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Rational design of ratiometric and
lysosome-targetable AIE dots for imaging
endogenous HCILO in live cellsf
Yongxiang Hong,?® Hong Wang,” Mingju Xue,” Peisheng Zhang, {2 *°¢
Wangjiang Liu,® Shu Chen,” Rongjin Zeng,® Jiaxi Cui,®® Yong Gao (2 *? and

Jian Chen (@ *b

Rational design of novel ratiometric and targetable fluorescent probes for selective imaging of lysosomal
hypochlorous acid (HCIO) is conducive to investigating the function of HCIO in pathophysiological
processes. Herein, we for the first time combine 1-pyrenecarboxaldehyde (with a n—=n stacking effect) and
2-methylquinoline derivatives to synthesize an aggregation-induced-emission (AIE) probe (SA-C2-PCD)
for ratiometric detection of HCIO in living cells. Subsequently, a kind of novel lysosome-targetable AIE
dot (AIED-Lyso) with dual emission features is prepared via a simple co-precipitation of a lysosome-
targeting surfactant MAA-CO720, an amphiphilic block copolymer PEO;;3-b-PS4 and the HCLO-responsive
probe (SA-C2-PCD). The free AIED-Lyso shows only strong red AIE fluorescence without addition
of HCIO. However, when exposed to HCIO, a strong oxidizing agent, the SA-C2-PCD would release
1-pyrenecarboxaldehyde that aggregates through n—n stacking interaction in aqueous solutions, inducing
a distinct fluorescence change from red to blue. Interestingly, the as-prepared AIED-Lyso displays good
water dispersity, high selectivity and sensitivity (~70.4 nM), strong anti-interference ability, prominent
long-term fluorescence stability (>10 weeks), and low cytotoxicity, and it can be successfully applied to
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Introduction

Hypochlorous acid (HCIO) is known as an active oxygen mole-
cule that is mainly produced by hydrogen peroxide and chloride
ions under the catalysis of myeloperoxidase (MPO) and it also
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visually detect endogenous lysosomal HCLO in live cells.

plays an important role in fighting pathogenic microorganisms,
resisting viruses, etc."” Abnormal levels of endogenous HCIO
can cause a series of diseases, including Parkinson’s disease,
Alzheimer’s disease, cancer, etc.>* On the other hand, lyso-
somes, as an acidic organelle (pH 4.5-5.5), have long been
considered as a waste disposal facility in cells.” Recent studies
have shown that lysosomes possess various biological functions,
including cell signal transduction, protein degradation, plasma
membrane repair, homogenous stability, and autophagy, and
are regarded as critical subcellular organelles.®” Lysosomes are
one of the main HClIO-producing organelles, and excess HCIO
can induce cell death through calpain activation and lysosomal
disruption.®® Therefore, qualitative analysis and detection of
HCIO in lysosomes are of great significance.

The recently developed fluorescence method has the merits
of simple operation, rapid real-time analysis, and high spatial
and temporal resolution, and has received extensive attention
and significant development.'®™® To date, a series of small
molecule-based fluorescent probes for optically sensing HCIO
have been fabricated.'®"*> However, most of them show a single
fluorescence signal that often varies with other factors such as
microenvironment, sensor concentration, photobleaching, and
excitation intensity and thus the reliability could be low.>*™
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In contrast, signals containing two well-resolved emissions
(ratiometric) from fluorescent probes can effectively increase
the accuracy.>**! However, most of the strategies currently
available are built on the use of conventional small molecule-
based ratiometric probes which usually show the undesirable
aggregation-induced quenching (ACQ) phenomenon in aqueous
solutions, significantly confining their detection performance.**™**
In addition, the self-absorption effect of these reported conven-
tional small fluorescent probes due to their small Stokes shift also
leads to fluorescence self-annihilation.*

Currently, aggregation-induced-emission (AIE) based fluoro-
phores, which were first developed by Tang and co-workers, are
proving to be effective probes avoiding the ACQ effect.**™** In
particular, the AIE dots developed very recently are widely used as
novel fluorescent probes in the field of sensing and imaging in living
cancer cells due to their outstanding merits such as stable dispersity
in water, large Stokes shift, intense fluorescence, prominent photo-
stability, good biocompatibility, etc.***” However, to the best of our
knowledge, no lysosome-targetable AIE dots for ratiometric detection
of lysosomal HCIO have been reported yet.

In this study, we report on the construction of lysosome-
targetable AIE dots (AIED-Lyso) for ratiometric imaging
of lysosomal HCIO. Our AIE dots are made via a simple
co-precipitation of a lysosome-targetable surfactant MAA-CO720, an
amphiphilic block copolymer PEO;,3-b-PS,;6 and a HCIO-responsive
probe (SA-C2-PCD), as shown in Scheme 1. In our design, in the
presence of strong oxidant HCIO, the double bond of SA-C2-PCD
would break to reduce its red AIE fluorescence and also generate
1-pyrenecarboxaldehyde. This new-born chromophore would
induce a progressively enhanced blue fluorescence due to inter-
molecular n-r stacking interaction. The as-prepared AIED-Lyso
with good biocompatibility can mainly locate in lysosomes, and
monitor endogenous HCIO in lysosomes.

Experimental section

Materials and instruments

All the chemical agents were purchased from commercial sources.
Compound 1, compound 2 and PEO,;,3-b-PS,s were synthesized
via the protocols developed by us.*®* The synthesis, apparatus,
cytotoxicity and live cell imaging were as stated in the ESL

Results and discussion
The strategy for the fabrication of AIED-Lyso

Scheme 1 depicts the strategy for fabricating AIED-Lyso. We take
advantage of the prominent AIE nature of SA-C2-PCD to alternate
the undesirable ACQ effect and also get a large Stokes shift
(~220 nm) for avoiding self-absorption interference. An amphi-
philic block copolymer (PEO;;3-b-PS,6) is designed to provide
a hydrophobic environment by forming micelles to enhance
the long-term stability, photostability, and brightness of the
hydrophobic AIE dyes. When additional morpholine groups
are incorporated, these micelle-based particles could serve as
the targetable vehicles for specific targeting of lysosomes.
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Scheme 1 Ratiometric imaging of endogenous HCIO in lysosomes using
lysosome-targetable AIE dots (AIED-Lyso).

The synthesis of SA-C2-PCD and MAA-CO720 is described in
Schemes S1 and S2 (ESIt). All the intermediates and the final
product were characterized by "H NMR, *C NMR and mass
spectroscopy (Fig. S1-S5, ESIT).

Well-dispersed AIED-Lyso was synthesized via a co-precipitation
strategy (Scheme 1) in which all these components were dissolved
in THF at first and then co-precipitated in water to form nano-
particles. The core of the nanoparticles is composed of hydro-
phobic compositions including SA-C2-PCD, PS, and nonylphenyl
groups, while the shell is made from hydrophilic PEO groups. In
this structure, the morphoyl terminal groups can not only improve
water solubility, but also specifically locate at lysosomes. The
obtained AIED-Lyso are spherical with an average diameter of
30 nm (checked by transmission electron microscope (TEM) and
dynamic light scattering (DLS), Fig. 1A and B). For the fluorescence
long-term stability test, the diluted AIED-Lyso dispersion was sealed
and stored in the dark under an ambient temperature. Then an
aliquot was drawn out for the fluorescence test every week. As
shown in Fig. S6 (ESIt), the fluorescence intensity ratio (Fy;5/Fea0) of
the diluted AIED-Lyso sample without and with HCIO changed
seldom even after storing for 10 weeks, implying its remarkable
long-term stability of fluorescence. In addition, the average
diameter of the AIED-Lyso dispersion at different time slots
was provided (Fig. S7, ESIT). No obvious size changes in the
AIED-Lyso dispersion were observed even after storing for
10 weeks, indicating the admirable stability of our nanoprobe.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig.1 (A) TEM image of AIED-Lyso; (B) size of AIED-Lyso determined
by DLS.

Ratiometric detection of HCIO

We first tested the fluorescence of SA-C2-PCD under different
conditions (THF/water mixture) to confirm its AIE property
(Fig. S8, ESIf). In THF, a good solvent for SA-C2-PCD, no visible
fluorescence was observed. When water was added to induce
aggregation, the relative emission intensity (Fy/F) of SA-C2-PCD
gradually increased at first (water fractions f,, < 80 vol%)
and then jumped at f,, > 80 vol%, showing a Fy/F of 198 at
fw = 95 vol%, indicating a typical AIE effect.

We then investigated the responsiveness of AIED-Lyso to
HCIO. Note that AIED-Lyso itself exhibited an obvious absorp-
tion peak at 440 nm in the solution state. When HCIO was
added, the peak at 440 nm gradually declined, accompanied by
the formation of an increasing new absorption peak centered at
350 nm (Fig. S9, ESIT). Simultaneously, as shown in Fig. 2A and
B (Fig. S10, ESIY), obvious blue-shift from 620 nm to 475 nm
was observed in the emission spectra, suggesting a reliable
ratiometric detection mode. Moreover, the fluorescence inten-
sity ratio (F475/Fey0) varies linearly with HCIO concentration
(0-5 uM) with a detection limit of 70.4 nM (Fig. S11, ESI¥).
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Fig. 2 (A) Fluorescence response of AIED-Lyso (2.67 pg mL™Y) towards
different concentrations of HCIO (0-20 puM, Zex = 399 nm); (B) the
fluorescence intensity ratio (F475/Fg20) as a function of HCLO concentration
(0-20 puM); (C) the fluorescence intensity ratio (F475/Fs20) as a function of
time; and (D) the fluorescence intensity ratio (F475/Fe20) Without and with
HCIO (20 uM) as a function of pH.
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Fig. 3 (A) Fluorescence intensity ratio (F47s/Fez0) for AIED-Lyso (2.67 pg mL™)
in the presence of 20 uM HCIO or one biologically relevant molecule;
(B) fluorescence intensity ratio (F47s/Fez0) for AIED-Lyso (2.67 pg mL™Y) in the
presence of 20 uM of HCIO and one biologically relevant molecule; note:
(1-18:200 pM, 19-20:5.0 mM, 21-25:200 pM) 1, Na*; 2, K*; 3, Ca®*;
4,7n%*; 5,Co%"; 6, Cu®*; 7, Mg?*; 8, Fe®™; 9, Fe?*; 10, Ni?™; 11, Cl7; 12, SO4~;
13, NOs~; 14, H,PO4~; 15, HPO,2; 16, PO,; 17, SOs%7; 18, NO,~;
19, Cys; 20, GSH; 21, H,O5; 22, NO; 23, Y0,; 24, HO; 25, t-BUO. Aex = 399 Nm.

Fig. 2C shows the time response of the nanoprobe toward
HCIO. The F,75/Fg0 ratio changed after HCIO was added into
the AIED-Lyso solution for only one min, implying a rapid
detection feature. Fig. 2D describes the effect of pH on the
fluorescence intensity ratio (F,;5/Fsy) in the absence and
presence of HCIO. Without HCIO, AIED-Lyso exhibits good
stability from pH 3.0 to 9.0. In contrast, the addition of HCIO
(20 uM) induces an obvious enhancement of F4;5/F¢,, from pH
3.0 to 6.0, suggesting the wide adaptive range of AIED-Lyso in
acidic environments including lysosomes.

To evaluate the selectivity of AIED-Lyso, the F,;5/Fsy ratio of
AIED-Lyso solution was examined in the presence of HCIO or
other biologically relevant molecules including anions, reactive
oxygen species (ROS) and thiols (Fig. 3A). Except for HCIO,
other biologically relevant molecules did not induce obvious
variation in F,;s5/Fey. Moreover, a negligible interfering effect
on the F,;5/Fe,0 ratio of AIED-Lyso was found when HCIO and
other biologically relevant molecules were added together
(Fig. 3B). All these results indicated that AIED-Lyso can selec-
tively detect HCIO in complex biological environments.

On the basis of the fluorescent response of SA-C2-PCD toward
HCIO, we anticipated that the strongly oxidized HCIO can first
oxidize the double bond between the SA-C2 moiety and pyrene
moiety, then gradually hydrolyze into SA-C2-CHO and pyrene-
CHO (Scheme S3, ESIT). The newly produced pyrene-CHO would
form excimers in aqueous solution.?” Therefore, the change in
the F,,5/Fs50 ratio can be linked to the response of SA-C2-PCD
toward HCIO, as shown in Fig. 2A. This proposed response
mechanism was further confirmed by MS measurements. As
expected, the mass peak at 730.4 m/z which corresponds to the
nanoprobe SA-C2-PCD was replaced by mass peaks at 531.3 m/z
and 231.1 m/z that correspond to SA-C2-CHO and pyrene-CHO,
respectively (Fig. S12A and B, ESIt). These results supported the
proposed reaction mechanism (Scheme S3, ESIY).

Imaging exogenous and endogenous HCIO levels in living cells

We firstly evaluated the cytotoxicity of AIED-Lyso with repre-
sentative HeLa cells (Fig. S13, ESIt). Positive results indicated
minimal cytotoxicity and our AIED-Lyso should be suitable for
intracellular HCIO sensing.

Mater. Chem. Front., 2019, 3, 203-208 | 205
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Fig. 4 Images of Hela cells co-incubated with (A) AIED-Lyso (2.67 ug mL™%;
Jex = 405 nm, and Zem = 575-675 nm) and (B) LysoTracker Green (500 nM;
Jex = 468 nm, and Aem = 500-520 nm); (C) the merged image of (A and B);
(D) the intensity profile of ROI across Hela cells from the red and green
channels; and (E) the correlation plot of two channels. Scale bar: 20 pm.

It has been well documented that small molecule-based
probes with a morpholine moiety mainly accumulate in lyso-
somes;>"*° meanwhile, the intracellular uptake of nano-
particles is generally performed by the endocytosis strategy
and they are often located in lysosomes.>*™* To increase the
lysosomal targeting ability, we introduce morpholine groups
onto the surface of the nanoparticles to sense HCIO in lyso-
somes. To conduct the colocalization studies, HeLa cells were
treated with both AIED-Lyso and LysoTracker Green (a com-
mercial lysosomal tracker), and the results are given in Fig. 4.

30UM

Control 10UM 20 UM

Brightfield

Red

Fig. 5 Fluorescence images of Hela cells treated with AIED-Lyso
(2.67 ng mL™Y) with the addition of O (control), 10 uM, 20 uM and 30 pM
HCIO (from the left column to the right column). The ratio images were all
obtained as Fpe/Fred: Zex = 405 M, Jemy = 425-525 nm (blue channel),
and Aemz = 575-675 nm (red channel), scale bar = 20 pm.
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The red emission of AIED-Lyso fully overlapped with the green
fluorescence of LysoTracker Green and the Pearson’s R value
was calculated to be 0.96 between our nanoprobe (shown
in Red channel) and LysoTracker Green (shown in Green
channel), which is far beyond the threshold of > 0.5 required
for correlation, indicating that AIED-Lyso mainly localized in
lysosomes and can specifically monitor HCIO in lysosomes.
AIED-Lyso was subsequently used for ratiometric imaging of
exogenous HCIO levels in HeLa cells. As shown in Fig. 5, HeLa
cells treated with only AIED-Lyso provide strong red fluores-
cence and a low ratio of emission intensity (blue/red) (Fig. 5E,
I and M). When the cells pre-treated with AIED-Lyso were
exposed to different concentrations of HCIO (10 pM, 20 uM
and 30 puM), the blue fluorescence was obviously enhanced
(Fig. 5], K and L), accompanied by a decrease in red fluores-
cence (Fig. 5F, G and H). Accordingly, the ratio of emission
intensity (blue/red) is also significantly enhanced (Fig. 5N,
O and P). These results suggest that AIED-Lyso can be applied
for ratiometric imaging of exogenous HCIO in living cells.

Brightfield

Ratio

Fig. 6 Fluorescence microscopy images of RAW264.7 cells. The control
groups (A, D and G) are incubated with AIED-Lyso (2.67 ng mL™) for 3 h.
The cells in groups (B, E, and H) are first incubated with LPS (1 ug mL™?) for
12 h, followed by coincubation with PMA (1 pg mL™% and AIED-Lyso
(2.67 ng mL™Y for 3 h. The cells in groups (C, F, and ) are first incubated with
LPS (1 pg mL™Y and NAC (2 mM) for 12 h, followed by coincubation with
PMA (1 ug mL™% and AIED-Lyso (2.67 ug mL™Y) for 3 h. The ratio image is
obtained as the ratio of blue fluorescence intensity to red fluorescence
intensity (Fpe/Fred) (3, K and L). Aex = 405 nM, Aery = 425-525 nm (blue
channel), and Jemz = 575-675 nm (red channel), scale bar = 20 um.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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It was noted that the living cells were complicated systems, and
the intracellular uptake of HCIO was lower than the initial
concentration. In addition, the intracellular reducing sub-
stances (e.g. GSH) can consume some of the HCIO. Thus, a
relatively high HCIO concentration (10-30 uM) was applied to
the cells in order to make the nanoprobe facile for ratiometric
imaging of exogenous HCIO levels in HeLa cells.

Finally, we imaged endogenous HCIO in living cells. It has
been well documented that endogenous HCIO can be produced
from RAW264.7 cells by treating them with lipopolysaccharide
(LPS) and phorbol myristate acetate (PMA).>*>> As illustrated in
Fig. 6, the RAW264.7 cells incubated with only AIED-Lyso
showed bright red fluorescence with a low ratio of emission
intensity (blue/red) (Fig. 6D, G and ]). After stimulating with
LPS and PMA, the RAW264.7 cells treated with AIED-Lyso
revealed an obvious decrease in red fluorescence but a signifi-
cant enhancement in blue fluorescence with a high ratio of
emission intensity (blue/red) (Fig. 6E, H and K). To further
confirm that the intracellular fluorescence emission changes
were triggered by the endogenous HCIO, N-acetylcysteine (NAC)
was added as an effective ROS scavenger to reduce the cellular
HCIO level.’®*” As shown in Fig. 6F, I and L, when the
RAW264.7 cells were incubated with LPS, PMA and NAC, the
blue fluorescence was suppressed, whereas the red fluores-
cence was recovered to some extent. The above results demon-
strated that AIED-Lyso can serve as a ratiometric nanoprobe to
visualize the endogenously generated HCIO in RAW264.7 cells.

Conclusions

In summary, a novel lysosome-targetable and ratiometric
nanoprobe (AIED-Lyso) was rationally designed and synthesized
for selectively sensing exogenous and endogenous HCIO levels in
live cells. The results indicated that AIED-Lyso possessed stable
water dispersity, high selectivity, excellent long-term fluores-
cence stability (> 10 weeks), and good biocompatibility. Impor-
tantly, with the aid of the lysosomal targeting group, AIED-Lyso
can mainly accumulate in lysosomes and then monitor the
exogenous and endogenous HCIO in live cells. The design of
the lysosome-targetable and ratiometric fluorescent nanoprobe
presented herein should provide a new avenue for exploring the
function of HClO-associated diseases.
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