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A tracer-type fluorescent probe for imaging
adenosine triphosphate under the stresses of
hydrogen sulfide and hydrogen peroxide in living
cells}
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Adenosine triphosphate (ATP) is a direct energy source in cells and the core of the biochemical system,
and is closely related to various metabolic activities in living organisms. Therefore, designing a simple and
rapid ATP detection method is significant to study its physiological function. Herein, a dual-channel fluor-
escent probe RhB-NA for the in situ imaging of ATP in living cells was designed and synthesized. When
ATP bound to RhB-NA, the spirolactam in rhodamine B was induced to open, resulting in a new fluor-
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escence response at 589 nm. Notably, in cell imaging, the treatment of Hela cells with exogenous H,O,
and H,S, which have certain effects on the mitochondria, confirmed that RhB-NA could detect fluctu-
ations in ATP levels after the mitochondrial state was affected. We believe that RhB-NA has far-reaching
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Introduction

Adenosine triphosphate (ATP), as one of the nucleoside poly-
phosphates (NPPs), is known as the universal energy currency
within cells due to it being the most direct source of energy in
cells,? and plays an important role in cellular energy metab-
olism and signal transduction.’® Meanwhile, in living organ-
isms, ATP participates in a variety of essential biological
processes.”® Abnormal levels of ATP have an impact on some
physical functions, which can cause the occurrence of many
diseases, such as certain malignant tumors/cancers,
Parkinson’s disease (PD), and cardiovascular disease.” ">
Hence, in clinical diagnosis, the ATP level can be used as an
important monitoring index for many diseases, and develop-
ing a detection platform with high specificity is an attractive
goal for the early diagnosis of ATP-related diseases.

ATP is traditionally detected by electrophoresis (EP), isotope
tracers (ITM), chemiluminescence (CL), etc."*> However,
because of the long test time, complex test procedure and
inability to well image ATP in living cells, these methods do
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significance for studying certain physiological diseases caused by abnormal ATP levels.

not meet the current research requirements. Thus, we must
find a novel method to monitor ATP in living cells. In recent
years, fluorescent probe imaging technology has been further
developed in biomolecule detection due to its low cost, fast
detection speed, and real-time imaging in living cells."*™°
However, in recent decades, there have only been a few reports
on small-molecule fluorescent probes for ATP detection,
mainly through the opening of the spirolactam in rhodamine
to release fluorescence for simple identification.”®>* More
importantly, few probes have been reported that can simul-
taneously recognize ATP and track the probe to improve detec-
tion accuracy.”> >’ Therefore, the design of highly selective and
sensitive ATP detection probes is still an urgent problem to be
solved.

Herein, we report a novel two-channel fluorescent probe
RhB-NA (Scheme 1), in which diethylenetriamine was chosen
as a linker and reaction site for ATP, the fluorescence of rhoda-
mine was utilized for ATP imaging, and the fluorescence of
naphthalimide was used for probe tracking. RhB-NA fluoresced
naphthalimide when the ring in rhodamine B was closed; with
the addition of ATP, the spirolactam structure of rhodamine B
is opened, resulting in a new intense optical signal.

Furthermore, given that ATP is mainly produced in the
mitochondria, the detection of cellular endogenous ATP levels
by RhB-NA in different mitochondrial states was investigated.
In previous reports, changes in the levels of H,$**?° and
H,0,°%%3! in cells were found to have certain effects on the
mitochondrial state. Thus, the relationships between intra-

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Response mechanism of RhB-NA for ATP.

cellular ATP and exogenous H,S and H,0, were analyzed. Cell
imaging was performed with two fluorescence channels: the
green channel (lex = 458 nm, Aep, = 510-550 nm) and the red
channel (lex = 561 nm, Aoy = 580-620 nm). We observed that
the fluorescence intensity of the red channel increased after
H,S stimulation, while that of the green channel had no
obvious change; after stimulation with H,0,, the fluorescence
intensity of the red channel weakened, and that of the green
channel again had no significant change. As the result, a
method was developed that can trace the probe and detect
changes in ATP levels caused by H,S and H,0,.

Experiments
Materials

Relevant instruments and materials can be found in the ESI.{

Synthesis of RhB-NA

The probe RhB-NA was synthesized according to the route
shown in Scheme 1 via 3 steps. Compound 2°> and compound
5% were synthesized according to the procedure reported in a
previous work. Then, compound 2 (213 mg, 1 mmol) and com-
pound 5 (528 mg, 1 mmol) were dissolved in ethanol (15 mL),
and the mixture was refluxed for 10 h at 80 °C. Later, the
solvent was distilled under reduced pressure, and the crude
product was purified with silica gel column chromatography
(CH30H/CH,Cl,, 1:20, v/v), affording the probe as a yellow
solid (540 mg, yield 74%). The "H NMR and *C NMR spectra
and HR-MS results of the probe are shown in Fig. S1-S3.7 'H
NMR (600 MHz, DMSO) § 8.60 (d, J = 8.3 Hz, 1H), 8.37 (d, ] =
7.3 Hz, 1H), 8.14 (d, J = 8.4 Hz, 1H), 7.76 (m, 1H), 7.63 (s, 1H),
7.53 (m, 2H), 7.42 (s, 2H), 7.00 (d, J = 8.3 Hz, 1H), 6.82 (d, J =
8.4 Hz, 1H), 6.32 (d, J = 19.9, 9.0 Hz, 6H), 3.92 (s, 2H), 3.27 (q,
J = 7.1 Hz, 8H), 3.05 (d, J = 7.1 Hz, 2H), 2.70 (s, 2H), 2.23 (s,
2H), 1.03 (t, J = 7.0 Hz, 12H). "*C NMR (151 MHz, DMSO)
5 167.53, 164.27, 163.38, 153.78, 153.11, 153.10, 148.86,
134.31, 133.03, 131.37, 131.00, 130.17, 129.70, 128.71, 128.66,
124.37, 124.03, 122.71, 122.31, 119.84, 108.64, 108.59, 108.10,
105.55, 97.75, 64.47, 47.20, 47.04, 46.17, 44.10, 40.59, 40.47,
40.33, 40.19, 40.05, 39.91, 39.77, 39.63, 39.09, 33.74, 15.21,
12.80. HR-MS: m/z caled for the probe (C,4H46NeO4, [M + H]),
723.3581; found, 723.3646 (Scheme 2).

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

RhB-NA-ATP

Photochemical properties of RhB-NA measurement

A stock solution of RhB-NA required for property testing was
made by dissolving the probe in DMSO. ATP stock solution,
other ionic stock solutions and other biomolecule stock solu-
tions were prepared by dissolving their solids in PBS buffer
solution.

Living cell culture and imaging

HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum and grown in an
incubator at 37 °C for approximately 24 h. Fluorescence
signals were collected for the red channel: 580-620 nm (4¢x =
561 nm) and green channel: 510-550 nm (4 = 458 nm).

Results and discussion

Design of the probe RhB-NA and its sensing mechanism for
ATP

The probe RhB-NA was designed based on the high fluo-
rescence quantum yield and the spirolactam structure of rho-
damine B, to which diethylenetriamine was attached as the
reactive site for ATP. For the purpose of probe tracking, the
naphthalimide fluorophore was chosen as the “tracer” after
RhB-NA entered the cells, so that RhB-NA can be displayed in
the cells before and after the reaction with ATP.

We found that the fluorescence recognition of RhB-NA
towards ATP was carried out through the ring-opening of the
spirolactam in rhodamine B. As shown in Scheme 1, when the
ring of rhodamine B was closed, RhB-NA was stable and only
showed fluorescence from naphthalimide.

The two NH protons contained in RhB-NA can combine
with the triphosphate group of ATP through hydrogen bonds.
Further, the intermolecular interactions can be strengthened
through the n-r bonds between the base of ATP and the rhoda-
mine of RhB-NA. Ultimately, significant fluorescence emission
occurred due to the opening of the spirolactam ring. This reac-
tion mechanism has been reported previously.®

Spectral characteristics of RhB-NA

The recognition of the probe RhB-NA towards ATP was studied
by utilizing absorption and fluorescence spectroscopy in PBS
buffer. First, the UV-Vis spectra (Fig. 1a) of RhB-NA were
recorded in PBS buffer. It can be seen that the pure probe
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Fig. 1 (a) Absorption spectrum changes of RhB-NA (10 pM) upon the addition of ATP (10 mM). Inset: a photograph of RhB-NA before and after the
addition of ATP (10 mM) under natural light. (b) Fluorescence spectra of RhB-NA (10 pM, 4ox = 550 nm). Inset: a photograph of RhB-NA before and
after the addition of 10 mM ATP under a handheld UV light. (c) Linear relationship of the fluorescence intensity of RhB-NA with different ATP levels
(0-5 mM). (d) Fluorescence intensity at 589 nm of RhB-NA (10 uM) upon the addition of other species (1 mM) (1. ATP; 2. ADP; 3. AMP; 4. CL~; 5. Na*;
6. CO5%7; 7. K*; 8. CTP; 9. Cys; 10. Glu; 11. GSH; 12. GTP; 13. H,PO,~; 14. HPO,2™; 15. I7; 16. Lys; 17. NOs™; 18. SO427; 19. UTP) (lem = 562 M, ey =
550 nm, slit: 5 nm/5 nm). The reactions were performed in PBS buffer solution.

exhibited an obvious absorption peak at 451 nm; after adding of the spirolactam ring on the rhodamine B fluorophore and
ATP (10 mM), a distinct absorption peak appeared at 566 nm. the absorption peak of naphthalimide did not disappear.
A color change of the solution occurred from pale yellow to Therefore, we believe that this process is without fluorescence
pale pink. The result indicates that ATP induced the opening resonance energy transfer (FRET).

4224 | Analyst, 2022, 147, 4222-4227 This journal is © The Royal Society of Chemistry 2022
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Subsequently, we performed the ATP fluorescence titration
experiment of RhB-NA in the same system. Fig. 1b shows the
fluorescence changes of RhB-NA in response to different levels
of ATP. The figure shows the negligible intensity at 589 nm
when the free probe was excited at 550 nm; upon the addition
of ATP, a significant increase in fluorescence at 589 nm was
observed, followed by the saturation of fluorescence intensity
(an almost 20-fold increase in fluorescence) with the addition
of 10 mM ATP.

In addition, a good linear relationship between the fluo-
rescence intensity and the ATP levels (0-5 mM) is displayed in
Fig. 1c (R* = 0.9918, k = 1326.457). The detection limit is
0.002 mM, which demonstrated that the probe can detect ATP
efficiently and sensitively.

Selectivity studies

Selectivity is a significant parameter to determine the perform-
ance of a novel fluorescent probe. To verify the specificity of
RhB-NA for ATP detection, certain species were chosen for
selective experiments. Various common interfering ions such
as Cl7, Na, C0,*", K', H,PO,~, HPO,>", I", NO;~, SO,*;
energy-relevant molecules such as ADP, AMP, CTP, GTP, and
UTP; and amino acids such as Cys, Glu, GSH, and Lys were
chosen. They were separately added to a system of PBS (pH =
7.4) containing RhB-NA (10 puM). As shown in Fig. 1d, no
obvious fluorescence responses appeared, which clearly con-
firmed that the designed probe RhB-NA exhibited high selecti-
vity towards ATP. This result may be due to the presence of
hydrogen bonding forces between the phosphate moiety of
ATP and the diethylenetriamine of RhB-NA.

Cellular imaging

We found that RhB-NA responded well to ATP in in vitro experi-
ments. To further explore the cell permeability of RhB-NA,
living-cell confocal fluorescence imaging experiments were
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performed. Before conducting the cell imaging experiments,
the cytotoxicity of RhB-NA towards HeLa cells was explored
using CCK-8 assays (Fig. S4t). The results show that RhB-NA
has low cytotoxicity, proving the potential of this probe for bio-
logical applications.

Excitation wavelengths of 561 nm and 458 nm were used to
evaluate the ability of RhB-NA to image ATP in living cells. Co-
incubating RhB-NA with HeLa cells for 10 min, we found that
the red channel (lex = 561 nm, e, = 580-620 nm) and green
channel (dex = 458 nm, Ay = 510-550 nm) both showed
obvious fluorescence, indicating that RhB-NA has good mem-
brane permeability and can sensitively detect intracellular ATP
(Fig. S51). Moreover, within 15 min of RhB-NA completely
entering the cells, the red channel showed a trend of fluo-
rescence enhancement over time, while the green channel
showed no obvious fluorescence change (Fig. 2), indicating
that RhB-NA can sensitively monitor the dynamic variation of
intracellular ATP.

In addition, to the best of our knowledge, H,S is able to act
as a mitochondrial energy donor to stimulate ATP production,
and H,0, can cause mitochondrial damage, thereby affecting
ATP levels. Subsequently, the effects of exogenous H,S and
H,0, on ATP in living cells were analyzed. HeLa cells were
treated with Na,S solution (10 pM) for 10 min before adding
RhB-NA (10 pM) and then incubated for 10 min. As shown in
Fig. 3, fluorescence enhancement was found using confocal
microscopy, indicating that increased intracellular H,S levels
stimulated increased ATP levels. We believe that RhB-NA can
detect the fluctuations in ATP levels caused by H,S.

Next, exogenous H,0, (500 pM) was preincubated with
HeLa cells for 10 min, and RhB-NA (10 pM) was then added
and incubated for 10 min. Confocal imaging (Fig. 4) showed
that the fluorescence intensity of the green channel did not
change significantly, while the red channel showed almost no
fluorescence. In order to further demonstrate that RhB-NA can

Fig. 2 (a) Confocal microscopy fluorescence images of Hela cells induced by RhB-NA (10 pM) for 0—15 min and (b) the corresponding mean fluor-
escence intensities of the red and green channels. Red channel: l¢x = 561 nm, Aey, = 580-620 nm; green channel: 1o = 458 nm, Aem = 510-550 nm.

Scale bar: 10 pm.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Confocal microscopy fluorescence images for ATP in living HelLa
cells. Hela cells were incubated with (a) RhB-NA (10 pM) for 10 min; (b)
Na,S (10 pM) for 10 min and then RhB-NA (10 pM) for 10 min. Red
channel: lex = 561 nm, Aey = 580-620 nm; green channel: lex =
458 nm, Aem = 510-550 nm. Scale bar: 10 pm.
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Fig. 4 Confocal microscopy fluorescence images for ATP in living HelLa
cells. Hela cells were incubated with (a) RhB-NA (10 pM) for 10 min; (b)
H,O, (500 pM) for 10 min, then RhB-NA (10 pM) for 10 min. Red
channel: Aex = 561 nm, Aem = 580-620 nm; green channel: Ao =
458 nm, ey = 510550 nm. Scale bar: 10 pm.
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Fig. 5 Confocal microscopy fluorescence images of RhB-NA for ATP in
living Hela cells. Hela cells were incubated with (a) RhB-NA (10 uM) for
10 min; (b) H,O, (500 pM) for 10 min, probe (10 uM) for 10 min and then
exogenous ATP (1 mM) for 10 min. Red channel: lex = 561 nm, Aem =
580-620 nm; green channel: e = 458 nm, dey = 510-550 nm. Scale
bar: 10 pm.
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detect the H,0,-induced decrease in ATP levels, HeLa cells
were treated with H,0O, (500 pM) for 10 min, followed by RhB-
NA (10 puM) for 10 min, and finally exogenous ATP (1 mM) for
10 min. Confocal imaging (Fig. 5) showed that the fluo-
rescence intensity of the green channel did not change signifi-
cantly. The red channel fluoresced strongly. Therefore, we can
conclude that RhB-NA can detect the decrease in ATP levels
due to a large amount of H,0, stimulation. We attribute this
phenomenon to H,0, causing damage to mitochondrial func-
tion, thereby limiting ATP levels.

Conclusion

In summary, a novel dual-channel fluorescent probe was devel-
oped, which provides a specific fluorescence response to ATP
in vivo and in vitro, with high sensitivity, good biocompatibil-
ity, and membrane permeability. Moreover, RhB-NA was suc-
cessfully applied to image endogenous and exogenous ATP in
living cells. Importantly, RhB-NA can be used to sensitively
detect intracellular ATP level changes caused by H,S and H,O,.
More interestingly, the fluorescence of naphthalimide in RhB-
NA can be applied to track its entry into cells in real-time,
which has potential value for further clinical application-
related research.
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