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A new aggregation-induced emission (AIE)-based fluorescence sensor, TPEPy-SS-C14, for simultaneous
recognition of adenosine triphosphate (ATP) and hydrogen sulfide (H,S) has been reported via the
aggregation-disaggregation mechanism. The probe self-assembles nano-structure aggregations in aqueous
solution. It shows fluorescence turn-on response toward ATP for the complexation-enhanced aggregation,
but leads to fluorescence quenching of H,S for cleavage the aggregations.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Adenosine triphosphate (ATP), known as “the energy currency
of the cell”, plays an important role in living cells, including pro-
tein synthesis, intracellular signal transduction and cell division
[1,2]. The abnormal levels of intracellular ATP have been proved
to be closely associated with a variety of diseases, such as cancer
and Parkinson [3]. On the other hand, as a signal molecule, hy-
drogen sulfide (H,S) widely exists in heart, brain, liver and other
major organs, and plays an irreplaceable role in physiological func-
tions including neural regulation, apoptosis, insulin signal inhibi-
tion and blood pressure [4]. The normal concentration of H,S in
cells is about 0.01-3 pmol/L [5]. Abnormal H,S level can lead to
the disfunction of cell, which is related to many diseases, like cir-
rhosis and Alzheimer’s disease [6]. Therefore, the detection of ATP
and H,S level has important physiological and pathological signifi-
cance.

Recently, fluorescent sensors of ATP and H,S within cellular en-
vironments are well developed for the fast response, excellent se-
lectivity, high sensitivity and simple operation of the fluorescent
technique [7]. The ATP sensors are mainly on the basis of the dif-
ferent host-guest interaction mechanism, for instance, metal ion
complexation, hydrogen bonding, w- interaction and the electro-
static interaction [8-12], while the recognition of H,S is based on
the different types of chemical reaction, including copper sulfide
precipitation, nucleophilic addition and reductive reaction [13,14].
Nevertheless, the traditional sensors are mainly limited to detect
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single species, fluorescent sensors for the simultaneous recognition
of ATP and H,S are still rare.

Currently, fluorescent sensors for simultaneous detection dual
or multiple chemical species in biology have attracted much atten-
tion [15-17]. Some multifunctional fluorescent sensors for ATP and
another analyte, including H,0,, H,S, ONOO~ and nitroreductase
(NTR), were also documented [18-23]. Typically, the multi-analyte
chemosensors were elegantly prepared by covalently linked multi-
ple analyte recognition sites, including complexation and chemical
reaction, with one or two flurophores in a single molecule. This
strategy requires cumbersome chemical synthesis methods and is
time-consuming and labor-intensive.

Aggregation-induced emission (AIE) fluorogens, also named as
AlEgens, which have attracted much attention for their unique
fluorescence emission properties [24]. The AlEgens show non-
or weak emission in dilution solutions, but emit strongly at
the aggregation state. Previously, we have reported imidazolium-
functionalized tetraphenylethylenes, which have a good fluores-
cence turn-on sensing toward ATP for the complexation enhanced
aggregation [25]. We envisioned that if the second recognition site
such as the disulfide bond is rationally incorporated into this sys-
tem, a dual functional probe which can detect ATP and another an-
alyte will be obtained. In this context, herein, we design and syn-
thesize a novel AIE bifunctional probe TPEPy-SS-C14 (Scheme 1),
which can simultaneously detect ATP and H,S based on the aggre-
gation/disaggregation mechanism. The probe TPEPy-SS-C14 is ra-
tionally designed as following: (1) The TPEPy unit makes probe a
red AIE-based emission, (2) the pyridinium and amide groups are
used as the ATP binding site via the electrostatic interactions and
hydrogen bonding, (3) the disulfide bond is cleavable by H,S, and
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Scheme 1. Chemical structure of TPEPy-SS-C14 and its proposed response mecha-
nism to ATP and H,S.

(4) the long alkyl chain endows probe a good amphiphilic property
in aqueous solution. In addition, the probe locates mitochondria,
and can detect ATP and hydrogen sulfide levels in living cells.

The detailed synthesis route of TPEPy-SS-C14 is shown in
Scheme S1 (Supporting information). And the chemical structure
of TPEPy-SS-C14 was verified by high-resolution mass spectrome-
try (HRMS), 'H nuclear magnetic resonance (NMR) and 3C NMR
spectra (Figs. S1-S5 in Supporting information).

Firstly, the ultraviolet-visible (UV-vis) absorption and fluores-
cence spectra of TPEPy-SS-C14 (10 pumol/L) was investigated in
aqueous solution. As shown in Fig. 1a, TPEPy-SS-C14 exhibits a red
emission with the maximum peak at 630 nm and a low-energy ab-
sorption peak at 428 nm. The Stokes shift is 202 nm, which can
prevent the interference effectively caused by self-absorption in
the excitation process of biological imaging.

Next, the AIE properties of TPEPy-SS-C14 were studied by emis-
sion spectra in water/DMSO mixture (Figs. 1b and c). In DMSO,
the soluble TPEPy-SS-C14 molecule shows very weak emission
at 630nm. The fluorescence intensity of TPEPy-SS-C14 increased
gradually with the increasing fraction of water and attained the
maximum intensity in 90% aqueous solution, which may be due
to the formation of nano aggregates. Additionally, the Tyndall ex-
periment, scanning electron microscopy (SEM) and dynamic light
scattering (DLS) measurements well confirmed the formation of
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nona-aggregation. The TPEPy-SS-C14 aggregations show a sphere
morphology with a diameter of 160-180nm (Fig. 1d). Besides, the
critical micelle concentration (CMC) of TPEPy-SS-C14 was also in-
vestigated by concentration-dependent fluorescence experiment in
aqueous solution, with the calculated value of 7.78 pmol/L, lower
than the concentration used for testing (10 pmol/L, Fig. S6 in Sup-
porting information).

We evaluated the sensing properties of TPEPy-SS-C14 toward
ATP in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
aqueous buffer solution (pH 7.4). With the addition of ATP, the flu-
orescence of TPEPy-SS-C14 gradually increased and got saturated
when 17 equiv. ATP was added (Fig. 1e), with the fluorescence
emission intensity at 630 nm about 3.6-fold enhancement. In ad-
dition, according to fluorescence titration data, the binding con-
stant of TPEPy-SS-C14 and ATP is calculated to be 2.57 x 10° mol/L
and the stoichiometric binding ratio is 1:1 (Fig. S7a in Support-
ing information). The detection limit of TPEPy-SS-C14 towards ATP
is 12.3 nmol/L (Fig. S7b in Supporting information), indicating that
the probe can recognize ATP quantitatively and effectively in phys-
iological conditions.

Next, the fluorescence responding of TPEPy-SS-C14 toward H,S
alone was also investigated. In Fig. 1f, upon the increasing concen-
tration of sodium sulfide, the fluorescence of TPEPy-SS-C14 will
gradually decrease, with the quenching ratio about 80% when 55
equiv. sodium sulfide was added. This change can be well observed
by the naked eye under the irradiation of a 365nm ultraviolet
lamp, along with the fluorescence color varying from red fluores-
cence to dark luminescence. The fluorescence intensity at 630 nm
versus the concentration of hydrogen sulfide exhibits a great linear
relation from 0 to 200 pmol/L, and the calculated limit of detection
(LOD) is 5.0 x 10~7 mol/L (Fig. S8 in Supporting information). Then
the time-dependent fluorescence spectra of TPEPy-SS-C14 added
with 40 equiv. H,S were investigated. The fluorescence of probe
decreases rapidly in a few seconds and basically reaches equilib-
rium in three minutes, which indicates that TPEPy-SS-C14 can be
used for rapid detection of H,S (Fig. S9 in Supporting information).

Compared to other reported probes for simultaneous detec-
tion of ATP and H,S (Table S1 in Supporting information), TPEPy-
S$S-C14 has a lower detection limit and shorter detection time
[18-23]. These listed probes are all using rhodamine linked 1,8-
naphthalimide as fluorescence signal matrix, which can recog-
nize ATP through the spirolactam ring-opening mechanism of
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Fig. 1. (a) UV-vis absorption and emission spectra of TPEPy-SS-C14 (10 umol/L) in HEPES (10 mmol/L, pH 7.4) buffer solution. (b) The fluorescence spectra of TPEPy-SS-C14
(10 pmol/L) in water/dimethyl sulfoxide (DMSO) mixtures with different H,O fractions. (c) The plot of the relative emission intensity (I/Iy) of TPEPy-SS-C14 versus the H,0
fractions in H,O/DMSO mixtures. Inset: Tyndall experiment of TPEPy-SS-C14 (10 umol/L) in the DMSO solution and in H,O/DMSO mixtures with 90% H,0 fractions under
365nm UV irradiation. (d) Size distribution of TPEPy-SS-C14 (10 pmol/L). Inset: SEM image of TPEPy-SS-C14 (10 pmol/L). The fluorescence emission spectrum of TPEPy-
SS-C14 (10 pmol/L) after adding different amounts of ATP (e) and H,S (f) in HEPES (10 mmol/L, pH 7.4) buffer solution. (g) Photographs of TPEPy-SS-C14 (10 pmol/L) for
ATP (0.17 mmol/L) and H,S (55 mmol/L) under 365 nm UV irradiation. (h) The fluorescence spectra of TPEPy-SS-C14 (10 pmol/L) after addition of ATP (0.17 mmol/L) or H,S

(55 mmol/L). The excitation wavelength is 420 nm.
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rhodamine and recognize H,S by the reduction of -N; on 1,8-
naphthalimide. These probes have complex synthesis process and
single recognition mechanism, but here we design and synthesize a
novel AIE bifunctional probe TPEPy-SS-C14, which can simultane-
ously detect ATP and H,S based on the aggregation/disaggregation
mechanism. TPEPy-SS-C14 can detect ATP with a fluorescence en-
hancement response due to complexation enhanced aggregation.
And H,S can quench the fluorescence due to the disaggregation of
the cleavable disulfide bond. In addition, the probe locates mito-
chondria, and can detect ATP and hydrogen sulfide levels in living
cells.

The specific guest induced aggregation-disaggregation mech-
anism of TPEPy-SS-C14 to detect ATP and H,S are shown in
Scheme 1. Upon the addition of ATP, strong intermolecular interac-
tions will occur between pyridinium and amide donors of TPEPy-
§S-C14 and the negative phosphate groups of ATP. This proposed
binding model can be confirmed by 'H NMR titration of TPEPy-
S§S-C14 with ATP in DMSO-dg/D,0 (8:2, v/v) solution, therein a
large chemical shift was observed in the pyridinium and amide
protons (Fig. S10 in Supporting information). After binding with
ATP, the nano-aggregation of TPEPy-SS-C14 became larger, with
the DLS data changing from 180 nm to 360 nm in aqueous solution,
and the transmission electron microscope (TEM) increasing up to
340nm in solid state (Fig. S11 in Supporting information). Thus,
the complexation of ATP can enhance the aggregation of TPEPy-
§S-C14, which makes the fluorescence a turn-on response. We also
investigated the reaction mechanism of TPEPy-SS-C14 toward H,S
by high-resolution mass spectrum. In Fig. S12 (Supporting informa-
tion), after treated with H,S, TPEPy-SS-C14 is cleaved into TPEPy-
SSH, C14-SSH and C14-SS-C14 species, indication that the addition
of H,S leads to disaggregation.

Next, we studied the sensing performance of TPEPy-SS-C14
in the simultaneous detection of ATP and H,S in HEPES buffer.
TPEPy-SS-C14 still can detect H,S effectively in the presence of
ATP, but can not recognize ATP with the coexistence in H,S
(Figs. 1g and h). We further tested the concentration dependent
change of H,S added with ATP. From Fig. S13 (Supporting informa-
tion), we can see that the fluorescence of TPEPy-SS-C14 at 630 nm
first increase upon addition of ATP for complexation. The fluores-
cence intensity gradually decreases when further addition of H,S,
with the quenching ratio as high as 94%. Interesting, the calculated
LOD of TPEPy-SS-C14/ATP toward H,S is 1.57 x 107 mol/L, which
is lower than that of TPEPy-SS-C14 (5.0 x 10~7 mol/L). This re-
sult is reasonable because the H,S trigged disulfide bond cleavage
can happen in both TPEPy-SS-C14 and TPEPy-SS-C14/ATP nano-
aggregation. The addition of ATP will not affect the quenching ef-
fect of hydrogen sulfide on TPEPy-SS-C14 probe.

To further study the specificity of TPEPy-SS-C14 for ATP and
H,S, the responses of the probe to other interfering species, in-
cluding metal cations, various anions and amino acids were also
studied (Fig. 2a). As shown in Fig. 2b and Fig. S14 (Supporting in-
formation), a few other phosphate anions, for example, adenosine
diphosphate (ADP), adenosine monophosphate (AMP), pyrophos-
phate (PPi) and inorganic phosphate (Pi), can also slightly en-
hance the fluorescence. A weak response to ADP, PPi, Pi and AMP,
with a partial enhance of the emission spectra of TPEPy-SS-C14
was recorded in Figs. S15 and S16 (Supporting information). How-
ever, this interference can be ignored because TPEPy-SS-C14 ex-
hibits far better binding affinity of ATP than these similar struc-
tured polyphostates. The detection limits and binding constants of
TPEPy-SS-C14 to these anions were also shown in Table S2 (Sup-
porting information). Particularly, the Kap/Kapp ratio is about 230.

On the other hand, we find the addition of some thiols-
containing amide acid, including glutathione (GSH), cysteine (Cys)
and homocysteine (Hcy), can also leads to a little decrease of the
fluorescence. However, the quench ratio by the thiols is much
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Fig. 2. (a) Relative fluorescence histogram chart of TPEPy-SS-C14 (10 pmol/L) at
630nm upon the addition of 0.55mmol/L various analytes, O-free, 1-ATP, 2-H,S, 3-
ADP, 4-PPi, 5-AMP, 6-Pi, 7-GSH, 8-Cys, 9-Hcy, 10-CH;CO0O-, 11-NO3~, 12-Cl-, 13-
Br-, 14-HSO,4~, 15-SO32-, 16-Glu, 17-Arg, 18-His, 19-Met, 20-Thr, 21-Ser, 22-K*, 23-
Nat*, 24-Ca?*, 25-Mg?t, 26-Fe?*, 27-Fe3+, 28-Zn+, 29-AP*. (b) Fluorescence inten-
sities of TPEPy-SS-C14 at 630 nm versus the number of equivalents of several phos-
phate anions. (c) Time-dependent fluorescence intensity at 630 nm of TPEPy-SS-C14
(10 pmol/L) upon addition of 55 equivalents of biothiols in HEPES buffer solution
(pH 7.4).

lower than that of H,S, indicating that TPEPy-SS-C14 can discrim-
inate H,S from thiols and other analytes. The difference fluores-
cence response of TPEPy-SS-C14 toward H,S and thiols may be at-
tributed their different reaction mechanism. For H,S, which mainly
exists as HS~ in physiological conditions, can effectively cleave the
disulfide bond to release the fluorescent active species TPEPy-SSH
[8-12]. However, the thiols reaction may give both the cleavage
and the disulfide exchange products. We also studied the reac-
tion mechanism of GSH with the probe (Fig. S17 in Supporting in-
formation), which captures not only the cleavage product TPEPy-
SH, but also the disulfide exchange species TPEPy-SG. Regarding
that TPEPy-SG is also amphiphily for bearing the hydrophilic glu-
tathione group, it may exhibit self-assembly property with high
emission. Therefore, the fluorescence is only slightly reduced after
adding GSH and other thiols [26]. Furthermore, H,S shows stronger
nucleophilicity than bio-thiols. We compared the time kinetics of
H,S and other thiols with TPEPy-SS-C14 (Fig. 2c), and found that
the fluorescence of hydrogen sulfide added decreased rapidly in
a few seconds, and basically reached equilibrium in 5 min, while
other thiols took nearly 50 min. So probe TPEPy-SS-C14 reacting
with H,S is dominant under the complexed physiological condi-
tions.

For really application, a good multifunctional probe should also
behaves an excellent selectively in many competitive ions. Thus,
the competitive experiments of TPEPy-SS-C14 toward ATP/H,S un-
der the coexistence of many interference species were carried out
(Fig. S18 in Supporting information). It was revealed that TPEPy-
SS-C14 still displays a excellent fluorescence enhancement ability
toward ATP in the presence of these analytes, except H,S. However,
it can recognize H,S in the presence of the following 27 analytes,
containing biothiols GSH, Cys and Hcy (Fig. S19 in Supporting in-
formation). In addition, the influences of pH experiments reveals
that this probe can work in wide pH range of 6-10, indicating the
physiological applicability of the TPEPy-SS-C14 probe (Fig. S20 in
Supporting information).

Based on the good selective competition and anti-interference
ability of the probe in vitro, TPEPy-SS-C14 was used to recognize
ATP and H,S in living cells. Firstly, the toxicity of TPEPy-SS-C14 on
SMMC cells was conducted by standard MTT assay. As shown in
Fig. S21 (Supporting information), TPEPy-SS-C14 possessed a low
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Fig. 3. Confocal laser scanning microscopy (CLSM) images of SMMC cells that were
incubated with TPEPy-SS-C14 (10 pmol/L) for 45 min (a). Cells were pretreated with
Ca?t (1.5mmol/L; 1h) (b), NaN3 (1.5mmol/L; 1h) (c), N-acetyl-L-cysteine (NAC)
(1 mmol/L; 1h) (d), Na,S (0.6 mmol/L; 1h) (e), followed incubation with TPEPy-SS-
C14 (10 pmol/L) for another 45 min, respectively. (f) Relative fluorescence intensity
of a, b, ¢, d and e. Scale bar: 20 um. Aex =488 nm, Aem =570-700 nm.

cytotoxicity at the test concentration and is appropriate for intra-
cellular imaging. The subcellular location of TPEPy-SS-C14 was in-
vestigated by co localization experiment with Mito tracker green.
TPEPy-SS-C14 overlaps well with Mito tracker green dye, with an
overlap rate of 0.91 (Fig. S22 in Supporting information). These re-
sults show that TPEPy-SS-C14 has a good localization effect on mi-
tochondria and provides the imaging ability of ATP and hydrogen
sulfide in mitochondria.

In order to investigate the ability of TPEPy-SS-C14 to recognize
ATP in cells, we divided the cells into three groups: control group
(row a), calcium ion treated (row b) and sodium azide treated (row
c) (Fig. 3). Ca?t increases ATP concentration by activating mito-
chondrial dehydrogenase and the fluorescence intensity of corre-
sponding cell imaging is 120% of that of the control group. On
the contrary, sodium azide will inhibit enzyme activity, leading to
the decrease of ATP concentration and the fluorescence intensity of
corresponding cell imaging is only 29% of that of the control group.
This indicates that the probe can successfully detect the level of
ATP in cells.

Then, we evaluated the imaging ability of TPEPy-SS-C14 for en-
dogenous and exogenous H,S. In Fig. 3, after incubating the cells
pretreated with NAC (1 mmol/L) with 10 pmol/L probes for 1h,
the red fluorescence decreased significantly (row d), indicating that
NAC induced the production of endogenous hydrogen sulfide con-
centration, and leaded to cleavage TPEPy-SS-C14 in living cells.
Similarly, the fluorescence of cells treated with exogenous H,S was
also reduced obviously as expected (row e). These results demon-
strate that TPEPy-SS-C14 can effectively evaluate the level of en-
dogenous and exogenous H,S in cells. Probe TPEPy-SS-C14 can be
applied as a tool to explore the level of ATP and hydrogen sulfide
in living cell mitochondria.

To sum up, we constructed a dual site AIE fluorescence
probe TPEPy-SS-C14 and proposed a new strategy of assem-
bly/disassembly for simultaneous recognition of ATP and H,S. As
a proof of concept, the assembly/disassembly mechanism was ap-
plied to modulate the fluorescence of the amphiphilic AlEgen. Af-
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ter interaction ATP or H,S with probe, the aggregation state of the
probe in the aqueous solution changes, showing that the fluores-
cence increases or decreases. It is worth mentioning that TPEPy-
SS-C14 has good sensitivity and selectivity to ATP and hydrogen
sulfide in SMMC cells under physiological conditions. This system
has superiority over previously reported work, such as easier syn-
thesis, lower detection limit, shorter detection time and simple op-
eration. The sensor possesses the potential to become a effective
tool to research the relationship between ATP and H,S in mito-
chondria of living cells.
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