-61 |t functions by inhibiting topoisomerase I, inducing

cell cycle arrest and apoptosis in cancerous cells and affecting cellular metabolism and
energy production.>®-61 Administering camptothecin to A549 cancer cells causes increased
levels of NAD(P)H (Figure 13). The specific mechanisms by which camptothecin increases
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NAD(P)H levels are not entirely clear. Camptothecin treatment of A549 cells causes
DNA damage, activating DNA repair mechanisms. 3%-61 This activation could result in
an increased demand for NAD+ since the enzyme poly(ADP-ribose) polymerase (PARP),
involved in DNA repair, consumes it. As a result, NADH and NADPH levels increase,
impacting cellular processes, energy production, and ultimately contributing to antitumor
effects and apoptosis.5?

Vancomycin functions as an antibiotic by binding to the terminal D-Ala-D-Ala residues,
disrupting the synthesis of the bacterial cell wall.53-65 However, it also has non-antibiotic
effects, such as inhibiting the mitochondrial complex | enzyme that exerts a critical role in
energy production and cellular respiration.%6 At a concentration of 5 pM, vancomycin may
bind to and inhibit complex | in A549 cancer cells, causing a reduction in electron transport
chain activity and ATP production (Figure 14). This decline in ATP production can trigger
an increase in NADH levels, as the electron transport chain produces NADH when there is
a decrease in electron transport. However, at higher concentrations of vancomycin with 10
UM and 20 puM, the drug’s antibiotic effects may take precedence, causing cell death and
reducing metabolic activity. 53-8 This reduction in metabolic activity can result in a decline
in NADH levels, as there is less electron transport and hence less NADH production (Figure
14). It is also possible that the effects of vancomycin on NADH levels in A549 cancer

cells may depend on other factors such as the cell’s energy demands, oxidative stress levels,
and mitochondrial function. Additional research is required to fully delineate the underlying
mechanisms.

Sensing of NAD(P)H in first-instar larvae of D. melanogaster

NAD(P)H is one of the major components for energy production, cellular metabolism, and
redox signaling, underscoring the need to monitor its levels in developing organisms. Herein,
we evaluated the effectiveness of probe A in detecting NAD(P)H levels in just-hatched first-
instar larvae of the model organism D. melanogaster. To ensure consistency in NAD(P)H
levels across the larvae, we let them hatch without feeding by placing fruit fly eggs on a
moist paper towel. After incubating the larvae with 10 uM probe A in pH 7.4 PBS buffer

for 30 minutes, we observed moderate fluorescence intensity within the fruit fly larvae,
indicating lower levels of NAD(P)H owing to the lack of food after hatching (Figure 15). In
contrast, fruit fly larvae that were not washed off the egg-lay plates containing sugar showed
a much stronger fluorescence intensity (Figure 16), indicating higher levels of NAD(P)H
within the larvae because they started feeding after hatching. To further investigate variations
in NADH levels, we incubated the starvation-hatched larvae with different concentrations of
NADH for 15 minutes, washed them with pH 7.4 PBS buffer three times, and then incubated
these NADH-fed fruit fly larvae with 10 uM probe A for 30 minutes. This produced a
considerable increase of the fluorescence intensity for fruit fly larvae with increasing NADH
concentrations, highlighting the potential of probe A in investigating NAD(P)H dynamics

in developing organisms and providing valuable insights into the regulation of cellular
metabolism during development.
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CONCLUSIONS

In summary, we have developed highly sensitive cyanine dyes, probes A and B, by linking
benzothiazolium and 2,3-dimethylnaphtho[1,2-d]thiazol-3-ium units to 3-quinolinium
through a vinyl bond. These probes detect NAD(P)H levels rapidly and sensitively,

as indicated by increases in new fluorescence emissions upon NAD(P)H reaction,
demonstrating the reduction of their electron-deficient 3-quinolinium units. Probe A was
also utilized to monitor NADH levels in live cells during glycolysis, hypoxic conditions
induced by CoCl;, treatment, and after exposure to cancer drugs, including cisplatin,
camptothecin, and gemcitabine. Furthermore, probe A enabled us to visualize NADH
changes in D. melanogaster first-instar larvae. Overall, our results suggest that probe A
holds great utility for biological applications, particularly for the sensing of NAD(P)H in
cancer cells and for monitoring metabolic processes.
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NADH reactions with probes A and B.
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Preparative routes to prepare probes A and B.

ACS Appl Bio Mater. Author manuscript; available in PMC 2024 August 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Avrachchige et al. Page 18

02541 Probe A ] Probe B

Absorbance

Absorbance

560 660 ' 700 V
Wavelength (nm)

400

400 560 600 700
Wavelength (nm)

Figurel.
The absorption spectra of probe A (left) and probe B (right) at a concentration of 10 pM

were recorded without and with changing concentrations of NADH, following a 6-minute
incubation of NADH with the probes.

ACS Appl Bio Mater. Author manuscript; available in PMC 2024 August 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Arachchige et al.

Page 19

ity

='2.4x10° 4
2.0%10° 1
1.6%10°
1.2%10°

8.0x10°

uorescence Intens

i 4.0%10°

Wavelength (nm)

Fluorescence Intensity

Probe B

550 600 650 700

Wavelength (nm)

750

Figure2.

The fluorescence spectra of probe A (left) and probe B (right) at a concentration of 10 uM
were recorded with varying concentrations of NADH under 520 nm excitation. The probes
were incubated with NADH for 6 minutes prior to the measurement.
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Figure 3.

Luminescence spectra of 10 uM probe A (left) and B (right) as a function of time with

NADH (5 pM) under 520 nm excitation.
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Figure 4.
Atoms used for dihedral angle calculation between bridged groups in probe AH.
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Figureb.
3D surface illustrations of probes A, AH, B, and BH depicting the electron density variance

for their primary electron transitions. The top of the figure displays the color scale values.
Please refer to the Supplementary Material for diagrams illustrating the molecular orbitals
associated with these transitions.
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Figure 6.
Cellular luminescence images of A549 cells preloaded with 20 UM NADH in glucose-free

DMEM medium for 30 minutes and cultivated with 10 uM probe A in glucose-free DMEM
medium for varying incubation times, as well as a control image of A549 cells cultivated
with 10 pM probe A in glucose-free DMEM medium for 30 minutes. Image fluorescence
signals were captured between 550 to 650 nm upon 488 nm excitation for both sets of
images.
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Figure 7.
Cellular luminescence images of A549 cells cultivated in DMEM medium containing 0,

5, 10, and 20 mM glucose for 30 min and subsequently treated with 10 uM probe A in
glucose-deficient DMEM medium for 30 minutes. Image fluorescence signals were captured
between 550 to 650 nm upon 488 nm excitation for both sets of images.
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Figure 8.
Cellular luminescence images were captured of A549 cells that had been pretreated with

50 mM glucose in DMEM medium for 30 minutes, followed by co-incubation with 5 uM
IR-780 cyanine dye and 10 uM probe A in glucose-free DMEM medium for 30 minutes.
Yellow channel fluorescence images were gained employing 488 nm excitation and recorded
between 550 and 650 nm. Additionally, magenta channel Il was applied to capture near-
infrared luminescence emitted from mitochondria-specific IR-780 cyanine dye between 750
and 800 nm under 635 nm excitation.
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Figure.
Cellular luminescence images of A549 cells cultivated with 5 mM Pyruvate, 10 mM lactate,

or a mixture of 5 mM pyruvate and 10 mM lactate in glucose-deficient DMEM medium for
30 min and then treated with 10 UM probe A in glucose-deficient DMEM medium for 30
minutes. The image fluorescence signals were gathered from 550 nm to 650 nm under 488
nm excitation.
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Figure 10.
Cellular luminescence images of A549 cells pre-treated with 50, 100, and 150 pM CoCl, in

glucose-free DMEM medium for 12 hours and then cultivated in glucose-deficient DMEM
medium holding 10 uM probe A for 30 minutes. The image fluorescence signals were
obtained between 550 and 650 nm under 488 nm excitation.
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Figure 11.
Cellular luminescence images of A549 cells hatched in glucose-deficient DMEM medium

containing 5, 10, and 20 pM cisplatin for 2 hours and then hatched with 10 uM probe A in
glucose-deficient DMEM medium for 30 minutes. Image fluorescence signals were obtained
between 550 nm and 650 nm under 488 nm excitation.
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Figure 12.
Cellular luminescence images of A549 cells hatched in glucose-deficient DMEM medium

holding 5, 10, and 20 uM gemcitabine for 2 hours and then cultivated in glucose-deficient
DMEM medium holding 10 uM probe A for 30 minutes. Image fluorescence signals were
obtained between 550 nm and 650 nm under 488 nm excitation.
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Figure 13.
Luminescence images of A549 cells hatched in glucose-deficient DMEM medium holding

5, 10, and 20 uM camptothecin for 2 hours and then cultivated in glucose-deficient DMEM
medium including 10 uM probe A for 30 min. Image fluorescence signals were recorded
from 550 nm to 650 nm under 488 nm excitation.
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Figure 14.
Luminescence images of Ab49 cells preloaded with 5, 10, and 20 uM Vancomycin for 2

hours and then cultivated in glucose-deficient DMEM medium encompassing 10 uM probe
A for 30 minutes. Image fluorescence signals were recorded from 550 nm to 650 nm under
excitation at 488 nm.
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Figure 15.
Freshly starvation-hatched fruit fly larvae were placed in different NADH concentrations

from 0 (control) to 5 uM in a pH 7.4 PBS buffer for 15 min, washed three times with

the PBS buffer, and then immersed in PBS buffer solution holding 10 uM probe A for

30 minutes. Fluorescence signals from the images were obtained at a wavelength range of
550-650 nm upon 488 nm excitation.
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Figure 16.
Freshly food-hatched fruit fly larvae were immersed in pH 7.4 PBS buffer, including 10 pM

probe A for 6 h, then washed thrice with the PBS buffer solution. Fluorescence signals from
the image were collected at a wavelength range of 550-650 nm upon 488 nm excitation.
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