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A salicyladazine-based amphiphilic polymer (AIE-1) with AIE
charateristics was synthesized and self-assembled to form sub-20
nm micelles (AIE-M). The green fluorescence of AIE-M was
completely quenched by Cu” and then recovered with Na,S,
which was ultilized for the specific and sensitive detection of s¥in
solution and mitochondrial imaging of H,S in Hela cells.

Hydrogen sulfide (H,S), with unpleasant smell of rotten eggs, has
been known for long time as a toxic molecule. Until a decade ago,
H,S has been recognized to play an important role in human body
and other biological system and regarded as the third gaseous
signal molecule along with nitric oxide (NO) and carbon monooxide
(CO).l'3 Many analytical methods, including colormetric,
electrochemical, and gas chromatography assays, have been
developed to detect HZS.A'6 Among the current methods, up to now,
fluorescent probes-based methods are the most suitable for highly
sensitive, highly specific and fast detection of H,S, especially for the
real-time imaging of H,S in living cells. The unique reactivity
properties of H,S have been utilized to react with nonfluorescence
or weak fluorescence small molecules to produce turn-on
inside the cells, mainly including H,S-mediated
reduction of aryl azide,7'10 arylsulfonyl azide,u'12 nitro group,13 or
azo group,14 precipitation of cu®* with HZS,E"18 disulfide exchange,19
and nucleophilic addition,zo'22 etc. In some cases, significant
interference from other biological thiol, such as glutathione (GSH),
was found. Organelle-specific imaging of H,S with fluorescent
probes, such as lysosomal-targeting imaging 2% and mitochondrial-
targeting imaging,zs'28 is of interest and especially appreciated for
the investigation of H,S biology in these organelles.

The traditional fluorescent probes often show aggregation-caused
quenching (ACQ) in high-concentration solution via the formation of
aggregates, which results in weak fluorescence or nonfluorescence
of probes in concentrated solution. Different from ACQ of
traditional fluorescent probes, aggregation-induced emission (AIE) ,
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which was first discovered by Tang group one decade ago,
represents a completely opposite fluorescent phenomena, namely,
a fluorogenic molecule shows no emission in molecularly dissolved
state but strong emission in aggregation state. Then, much efforts
have been made for the design of new AIE molecules, explanation
of AIE mechanism and exploring of AIE application.29'3° AlE-based
bioprobes have been attracted more and more attention in
fluorescent sensing and fluorescent imaging, including DNA,
proteins, enzymes and small biomolecules.** Similar to traditional
fluorescent probes, most reported AlE-based bioprobes are
hydrophobic and thus formed nanosized AlIE-dots are not stable
enough in biological fluids and limited in bioimaging application.
Wei group have made efforts to construct water-dispersible and
stable AlE-based nanoprobes with relatively large sizes by
PEGylation or conjugating AIE units to amphiphilic polymer for cell
imaging.“'g’4 Liu group have prepared ultrabright AlE-based organic
dots encapsulated in micelles for targeted cell imaging.35 However,
it is emergent to develop small sized, water-dispersible and highly
stable AlE-based bioprobes in biological environment for the
detection or imaging of biomolecules, especially for imaging
biomolecules in organelles.

A few years ago, salicyladazine was found to show AIE
characteristics. Salicyladazine is composed of two salicylaldimine
moieties containing intramolecular hydrogen bonds to ensure that
N-N bonds are allowed to rotate when dissolved in good solvent,
such as ethanol, which results in no fluorescence or weak
fluorescence. When aggregation of salicyladazine occurs such as in
ethanol/H,0 mixed solvent, the rotation of N-N bonds has been
limited, and results in strong fluorescence. Easy and selective
modification of hydroxyl groups in salicyladazine with 2,4-
dinitrobenzene sulfonyl (DNBS) group, acyl group, allyl group, etc,
made it possible for selective detection and imaging of thiol,
esterase and Pd inside cells.***® We here report a simple strategy
for the design of amphiphilic salicyladazine-based AIE molecule
(AIE-1) by separately conjugating hydrophobic segment (long chain
alkyl group) and hydrophilic segment (polyethylene glycol, PEG)
with the two ends of AIE unit. Fortunately, amphiphilic
salicyladazine (AIE-1) not only maintains the AIE characteristics but
also forms sub-20 nm micelles (AIE-M) with high storage stability
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after dropwise adding the DMSO solution of amphiphilic
salicyladazine into water or even only after ultrasonic treatment of
amphiphilic salicyladazine solid dispersed in water. AIE-M was
found to be uptaken by Hela cells and gradually accumulated in
mitochondrion of Hela cells. The fluorescence of AIE-M is quenched
by Cu®* via the coordination of AIE-M and Cu’* to form AIE-M-Cu
nanomicelles. Further removal of Cu”* from AIE-M-Cu with S”
resulted in the recovery of fluorescence via the fast and SZ'-specific
conversion of AIE-M-Cu to AIE-M. Based on these observations, we
developed a micellar aggregation-induced emission probe for the
imaging of H,S in mitochondrion of living cells via incubation of cells

sequentially with AIE-M-Cu and Na,S.
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As shown in scheme 1, the amphiphilic polymer AIE-1 was

synthesized starting from 2,4-dihydroxybenzaldehyde. The separate

introduction of long-chain alkyl group (C16) and methyl
polyethylene glycol (MmPEG) into the 4-hydroxy group of 2,4-
dihydroxybenzaldehyde realized the hydrophobization and

hydrophilization of the intermediate molecule. AIE-1 was obtained
by the sequential reaction of hydrazine with 2-hydroxy,4-
palmityloxy benzene aldehyde and 2-hydroxy,4-mPEG-oxy benzene
aldehyde. The chemical structures of intermediates and targeting
molecule AIE-1 were confirmed with FTIR and NMR spectroscopy
(Figure S1-S8). HPLC analysis indicated that AIE-1 is stable after

incubation separately in pH 7.4, 6.5 or 5.0 buffer for 24 h (Figure S9).

Due to the amphiphilic property of AIE-1, it is expected to self-
assemble to form nano micelles in aqueous solution. The critical
micelle concentration (CMC) of AIE-1, measured by a standard
method, is 26 ug mL?! (Figure S10). Interestingly, small micelles
(AIE-M) with average size of 18 nm (sub-20 nm) were obtained by
dropwise addition of AIE-1 solution in DMSO into water or even
simple ultrasonic treatment of AIE-1 solid in water. Thus obtained
AIE-M is highly stable in water and PBS buffer (pH 7.4) even after
storage for two weeks (Figure S11). The high stability of AIE-M is
very important and ideal for the application in biological system.

The photophysical properties of AIE-1 shown in figure S13
indicated that the maximum absorption wavelength of AIE-1 in
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DMSO is 375 nm in the UV/Vis absorption spectrum, while almost
no fluorescence was detected after the excitation of AIE-1 in DMSO
with 408 nm laser. However, when water was added into the
solution of AIE-1 in DMSO, strong fluorescence was detected even
in the mixed solvent of DMSO/H,0 (8:2 v/v), which is a typical
characteristic of aggregation-induced emission (Figure 1A).
According to the classic method, fluorescence quantum vyield (Yf =
0.14) was calculated using the standard reference sample that has a
fixed and known FL QY value.
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Figure 1 (A) Fluorescence spectra of 40 uM AIE-1 in mixture
solution containing DMSO and water. (B) Fluorescence
spectra of 40 uM AIE-M treated with Cu®* at 0-40 UM in 0.01
M PBS buffer (pH 7.4) for 30 min. (C) Fluorescence spectra of
40 uM AIE-M-Cu treated with Na,S at 0-40 uM in PBS for 30
min. (D) Time-dependent fluorescence spectra of 40 uM AIE-
M-Cu treated with 50 uM Na,S in PBS. Aex = 408 nm.

It is well known that the chelating groups in a fluorescent probe
form stable complexes with Cu2+, which often show quenching
effect on the fluorescence of the probe. There are two salen groups
in each molecule of AIE-1. We found that the fluorescence of AIE-
M-Cu aqueous solution, prepared by adding cu* to AIE-M aqueous
solution, gradually decreased and completely quenched after
adding equivalent Cu“, which is believed due to the formation of
stable cu® complexes (AIE-M-Cu) with salen groups in AIE-M and
the paramagnetic cu® center partly or fully quenched the
fluorescence of AIE-M (Figure 1B).

Precipitation of cu®* from the Cu®*-fluorescent probe complexes
with S% are often utilized for S sensing and imaging because of the
high affinity of s for Cu“, which will result in the fluorescence
recovery of a probe. Na,S as the aqueous resource of SZ', at
concentration ranging from 5-40 puM, was added to AIE-M-Cu
aqueous solution (containing 40 uM of salicyladazine unit) with
almost no fluorescence, a large and fast increment of fluorescence
intensity by 50-400 folds were observed within 30 min, which relied
on the addition amount of Na,S (Figure 1C). The complete recovery
of fluorescence from AIE-M-Cu to AIE-M finished within 30min after
treatment with Na,S (Figure 1D). In contrast, other anions, such as
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Cl, cos¥, NO5, PO, H,PO,, S,05%, SO5%, and biothiols, such as
cysteine, GSH, showed no effect on the fluorescence increment of
AIE-M-Cu (Figure S14). This means AIE-M-Cu offers the high
selectivity for H,S sensing via CuS precipitation.

The high selectivity, sensitivity of AIE-M-Cu for H,S sensing and its
high storage stability encourages us to explore its application in
imaging H,S in living cells. Prior to cell imaging, we first evaluated
the cytotoxicity of AIE-M and AIE-M-Cu against Hela cells using
MTT assay. The results indicated that AIE-M and AIE-M-Cu are
almost nontoxic to HelLa cells even at a relatively high concentration
of 500 pg mL? (Figure S15). The membrane permeability of a
fluorescent probe is also an important consideration for cell
imaging. Because AIE-M-Cu is nonfluorescent, AIE-M, instead of
AIE-M-Cu, was used for cellular uptake evaluation. After 4 h or 8 h
incubation of Hela cells with AIE-M (containing 40 uM or 80 uM of
salicyladazine unit), strong green fluorescence was observed inside
Hela cells, especially for 8 h incubation, which is sufficient for cell
imaging (Figure 2A-2D). We further studied the intracellular
localization of AIE-M in Hela cells. After 8 h incubation of Hela cells
with AIE-M, the cells were co-stained with Mitotracker (a
mitochondrial staining) or Lysotracker (a lysosomal staining). CLSM
analysis shows green fluorescence from AIE-M is well overlapped
with red fluorescence from Mitotracker (Figure 2F), while less
overlap between AIE-M and Lysotracker fluorescence signal was
observed (Figure 2E). Calculated pearson’s correlation coefficients
for AIE-M in mitochondria and lysosomes were 0.751 and 0.187
respectively.The results demonstrated the excellent localization
ability of AIE-M in mitochondrion of Hela cells, which is possibly
ascribed to the ultrasmall size (sub-20 nm) of AIE-M. Although we
did not have sufficient evidences to explain the mitochondrial
accumulation of AIE-M in Hela cells, similar phenomenon, the
increased mitochondrial accumulation of sub-12 nm polymeric
micelles in cells, has been observed previously,41

Figure 2 (1) CLSM images of Hela cells after incubation with
AIE-M. In brief, HelLa cells were incubated with 40 uM (A, C) or
80 uM (B, D) AIE-M for 4 h (A, B) or 8 h (C, D). (2) CLSM images
of Hela cells after incubation with AIE-M (40 uM). Hela cells
were incubated with AIE-M (40 uM) for 8 h, and then co-
stained with 100 nM lysotracker (E) or 200 nM mitotracker (F)
after washed with PBS. Aex = 408 nm. Scale bar = 40 um.

We next tested the application of AIE-M-Cu in visualizing H,S in
living cells. After 8 h incubation of AIE-M-Cu containing 40 uM of

salicyladazine unit in complete cell culture medium, the medium
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was replaced with fresh serum-free medium containing 50 uM of
Na,S. The cells were immediately observed with CLSM upon the
excitation at 408 nm or after further incubation for 5, 10 20, and 30
min, and then observed (Figure S16). There is no fluorescence
observed for cells alone or in the case of immediate observation
once Na,S was added into the cell culture medium. After incubation
of Hela cells in Na,S-containing medium, the fluorescence gradually
appeared and increased with the increase of incubation time, and
strong green fluorescence was seen after 30-min incubation. The
imaging of H,S in Hela cells with AIE-M-Cu is fast, and the intensity
of green fluorescence in Hela cells after the uptake of AIE-M-Cu
and subsequent treatment with Na,S for 30 min was comparable to
that of the same amount of AIE-M treated Hela cells. This means
the almost complete recovery of fluorescence inside cells of AIE-M
converting from AIE-M-Cu treated with Na,S within 30 min. The cell

imaging results are consistent with the results in Figure 1D.

To explore the detection limitation of exogenous Na,S
concentration in cell culture medium, Hela cells were cultured with
AIE-M-Cu at a concentration of 40 uM salicyladazine unit, and
various concentration of Na,S (0, 5, 10, 20, 40, and 80 uM) was
separately added into the cell culture wells and cultured for further
30 min. From the CLSM observation, it was found that relatively
weak green fluorescence was observed in Hela cells even the
concentration of Na,S in culture medium was as low as 10 uM.

Figure 3 (1) CLSM images of Hela cells after incubation with
different concentration of Na,S. Hela cells were incubated with
AIE-M-Cu (40 uM) for 8 h, after washed with PBS, 0 uM (A), 5
UM (B), 10 uM (C), 20 uM (D), 40 uM (E), 80 uM (F) of Na,S was
added to incubate with cells for 30 min. (2) CLSM images of HelLa
cells after incubation with Na,S (100 uM). Hela cells were
incubated with AIE-M-Cu (40 uM) for 8 h, 100 uM of Na,S was
then added. After 30 min incubation, the cells were stained with
100 nM lysotracker (G) or 200 nM mitotracker (H). A, = 408 nm.
Scale bar =40 um.

The intracellular fluorescence localization of AIE-M-Cu treated with
Na,S was also investigated by co-staining with Mitotracker or
Lysotracker (Figure 3). Similar to AIE-M alone, the fluorescence in
Hela cells sequentially treated with AIE-M-Cu and Na,S also
localized in mitochondria. Excellent overlap between green
fluorescence from AIE-M converting from AIE-M-Cu and red
fluorescence from Mitotracker (Figure 3H), and poor overlap
between green fluorescence from AIE-M and red fluorescence from

Lysotracker (Figure 3G) was separately observed. Calculated
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pearson’s correlation coefficients for AIE-M-Cu in mitochondria and
lysosomes were 0.763 and 0.256 respectively. This suggested the
mitochondrial H,S in Hela cells be imaged after incubation of Hela

cells sequentially with AIE-M-Cu and Na,S.

Conclusions

In summary, we have designed and synthesized an amphiphilic
polymer (AIE-1) with aggregation-induced emission characteristics.
The strong green fluorescence of uniformly sized and highly storage
stable nano micelles (AIE-M), prepared from AIE-1 by simple
ultrasonic treatment of solid AIE-1 in water, buffer, or cell culture
medium, can be quickly quenched by Cu®* based on the formation
of complexes between Cu®* and salen groups in salicyladazine unit
of AIE-1. The selective and sensitive fluorescence recovery of AIE-
M-Cu with Na,S can be applied in the detection of $% in solution.
Furthermore, fast and sensitive fluorescence imaging of
mitochondrial H,S can be realized in Hela cells by prior cellular
uptake of AIE-M-Cu and succedent incubation with Na,S. We
anticipate that this new AlE-based micelles, integrating small sizes,
high stability, nontoxicity, and mitochondrial accumulation ability,
will be valuable for exploring a wide range of biological function of
H,S.
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