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ABSTRACT: Fluorescent probes play a crucial role in elucidating cellular
processes, with NAD(P)H sensing being pivotal in understanding cellular
metabolism and redox biology. Here, the development and characterization
of three fluorescent probes, A, B, and C, based on the coumarin platform for
monitoring of NAD(P)H levels in living cells are described. Probes A and B
incorporate a coumarin-cyanine hybrid structure with vinyl and thiophene
connection bridges to 3-quinolinium acceptors, respectively, while probe C
introduces a dicyano moiety for replacement of the lactone carbonyl group of
probe A which increases the reaction rate of the probe with NAD(P)H.
Initially, all probes exhibit subdued fluorescence due to intramolecular charge
transfer (ICT) quenching. However, upon hydride transfer by NAD(P)H,
fluorescence activation is triggered through enhanced ICT. Theoretical
calculations confirm that the electronic absorption changes upon the addition
of hydride to originate from the quinoline moiety instead of the coumarin section and end up in the middle section, illustrating how
the addition of hydride affects the nature of this absorption. Control and dose—response experiments provide conclusive evidence of
probe C’s specificity and reliability in identifying intracellular NAD(P)H levels within HeLa cells. Furthermore, colocalization
studies indicate probe C’s selective targeting of mitochondria. Investigation into metabolic substrates reveals the influence of glucose,
maltose, pyruvate, lactate, acesulfame potassium, and aspartame on NAD(P)H levels, shedding light on cellular responses to nutrient
availability and artificial sweeteners. Additionally, we explore the consequence of oxaliplatin on cellular NAD(P)H levels, revealing
complex interplays between DNA damage repair, metabolic reprogramming, and enzyme activities. In vivo studies utilizing starved
fruit fly larvae underscore probe C’s efficacy in monitoring NAD(P)H dynamics in response to external compounds. These findings
highlight probe C’s utility as a versatile tool for investigating NAD(P)H signaling pathways in biomedical research contexts, offering
insights into cellular metabolism, stress responses, and disease mechanisms.
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1. INTRODUCTION glucose metabolism, resulting in type 2 diabetes.” Reduced

NADH (1,4-Dihydronicotinamide Adenine Dinucleotide) and NAI,)PH levels can also lead to increased .ROAS production,
NADPH (1,4-Dihydronicotinamide Adenine Dinucleotide causing cell death from DNA damage and oxidative stress, and,

Phosphate) are coenzymes, jointly referred to as NAD(P)H,’ contributing to the formation of various diseases.” Developing
) ) ey . .
that are crucial for energy metabolism, gene expression sensitive and specific methods to detect and quantify NAD(P)

regulation, and redox signaling pathways~* NADH is a H in live cells has broad implications for improving our

cofactor for various enzymes involved in metabolism and gene unéerstandm.g Of. the molecular rr}echanlsms thg:;l nderlie
. . . . various physiological and pathological processes. These
expression regulation and also functions as a carrier of

electrons for the transport chain in mitochondria.”™* Proper

NADH levels are essential for maintaining mitochondrial Received: May 1, 2024 a5
function and cellular redox balance.”™* Conversely, NADPH is Revised:  June 25, 2024
crucial for cellular defense against reactive oxygen species Accepted: July 1, 2024

(ROS) and is involved in detoxifying ROS, biosynthetic Published: July 12, 2024
pathways, and neurotransmitter production.”® Reduced
NADPH levels are linked to impaired insulin secretion and
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Scheme 1. Coumarin-Based Fluorescent Probes for Biosensing of NAD(P)H
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methods can also aid in early disease diagnosis and prognosis,
and the development of targeted therapeutic strategies.”” "
Ultimately, advances in the detection and quantification of
NAD(P)H can lead to improved patient outcomes and a better
understanding of the molecular mechanisms underlying various
diseases.””'” Fluorescence imaging with fluorescent probes is a
valuable technique for assessing NAD(P)H in live cells.” ™!
This technique has several advantages over other methods,
including high sensitivity, specificity, and noninvasiveness. It
also allows for live-cell imaging, enabling the monitoring of
changes in NAD(P)H in real-time.” > Furthermore, fluo-
rescence imaging with fluorescent probes enables multiplexing,
which means that multiple targets can be detected simulta-
neously.” ** This technique also allows for high throughput
screening, which can identify compounds that affect NAD(P)
H metabolism.”™* As a result, fluorescence imaging with
fluorescent probes is a powerful tool for studying the molecular
mechanisms underlying various physiological and pathological
processes, as well as for developing new therapeutic
strategies.”>*>** Developing fluorescent probes with longer
emission wavelengths is critical for reducing the interference
from the intrinsic fluorescence properties of NAD(P)H,
minimizing signal attenuation, enhancing imaging resolution
through deeper tissue penetration of light, and improving the
accuracy and sensitivity of fluorescence imaging in live
cells 2212324

Our probe formulations are based upon coumarins which
are a large family of 2H-chromen-2-one-containing compounds
that are widely used as fluorescent fluorophores due to their
unique optical and chemical properties, including broad
excitation and emission wavelengths, high quantum yield,
chemical stability, low toxicity, and ease of modification.”*™>’
As a result, coumarins are utilized as a desirable and ideal
fluorophore platform for a wide range of applications, such as
biological imaging, sensing, and dia§nostics for cations,*
anions,””*%%! pH, 273* NADH,"” H,S, 7/29,51 cysteine, homo-
cysteine, and glutathione (GSH),””*”*" cellular membranes,
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. . . 272931,3536
and reactive oxygen and nitrogen species.””*”"*>% The

fluorescence of coumarin fluorophores has been tuned to
longer emission regions by extending the 7-conjugation at the
3- or 4-position through a vinyl or single carbon—carbon bond
connection to different aromatic groups,'”>**”** replacing the
carbonyl group on the lactone moiety of the coumarin dyes
with 4-pyridylacetonitrile and cyano(4-nitrophenyl)methylene
moieties,” "> and by forming fused rhodamine dyes.***~** A
deep-red coumarin-based fluorescent probe has recently been
developed for NADH-sensing applications by introducing a
quinolinium moiety at the 3-position of coumarin through a
vinyl bond and replacing the lactone carbonyl group with a
dicyano group.'” In this study, we present the synthesis and
characterization of three novel fluorescent probes (A, B, and
C) designed specifically for the detection of NAD(P)H in live
cells. Our investigation focuses on elucidating how the
chemical structures of these probes influence their optical
properties, sensitivity, and fluorescence responses to NAD(P)-
H, aiming to identify the most effective probe for monitoring
NAD(P)H levels in cells treated with artificial sweeteners. By
exploring these relationships, we aim to provide practical
insights that can guide the development of more efficient
fluorescent probes for NAD(P)H sensing applications
(Scheme 1). Probes A and B feature a coumarin-cyanine
hybrid structure interconnected by vinyl and thiophene
bridges, leading to 3-quinolinium acceptors. In contrast,
Probe C replaces the coumarin carbonyl group in Probe A
with a dicyano moiety, significantly enhancing its electron-
withdrawing capacity. This modification augments the
reactivity of the 3-quinolinium moiety toward NAD(P)H,
thereby accelerating the reaction kinetics. This strategic design
ensures that the probes exhibit rapid responsiveness, high
specificity, and reliable performance in detecting intracellular
NAD(P)H levels. Initial investigations into probe A and probe
B elucidate the subtleties of their fluorescence behavior,
characterized by intramolecular charge transfer (ICT)
quenching in their basal states. However, upon interaction
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Scheme 2. Synthetic Strategy to Produce Coumarin-Based Probes A—C for NAD(P)H Sensing
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with NAD(P)H, fluorescence activation is triggered through mmol) dissolved in 10.0 mL of anhydrous dichloromethane at
enhanced ICT, demonstrating the potential utility of these ambient temperature under an inert atmosphere. This mixture was
probes for real-time NAD(P)H sensing. Probe C emerges as a stirred vigorously overnight. Subsequently, a discernible precipitate

materialized. This precipitate was isolated by filtration, followed by
thorough washing with dichloromethane, culminating in the
acquisition of probe A. '"H NMR (DMSO-ds, 500 MHz): & 9.85 (s,
1H), 9.30 (s, 1H), 8.44 (d, J = 10 Hz, 1H), 8.36 (d, ] = 10 Hz, 1H),

promising candidate for dynamic monitoring of cellular
NAD(P)H levels due to its rapid responsiveness and turn-on
longer wavelength emission. Furthermore, the selective

targeting of mitochondria by probe C underscores its potential 8.17 (t, J = 7.5 Hz, 1H), 8.12 (s, 1H), 8.00 (t, J = 7.5 Hz, 1H), 7.75
for probing mitochondrial redox metabolism and energy (d, J = 15 Hz, 1H), 7.55 (m, 2H), 6.78 (d, ] = 5.0 Hz, 1H), 6.58 (s,
homeostasis. Beyond probe development, our study inves- 1H), 4.64 (s, 3H), 3.46 (m, 4H), 1.14 (t, ] = 7.5 Hz, 6H) ppm. *C
tigates the impact of metabolic substrates, artificial sweeteners, NMR (DMSO-d;, 125 MHz): § 160.42, 156.21, 151.66, 149.72,
and chemotherapeutic agents on cellular NAD(P)H levels 142.87, 141.17, 137.28, 134.90, 132.44, 130.64, 130.57, 130.30,
(Scheme 1). Through experimentation with HeLa cells and in 129.72, 122.58, 122.42, 119.86, 119.53, 115.02, 110.21, 108.73, 96.72,
vivo studies using starved fruit fly larvae, we elucidate the 45.87, 44.75, 12.83 ppm. MS/Z = 385.14.

2.2.2. Synthesis of Probe B. Compound 9 (187 mg, 0.41 mmol)
was dissolved in 10 mL of dichloromethane, followed by the addition
of methyl trifluoromethanesulfonate (51.4 uL, 0.454 mmol). The
resulting mixture was stirred overnight under a nitrogen atmosphere

intricate interplays between cellular metabolism, stress
responses, and disease mechanisms. In summary, our
investigation into the development of fluorescent probes for

NAD(P)H‘determmanons holds promise for adyanCIng the at room temperature, yielding probe B. 'H NMR (DMSO-dy 500
understanding of cellular metabolism, redox biology, and MHz): 8 9.96 (s, 1H),9.38 (s, 1H), 8.42 (m, 2H), 8.18 (t, ] = 7.5 Hz,
disease pathogenesis. 1H), 8.09 (s, 1H), 8.02 (t, ] = 7.5 Hz, 1H), 7.90 (d, ] = 5.0 Hz, 1H),
7.70 (d, J = 15 Hz, 1H), 7.45 (d, ] = 10 Hz, 1H), 7.39 (s, 1H), 6.96
2. EXPERIMENTAL SECTION (d, J = 15 Hz, 1H), 6.74 (d, ] = 10 Hz, 1H), 6.55 (s, 1H), 4.68 (s,
2.1. Instrumentation. The NMR spectra (*H at 500 MHz and 1H), 3.44 (m, 4H), 113 (t, ] = 7.5 Hz, 6H) ppm. °C NMR (DMSO-
BC at 125 MHz) were acquired employing a Bruker NMR ds 125 MHz): § 160.59, 155.83, 151.19, 148.36, 146.53, 140.61,
spectrometer (Ascend 500) in both DMSO-dg and CDCI; solvents 139.76, 137.20, 134.84, 130.87, 130.68, 130.11, 129.76,
at a concentration of 2.0 X 107> M. Absorption and emission spectra 129.13,128.61, 128.27, 125.48, 122.09, 119.54, 11545, 110.03,
of the probes were examined using a PerkinElmer Lambda 35 UV/vis 108.85, 96.73, 45.?0, 44.65, 12.86 ppm. MS/Z = 467.26.
spectrometer and a Jobin Yvon Fluoromax-4 spectrofluorometer, 2.2.3. Synthesis of Probe C. Compound 11, dissolved in
respectively. For the mass spectrometry analysis of the probes and dichloromethane (30 mg, 0.07 mmol), underwent a reaction upon
their reduced products, a Thermo Scientific LCQ Fleet mass the addition of methyl trifluoro methanesulfonate (8.23 uL, 0.073
spectrometer was utilized. Confocal imaging was conducted utilizing mmol). The resulting mixture was stirred at room temperature under
an OLYMPUS FLUOVIEW FV1000, followed by processing of the a_nitrogen atmosphere overnight, yielding probe C. 'H NMR
captured images using both Image] and GIMP 2..10 software. Prior to (DMSO-dg, 500 MHz): 6 9.74 (s, 1H), 9.32 (s, 1H), 848 (d, J =
analysis, stock solutions of probe A, probe B, probe C, NADH, 10 Hz, 1H), 8.40 (d, J = 10 Hz, 1H), 8.23 (t, ] = 7.5 Hz, 1H), 8.13 (s,
NADPH, and other relevant analytes were prepared in pH 7.4 1H), 8.04 (t, ] = 7.5 Hz, 1H), 7.86 (d, ] = 15 Hz, 1H), 7.62 (d, ] = 10
phosphate-buffered saline. Hz, 1H), 7.26 (d, ] = 15 Hz, 1H), 6.96 (d, ] = 10 Hz, 1H), 6.64 (s,
2.2. Synthesis of Fluorescent Probes. 2.2.1. Synthesis of 1H), 4.67 (s, 3H), 3.53 (m, 4H), 1.17 (t, ] = 7.5 Hz, 6H) ppm. °C
Probe A. Methyl trifluoromethanesulfonate (57.9 uL, 1.2 equiv) was NMR (DMSO-d;, 125 MHz): § 170.29, 155.15, 152.98, 149.42,
introduced into a solution containing compound 5 (158.0 mg, 0.043 142.00, 140.10, 137.79, 131.28, 131.26, 130.91, 130.75, 129.62,
5439 https://doi.org/10.1021/acsabm.4c00595
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Figure 1. Absorption and fluorescence spectra of 10 uM probe A (304 and 461 nm) in the absence and presence of different NADH
concentrations in pH 7.4 phosphate buffers under an excitation of 460 nm.
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Figure 2. Absorption and fluorescence spectra of 10 4M probe B (465 nm) in the absence and presence of different NADH concentrations in pH

7.4 phosphate buffers under an excitation of 450 nm.

128.60, 125.25, 119.73, 117.25, 115.52, 112.58, 110.51, 95.99, 53.37,
53.04, 49.06, 46.23, 45.00, 12.81 ppm. MS/Z = 433.26.

2.2.4. Theoretical Calculations. Computer modeling of the probes
was conducted followin§ previously published protocols to establish
their initial geometries.”” Molecular data underwent refinement using
density functional theory (DFT) with the APFD functional*® and
electron basis sets at the 6-311%*g(d,p) level until convergence, within
Gaussian 16" and utilizing a polarizable continuum model (PCM)*°
for water. Frequency calculations did not contain imaginary
frequencies. Excited states were evaluated via TD-DFT optimization51
employing the CAM-B3LYP functional®® within a PCM of water. The
results were analyzed using GaussView 6,°* and all data and figures are
detailed in the Electronic Supporting Information (ESI), including
illustrations of LCAOs for all discussed molecular orbitals.

3. RESULTS AND DISCUSSION

3.1. Probe Design and Synthesis. The array of desirable
characteristics exhibited by coumarin, including its unique
combination of fluorescence properties, chemical stability,
synthetic versatility, biocompatibility, and minimal background
fluorescence, renders it useful for the construction of
fluorescent probes that can detect NAD(P)H.**"* In line
with this rationale, we methodically designed and synthesized
two distinct fluorescent probes (probes A and B) by
incorporating a NAD(P)H-sensing quinolinium electron-
deficient acceptor onto the coumarin framework, using vinyl
and thiophene connection bridges at the 3-position (Scheme
2). Probe A was synthesized via a palladium-catalyzed Heck
reaction involving 7-(diethylamino)-3-vinyl-2H-chromen-2-
one (3) and 3-bromoquinoline (4), yielding (E)-7-(dieth-
ylamino)-3-(2-(quinolin-3-yl)vinyl)-2H-chromen-2-one (5),
which was subsequently methylated. Probe B was synthesized

5440

via a multistep process, beginning with a palladium-catalyzed
Suzuki coupling reaction between quinolin-3-ylboronic (6)
acid and 2,5-dibromothiophene (7), yielding 3-(S-bromothio-
phen-2-yl)quinoline (8). Subsequently, compound 8 under-
went a palladium-catalyzed Heck coupling reaction between 7-
(diethylamino)-3-vinyl-2H-chromen-2-one (3) and 3-(5-bro-
mothiophen-2-yl)quinoline (8), yielding (E)-7-(diethylami-
no)-3-(2-(5-(quinolin-3-yl)thiophen-2-yl)vinyl)-2H-chromen-
2-one (9), followed by methylation of compound 9 (Scheme
2). To heighten the electron-deficient characteristic of the
probe, thereby expediting its reduction by NAD(P)H, we
constructed probe C by replacing the lactone carbonyl group
in compound § with a dicyano group, resulting in the synthesis
of (E)-2-(7-(diethylamino)-3-(2-(quinolin-3-yl)vinyl)-2H-
chromen-2-ylidene)malononitrile (11), and subsequently
methylating compound 11 (Scheme 2).

3.2. Optical Responses of the Probes to NADH. The
optical behavior of the three probes upon exposure to NADH
was investigated. Probe A exhibits a weak absorption at 304, a
midsized one at 461 nm, and a faint fluorescence peak at 537
nm under 460 nm excitation in the absence of NADH. This
subdued fluorescence emanates from the quenching effect
induced by the partial deactivation of ICT within a D—z—
A—m—A configuration, comprising two electron-withdrawing
acceptors and one electron-rich donor (Scheme 1). Upon
incremental addition of NADH to the probe solution, we
observed the expected increase in the absorption due to added
NADH at 340 nm>* and a decrease and slight shift in the
absorbance at 461—452 nm due to the reaction of probe A
with NADH to form AH. There are substantial increases in the
intensity and a red shift in position from 537 to 561 nm in the

https://doi.org/10.1021/acsabm.4c00595
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fluorescence after the addition of NADH with a linear response
to 200 M, and the limit of detection was calculated to 0.01
uM (Figure S22). These fluorescence enhancements stem
from the reduction of the electron-withdrawing quinolinium
acceptor by NADH to the electron-donating 1-methyl-1,4-
dihydroquinoline donor, thereby augmenting ICT within a
D—7n—A—n—D system, where two electron-rich donors
transfer electrons to the electron-withdrawing acceptor (Figure
1). Probe A exhibits fluorescence responsiveness to NADH
within 200 min, attributed to the reduction in charge density of
the 3-quinolinium acceptor via z-conjugation with the
coumarin dye, thereby slowing down the reduction of 3-
quinolinium within the probe by NADH (Figure S20). Our
previously established methodology utilized a thiophene
connection bridge to effectively modulate cyanine dyes toward
the near-infrared spectrum for NAD(P)H sensing applica-
tions.”” This strategy was employed in the synthesis of probe
B, utilizing thiophene to link coumarin with an electron-
withdrawing quinolinium acceptor, again for NAD(P)H
sensing purposes. Probe B displays a weak absorption at 465
nm (Figure 2). Unexpectedly, despite the incorporation of the
coumarin connection bridge, probe B failed to exhibit longer
emission wavelengths, instead demonstrating turn-on fluo-
rescence responses to NADH at 535 nm with a linear response
to 50 uM, and the limit of detection was calculated and found
to be 0.06 uM (Figure S23). Furthermore, probe B
demonstrated a pronounced fluorescence background even in
the absence of NADH (Figure 2), with its fluorescence
responsiveness to NADH registering at 160 min (Figure S21).

To facilitate the rapid reduction of the probe by NADH, we
synthesized probe C by substituting the lactone carbonyl group
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of probe A with a dicyano moiety, thereby augmenting the
reaction kinetics with NADH. Probe C displays a similar
absorption pattern to probe B exhibits a prominent absorption
peak at 521 nm and a faint fluorescence peak at 574 nm in the
absence of NADH (Figure 3). Upon introducing NADH to the
solution of probe C, there is a marginal increase in absorbance
at 521 nm and substantial enhancements in fluorescence at 583
nm, accompanied by a slight red shift with a linear response to
50 M, and the calculated limit of detection was found to be
0.01 uM (Figure S24). The incorporation of an electron-
deficient functionality within probe C, achieved by replacing
the lactone carbonyl group of probe A with a dicyano group,
facilitates the tuning of coumarin to emit longer wavelengths
and accelerates the fluorescence response to NADH compared
to probe A. Notably, probe C demonstrates consistent
fluorescence responses to NADH within 140 min (see Figure
4).

3.3. Theoretical Results. Theoretical calculations were
conducted to examine the geometry and electronic absorption
properties of the probes. Probe A contains a planar
arrangement between the quinolinium and coumarin moieties
(Figure S31). However, in probe AH (Figure S34), the
quinolinium group with the added hydride twists slightly as a
result of an adjacent H atom situated in between this CH,
entity and also the loss of planarity in this quinolinium moiety
resulting in an interplanar angle of 40° to the coumarin section.
In probe B (Figure S37), the coumarin and the vinyl thiophene
groups are in the same plane with the plane of the quinoline
moiety twisted and at an angle of 26° to that plane. In contrast,
these groups are in the same plane in probe BH (Figure S40).
The dicyano group in probe C results in deviations away from
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Figure S. Variations in current density through isosurfaces representing probes A, AH, B, BH, C, and CH and a detailed breakdown of energized
states (ES) quantities, including both theoretical and experimental wavelengths, LCAO transitions, and their proportional contribution percentages.
The figure also includes a key explaining each color gradation with the scale on the top of the figure. Diagrams related to the numerically labeled

LCAOs can be found in the supplementary data for further clarification.

planarity in the middle vinyl group. This deviation results from
the minimization of steric hindrance between the dicyano
group attached to coumarin and the proximal H atom on the
vinyl group and is evident in both probe C (Figure S43) and
CH (Figure S46).

The results of TD-DFT calculations and electron current
density transitions are displayed in Figure S. There is
reasonable agreement with the theoretical and experimental
absorption values with differences ranging from 7 nm in probe
BH to 27 nm for probe A. Probe C (89 nm) and CH (54 nm)
contain larger differences, probably because the optimized
geometry was not planar around the vinyl moiety. As is evident
in Figure 5, in probes A and B, the electronic transition
originates from the coumarin side of the molecule and ends up
on the quinoline moieties. For AH and BH, the transition
shifts and originates from the site of hydride addition, i.e., the
quinoline moiety, and ends up in the middle vinyl section.
With probes C and CH, the electronic transition originates
from different ends as with probes A and B, but the transition
ends up in both cases on the dicyano-substituted coumarin
section due to its superior electron stabilizing capability.

The images in Figure S for probes A, B, and C also illustrate
a possible reason for the order of reactivity with the hydride
addition. With these probes, C was found to react the fastest
with hydride addition complete after 140 min. An examination
of the magnitude of the Mulliken charge on the C atom (trans
to the N-Me group) which binds the hydrogen would reveal
that A is at 0.458, B at 0.108, and C is at 0.165. As the C atom
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on probe A is the most positive, one would expect that this
would react at the fastest rate; however, kinetic factors may be
at work here. The illustrations in Figure S suggest that there is
much less overall electron density in probe C compared to the
others, possibly because it is out of the quinolinium plane as
described above. This may make the reaction with NADH
more likely resulting in a shorter reaction time.

3.4. Probe Selectivity, Photostability, and Cytotox-
icity Study. Probe C exhibits remarkable specificity toward
NAD(P)H when compared to a wide array of other substances,
spanning cations such as Co®*, AI**, Sn**, Cu®*, Ca*, Mo™,
Fe**, and Sn**, anions like HCO,~, HSO,~, SO,*", CN-,
PO,*", NO;, CI, including biomolecules such as glutathione
and cysteine, amino acids including DL-tyrosine, methionine,
and lysine, and carbohydrates like glucose, ribose, fructose,
lactate, galactose, and pyruvate (Figure S28). This elevated
level of specificity is important for the precise identification
and measurement of NAD(P)H, a vital coenzyme pivotal in
energy metabolism and numerous cellular functions.

The resilience to photobleaching or loss of fluorescence over
extended light exposure, known as photostability, is a crucial
attribute for fluorophores. Probes A, B, and C showcase
notable photostability, evident in their minimal fluorescence
alterations following 2 h of excitation at 500 nm (Figures S25—
S27). Such durability is required for endeavors necessitating
prolonged or recurrent imaging, as photobleaching can
undermine signal integrity and image fidelity over time.
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Figure 6. Confocal laser fluorescence microscopy images illustrating the impact of varying NADH concentrations (0 #M as control, 20, 30, and S0
#M) on HeLa cells for 30 min, followed by a 30 min incubation with S 4M probe C. Fluorescent signals were captured within the $50—650 nm
range using a 488 nm excitation wavelength. Scale bars represent S0 pm.

To evaluate the toxicity of probe C, we employed an MTT
assay following established procedures®****7%" HeLa cells
were exposed to probe C, and we measured the change in the
yellow MTT dye to a purple formazan product due to
enzymatic reduction within mitochondria, indicating cell
viability. Our findings demonstrate that cell viability remains
above 83% at a concentration of 50 uM (see Figure S30),
suggesting that the probe does not induce toxicity in the cells.
The utilization of this probe with minimal cytotoxicity is
essential as it minimizes adverse effects on cell behavior,
ensuring more accurate experimental results. Furthermore, low
cytotoxicity facilitates prolonged exposure durations or
repeated measurements, which are vital for longitudinal studies
or monitoring treatment responses.

3.5. Visualizing Dynamic Cellular NAD(P)H Fluctua-
tions across Various Chemical Treatments. Due to its
longer wavelength emission and rapid responsiveness to
NAD(P)H, probe C was selected for monitoring dynamic
cellular NAD(P)H levels across various chemical treatments.
In order to verify the specificity of probe C toward intracellular
NAD(P)H levels, control experiments and NADH dose—
response experiments were conducted using HeLa cells. In the
control experiment, HeLa cells were subjected to S #M probe
C in glucose-free DMEM medium for 30 min without prior
exposure to NADH. Fluorescence imaging demonstrated
minor fluorescence at this stage (Figure 6), indicating a low
basal level of intrinsic NAD(P)H. This indicates that probe C
remains inactive if NADH levels are not elevated. Conversely,
HeLa cells, pretreated with different concentrations of NADH
(20, 30, and 50 uM) for 30 min in glucose-free DMEM,
displayed an increase in fluorescence dependent on dose upon
subsequent incubation with probe C (Figure 6). Higher
concentrations of NADH pretreatment resulted in higher
fluorescence intensity, directly proportional to the extracellular
NADH levels. This dose-dependent response affirms the
specificity of probe C in detecting differences in intracellular
NADH, with increased fluorescence indicating elevated NADH
content. The results from both control and dose—response
studies validate the capability of probe C to selectively monitor
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dynamic alterations in NADH levels without nonspecific
activation. The strong correlation observed between NADH
levels and probe C fluorescence allows for reliable quantitative
imaging.

We hypothesized that the single positive charge on probe C
could facilitate targeting of mitochondria via opposite charge
interactions with the negative mitochondrial membrane
potential. To evaluate this hypothesis, we conducted
colocalization experiments in HeLa cells utilizing the
mitochondrial-specific cyanine dye (IR-780). Preceding this,
cells were exposed to 20 uM NADH in glucose-free DMEM
for 30 min, followed by simultaneous exposure to S yuM probe
C and 5 M cyanine dye (IR-780) for another 30 min. Analysis
using the Pearson correlation coefficient demonstrated a strong
colocalization between probe C and cyanine dye, with a
coefficient value of 0.915 (Figure 7). This robust correlation

I. Channel 1
Prbe A

II. Channel 2
IR 780

Bright Field

Intensity

Overlay 1 & 11 Correlation I & II

Pearson
Correlation
Coefficient: 0.915

Figure 7. Confocal laser fluorescence microscopy images demonstrat-
ing the effects of varying concentrations of NADH (20 #M) on HeLa
cells following a 30 min exposure period, followed by coincubation
with S uM of probe C and S uM of cyanine dye (IR-780) for an
additional 30 min. Fluorescent signals were captured within the range
of 550—650 nm using a 488 nm excitation wavelength. Scale bars
indicate 50 pm.
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Figure 8. Confocal laser fluorescence microscopy images illustrating the response of HeLa cells to different glucose concentrations (0 mM as
control, S, 10, and 20 mM) after a 30 min exposure, followed by incubation with probe C (S #M) for an additional 30 min. Imaging was performed
within the 550—650 nm range with a 488 nm excitation wavelength. Scale bar = 50 um.
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Figure 9. Confocal laser fluorescence microscopy images displaying HeLa cells subjected to different maltose concentrations (0 mM as control, 5,
10, and 20 mM) for 30 min, followed by incubation with probe C (S yM) for an additional 30 min. Imaging was performed within the $50—650
nm range using a 488 nm excitation wavelength. Scale bars indicate S0 pm.

supports our assertion that the cationic nature of probe C
facilitates selective staining of mitochondria, resulting in
accumulation within the negatively charged mitochondria.
The ability to detect NADH levels within mitochondria holds
significant importance, given their pivotal role as cellular
powerhouses reliant on NADH as an indispensable electron
carrier for oxidative phosphorylation and ATP synthesis.

One of our primary objectives was to investigate the impact
of varying glucose availability on intracellular NADH levels.
Glucose plays a pivotal role in NADH generation via glycolysis,
wherein it undergoes conversion to pyruvate, leading to
NADH production within the cell’s cytosol. We posited that
augmenting extracellular glucose levels would bolster glycol-
ysis, consequently elevating NADH production. To verify this
hypothesis, we conducted an experiment utilizing HeLa cells,
subjecting them to varied glucose concentrations (0, S, 10, and
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20 mM) in glucose-free DMEM for 30 min, followed by
treatment with S uM probe C in glucose-free DMEM for
another 30 min. Subsequently, fluorescence imaging was
conducted employing an excitation wavelength of 488 nm
and observing emission ranging from 550 to 650 nm. As
anticipated, heightened glucose concentrations elicited a
progressive rise in fluorescence intensity, indicative of
increased NADH levels (Figure 8). The absence of glucose
yielded minimal baseline fluorescence, denoting low NADH
levels. Nonetheless, fluorescence levels exhibited a dose-
dependent escalation with 5, 10, and 20 mM glucose
treatments, signifying that elevated extracellular §lucose levels
spurred glycolysis and NADH generation.'”'»*>**** These
observations underscore the profound influence of glucose
levels on glycolytic activity and NADH production. This
methodology presents a valuable avenue for delving into redox
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Figure 10. Fluorescence emission images depicting the response of HeLa cells under various pretreatment conditions, including lactate, pyruvate,
or a combination of both, in a glucose-deficient DMEM medium, observed over 30 min. Subsequently, the cells were coincubated with S uM of
probe C in glucose-deficient DMEM medium for an additional 30 min. Fluorescence emissions were captured using excitation at 488 nm and

detecting emissions ranging from 550 to 650 nm.
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Figure 11. Confocal laser fluorescence microscopy images illustrating the impact of different concentrations of Ace-K (0 mM as control, S, 10, and
20 mM) on HeLa cells after a 30 min exposure, followed by a subsequent 30 min incubation with S M probe C. Fluorescence signals were
captured between 550 and 650 nm using a 488 nm excitation wavelength. The scale bar represents 50 ym, indicating the spatial dimensions of the

images.

biology and the intricacies of cellular metabolism within its
natural milieu.

Maltose, a disaccharide formed from two glucose molecules
bonded by an a(1 — 4) glycosidic bond, is commonly utilized
in brewing beer, baking, and the food industry as a sweetener
and fermentation substrate.”> Although less sweet than glucose
or sucrose, maltose can be broken down into glucose, serving
as an energy source for organisms.62 Our investigation focused
on the impact of maltose on NAD(P)H levels in HeLa cells
through pretreatment with varying concentrations of maltose
followed by incubation with probe C. Results revealed a
significant increase in cellular fluorescence upon maltose
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treatment compared to an equivalent concentration of glucose,
implying a more pronounced elevation in NAD(H) levels with
maltose (Figure 9). This suggests efficient enzymatic break-
down of maltose into glucose within cells.”” Notably,
fluorescence levels demonstrated a dose-dependent increase
with maltose treatments of S, 10, and 20 mM, implying that
elevated extracellular glucose levels stimulate glycolysis and
NADH generation.

The impact of exogenous pyruvate and lactate on glycolytic
flux and intracellular NADH levels was also explored.”’ In
cancer cells, pyruvate is primarily converted to lactate during
aerobic glycolysis, leading to NADH consumption.”> We
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Figure 12. Confocal laser fluorescence microscopy images illustrating the impact of different concentrations of aspartame (0 mM as control, S, 10,
and 20 mM) on HeLa cells following a 30 min treatment, followed by incubation with probe C (S gM) for an additional 30 min. Fluorescent
imaging was performed within the 550—650 nm range using a 488 nm excitation wavelength. Scale bars represent 50 ym.

theorized that pyruvate and lactate would result in different
responses on cytosolic NADH levels, which could be
monitored dynamically with probe C. To examine this
hypothesis, HeLa cells were pretreated with varied amounts
of pyruvate or lactate before exposure to probe C (Figure 10).
Interestingly, pretreatment with 5 mM pyruvate resulted in a
significant reduction in fluorescence of probe C referenced to
control cells. This suggests rapid NADH reaction by lactate
dehydrogenase during the conversion of pyruvate to lactate.
Furthermore, pretreatment with 10 mM lactate led to a notable
increase in the fluorescence of probe C, indicating elevated
NADH levels and enhanced intracellular NADH production.
Of particular interest, joint pretreatment with 10 mM lactate
and 5 mM pyruvate resulted in even higher fluorescence of
probe C than observed in control cells. This demonstrates a
synergistic effect and underscores the complex interplay
between lactate and pyruvate in adjusting glycolytic NADH
levels. These findings emphasize the significance of the lactate/
pyruvate ratio in determining the cytosolic NADH redox state.
Overall, real-time NADH imaging facilitated by probe C offers
valuable insights into the reciprocal relationship between
glycolytic substrates and NADH generation/consumption. Our
research underscores the importance of comprehending these
metabolic processes in cancer and other diseases, as
dysregulated NADH signaling is implicated in various
pathological conditions.”>*

Acesulfame potassium, commonly referred to as Acesulfame
K or Ace-K, is an artificial sweetener known for its intense
sweetness, apé)roxjmately 200 times sweeter than sucrose
(table sugar).®* Widely utilized as a sugar substitute across
various food and beverage categories, including soft drinks,
candies, chewing gum, desserts, and dairy products, it gained
approval by the Food and Drug Administration (FDA) in the
United States in 1988, following its discovery in 1967.°7°° The
role of Ace-K in cellular metabolism was also explored using
probe C in a study involving HeLa cells. Treating HeLa cells
with varying concentrations of Ace-K and subsequent
incubation with probe C revealed a significant increase in
cellular fluorescence, indicative of elevated NAD(P)H levels in
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response to Ace-K treatment (Figure 11). This observed rise in
NAD(P)H levels within HeLa cells, despite the absence of
glucose in the cell culture media, is likely attributable to several
interconnected mechanisms. These mechanisms encompass
potential stimulation of alternative metabolic pathways, leading
to enhanced NAD(P)H production; activation of NAD(P)H-
producing enzymes within the tricarboxylic acid (TCA)
cycle;” induction of cellular stress responses prompting
compensatory upregulation of NAD(P)H synthesis pathways
to uphold redox balance; and potential modulation of
intracellular signaling cascades such as AMP-activated protein
kinase (AMPK) pathways.”® Collectively, these findings may
underscore the intricate interplay between cellular metabolism,
stress response, and signaling pathways in response to Ace-K
exposure.

Aspartame, a widely used artificial sweetener in various foods
and drinks, consists of aspartic acid bonded to methyl L-
phenylalanine.ég’70 Our investigation using probe C on HeLa
cells revealed that after treatment with varying aspartame
concentrations and subsequent incubation with probe C,
cellular fluorescence notably increased, indicating a significant
rise in NAD(P)H levels due to aspartame treatment (Figure
12). The components of aspartame, phenylalanine, and
aspartic acid can be metabolized within cells to generate
energy via alternative metabolic pathways, potentially con-
tributing to the production of NAD(P)H. Furthermore,
aspartame metabolism might indirectly influence NAD(P)H
levels by modulating enzyme activity involved in NAD(P)H
metabolism, particularly those engaged in amino acid break-
down or redox reactions. These enzymatic activities could be
altered by aspartame presence, thereby affecting NAD(P)H
balance within the cell.”" Although further research is essential
to fully understand these mechanisms, these pathways suggest
that aspartame could impact NAD(P)H levels in HeLa cells,
even without glucose in the cell culture media. This
understanding could shed light on cancer cell metabolic
adaptations and responses to external factors like artificial
sweeteners such as aspartarne.71

https://doi.org/10.1021/acsabm.4c00595
ACS Appl. Bio Mater. 2024, 7, 5437—-5451


https://pubs.acs.org/doi/10.1021/acsabm.4c00595?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c00595?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c00595?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c00595?fig=fig12&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.4c00595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

Control

Channel I
Channel II
Bright Field
,,,,, - |
Merge Channels
I andII

Oxaliplatin
5puM

Oxaliplatin
10 pM

Oxaliplatin
20 uM

|
Al

Figure 13. Confocal laser fluorescence microscopy images illustrating the response of HeLa cells to varying concentrations of oxaliplatin (0 uM as
control, S, 10, and 20 M) for 30 min, followed by incubation with probe C (5 #M) for an additional 30 min. Fluorescent imaging was carried out
within the 550—650 nm range using a 488 nm excitation wavelength. The scale bar denotes 50 ym.
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Figure 14. Fluorescence images depicting starved fruit fly larvae subjected to varying concentrations of NADH (ranging from 0 to 100 M) for 1 h
in pH 7.4 PBS buffer, followed by immersion in a PBS buffer solution containing S uM probe C for an additional 2 h. Fluorescence signals were
captured within the 550—650 nm range using a 488 nm excitation wavelength. The scale bar denotes 50 ym.

Ogxaliplatin, a vital chemotherapy agent utilized in combating
various cancers, particularly colorectal cancer, belongs to the
platinum-based class of drugs.”*~”* Its mode of action inhibits
the DNA synthesis process within cells, ultimately leading to
their demise.”””"* Often integrated into treatment protocols
alongside other chemotherapy drugs, oxaliplatin is adminis-
tered intravenously, though not without negative ramifications
such as nausea, vomiting, fatigue, and nerve damage, requiring
vigilant monitoring by healthcare providers.”””"* In our
investigation, we employed probe C to examine oxaliplatin’s
impact on NAD(P)H levels within HeLa cells (Figure 13).
Post-treatment with oxaliplatin and subsequent incubation
with probe C, results in a significant surge in cellular
fluorescence, presumably due to a marked elevation in
NAD(P)H levels following oxaliplatin exposure. One plausible
mechanism driving this increase in NAD(P)H levels involves
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oxaliplatin’s interference with DNA synthesis.”””~’* The
formation of platinum-DNA adducts by oxaliplatin initiates
DNA damage, preventing cellular repair and copying
mechanisms that heavily rely on NAD(P)H as a cofactor for
various enzymes essential in DNA repair and copying
pathways.””~’* Consequently, the reduced demand for NAD-
(P)H to sustain these repair processes in oxaliplatin-treated
cells contributes to the observed elevation in cellular NAD(P)
H levels. Moreover, oxaliplatin-induced cellular stress and
damage can trigger metabolic shifts within cells, encompassing
alterations in glycolysis, the citric acid cycle, and oxidative
phosphorylation. These metabolic adjustments can perturb the
balance of NAD+ and NADH (or NADP+ and NADPH)
within cells, leading to an increase in NAD(P)H levels.
Furthermore, oxaliplatin treatment may alter the function of
enzymes involved in NAD(P)H metabolism, such as
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Figure 15. Fluorescence microscopy images illustrating starved fruit fly larvae treated with different concentrations of oxaliplatin (ranging from 0 to
20 uM) for 1 h in pH 7.4 PBS buffer, followed by immersion in a PBS buffer solution containing S #M probe C for an additional 2 h. Fluorescence
signals were captured within the 550—650 nm range using a 488 nm excitation wavelength. The scale bar denotes 50 ym.

nicotinamide phosphoribosyltransferase (NAMPT), a pivotal
component for the regenerative pathway of NAD+ biosyn-
thesis.”> Modulations in the activity of such enzymes can
impact cellular NAD(P)H levels. In summary, the escalation in
NAD(P)H levels within HeLa cells following oxaliplatin
treatment may arise from a complex interplay of cellular
responses, including inhibited DNA damage repair, metabolic
reprogramming, and alterations in enzyme activities associated
with NAD(P)H metabolism.”> This multifaceted response may
underscore the intricate mechanisms underlying oxaliplatin’s
therapeutic effects and provide valuable insights into its mode
of action at the cellular level.

We employed freshly starved-hatched fruit fly larvae as a
model system to assess the efficacy of probe C in monitoring
NAD(P)H dynamics in vivo.'”>> The selection of these larvae
was due to their reduced NAD(P)H levels, a result of
metabolic adjustments in response to lacking nutrients upon
hatching.B’55 In the absence of food, larval metabolism
consumes NAD(P)H, a crucial coenzyme central to cellular
reactions. This consumption establishes a controlled baseline,
optimal for scrutinizing NAD(P)H fluctuations in response to
various treatments.'>> In our investigations, control larvae
treated with probe C in PBS exhibited minimal fluorescence,
indicating consumption of NAD(P)H (Figure 14). Upon
exposure to different concentrations of NADH, we observed a
dose-dependent rise in fluorescence, mirroring the increase in
NAD(P)H levels (Figure 14). This illustrates the sensitivity of
probe C in real-time monitoring of NAD(P)H changes in
reaction to NADH. Similarly, exposure to oxaliplatin resulted
in an enhancement of fluorescence due to the formation of
porbe CH, compared to the control group, indicating
heightened NAD(P)H levels induced by oxaliplatin-induced
stress (Figure 15). This elevation in NAD(P)H likely arises
from metabolic adjustments and cellular stress response
pathways triggered by oxaliplatin toxicity. Our observations
from experiments with starvation-hatched larvae highlight the
effectiveness of probe C in elucidating NAD(P)H dynamics
influenced by external compounds within living organisms.
The findings concerning NADH and oxaliplatin shed light on
larval metabolism and cellular stress responses. Importantly,
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they affirm the utility of probe C for studying NAD(P)H
signaling pathways in biomedical research contexts. Our study
offers insight into NAD(P)H dynamics in living organisms,
facilitated by probe C, and underscores its significance in
advancing biomedical research aimed at unraveling intricate
cellular processes and responses to external stimuli.

4. CONCLUSIONS

In summary, our study presents a comprehensive investigation
into the development and characterization of three novel
fluorescent probes A, B, and C, designed for continuous
tracking of NAD(P)H levels in live cells. The incorporation of
coumarin platforms and electron-deficient functionalities
resulted in the formation of probe C which demonstrated
rapid responsiveness and selective targeting of mitochondria.
The specificity of probe C toward intracellular NAD(P)H
levels was validated through control experiments and dose—
response studies in HeLa cells, offering a reliable tool for
quantitative imaging of NAD(P)H dynamics. Furthermore, our
exploration into the impact of metabolic substrates and
chemotherapeutic agents on cellular NAD(P)H levels provided
evidence of complex interactions underlying cellular metabo-
lism, stress responses, and disease mechanisms. From the
influence of glucose availability to the responses to artificial
sweeteners and chemotherapy drugs, our findings provide
valuable insights into cellular adaptations and responses to
external stimuli. Importantly, our in vivo studies using starved
fruit fly larvae highlight the applicability of probe C in
monitoring NAD(P)H dynamics in living organisms, empha-
sizing its utility in biomedical research. The versatility and
reliability of probe C underscore its significance as a valuable
tool for probing NAD(P)H signaling pathways, advancing our
understanding of cellular metabolism, redox biology, and
disease pathogenesis. Future research utilizing probe C holds
promise for unraveling intricate cellular processes and
suggesting targeted therapeutic interventions.
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