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Fluorescent light-up probe with “AIE + ESIPT”
characteristics for specific detection of lysosomal
esterase

Meng Gao, 1“ Qinglian Hu,1” Guangxue Feng,” Ben Zhong Tang,“’ Bin Liu**"

We report a fluorescent light-up probe AIE-Lyso-1 for in situ visualization of lysosomal
esterase activity. The probe is based on a salicyladazine fluorogen, which is conjugated with
esterase reactive acetoxyl groups and lysosome-targeting morpholine moieties. The probe
has characteristics of both aggregation-induced emission (AIE) and excited-state
intramolecular proton transfer (ESIPT), which shows significant advantages, such as
lysosome-specific targeting, no self-quenching at high concentration, excellent light-up ratio,
large Stokes shift, low cytotoxicity, and high specifity to esterase. It has also been used for
in situ monitoring of lysosomal esterase activity and tracking lysosomal movements in
living cells, which has great potentials for the diagnosis of Wolman disease caused by

deficiency of lysosomal esterase.

Introduction

Lysosomal enzymes are responsible for intracellular digestion
of various proteins, lipids, and carbohydrates, and their
functional deficiencies would lead to a number of inherited
lysosomal storage disorders (LSDs).! For example, the
deficiency of lysosomal esterase would result in Wolman
disease with a series of symptoms including diarrhea, swelling
of the abdomen, enlargement of the liver and failure to gain
weight.? Because the early diagnosis and therapy is critical for
treatment of lysosomal storage disorders, a high-throughput
assay has been established for the newborn screening of a
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subset of LSDs via LC-MS analysis of cell extracts.” However,
the LC-MS method requires complicated procedures for sample
preparation and is not able to in situ monitor enzyme activities.
As compared with the LC-MS method, fluorescence based
detection shows unique advantages in sensitivity, spatial and
temporal resolution, as well as in sifu visulization of biological
processes.” In the past few years, although various esterase-
sensitive fluorescent probes have been developed based on
fluoresceines, resorufins, and BODIPYs,’ they are not able to
be specifically localized in lysosomes to provide in situ
information on lysosomal esterase activity. Moreover, the
accumulation of fluorogens in lysosomes always leads to high
local concentration, which naturally results in fluorogen self-
quenching with low fluorescence.® These probes also suffer
from other disadvantages, such as easy diffusion away from
reactive sites and small Stokes shift (< 40 nm). Despite of some
initial efforts made toward the lysosomal esterase activity
study,™ there is no detailed report of the probe design and
performance evaluation in the literature. It is highly desirable to
develop self-quenching free and light-up probes for real-time
monitoring of enzyme activity in specifc organelles of living
cells.

The discovery of fluorogens with aggregation induced
emission (AIE) characteristics has opened new opportunities to
develop light-up probes for specific enzyme detection.” These
AIE fluorogens are highly emissive in aggregation state but
remain very weakly fluorescent in dilute solution. This is due to
the restriction of intramolecular motion of AIE fluorogens in
aggregation state and rapid intramolecular motion in solution.”
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The AIE probes offer significant advantages in high signal-to-
noise ratio and excellent photostability.® However, the first
generation of enzyme specific AIE probes requires very high
water-solubility to ensure low background signal, which limits
the AIE fluorogens to be only conjugated with very hydrophilic
substrates.®® To overcome this limitation, we propose a novel
fluorescent light-up probe design by combining AIE and

excited state intramolecular proton transfer (ESIPT) mechanism.

As fluorogens with ESIPT mechanism rely on intramolecular
hydrogen bonding to induce fluorescence change, blocking of
the excited-state proton transfer from a proton donor (usually
hydroxyl or amino group) to an acceptor atom (oxygen or
nitrogen) can easily lead to fluorogens in the dark state or
change in emission wavelengths.” Substitution of specific
enzyme substrate to the hydroxyl or amino groups thus could
lead to ratiometric or light-up probes after deprotection of the
protected hydroxyl groups. In this regard, both hydrophobic and
hydrophilic substrates could be used for enzyme detection as
the fluorescence change is controlled by hydrogen bonding
rather than water-solubility of the probe. It’s noteworthy that
the high polarity and hydrogen-bond donor ability of solvents
would inhibit the ESIPT emission with large Stokes shift,'® but
the AIE characteristics could favor the ESIPT emission by
formation of aggregates, which is benefical for improving the
detection sensitivity with high signal to noise ratio. Based on
these considerations, in this contribution, an “AIE + ESIPT”
probe AIE-Lyso-1 is
salicyladazine fluorophore'' with esterase reactive acetoxyl

designed by conjugation of the

groups and lysosome-targeting morpholines'? (Scheme 1). The
blocking of hydroxyl groups with acetyl groups is able to
quench the salicyladazine fluorescence, due to the destroying of
hydrogen bonding and the free rotating of the N—N bond. After
the
corresponding product 2 would light-up by intramolecular

reaction with esterase to cleave the acetyl groups,

hydrogen bonds formation to activate ESIPT process and
aggregation in aqueous media to activate AIE process. As
compared to the previous AIE or ESIPT probes, the “AlE +
ESIPT” probes do not limit to hydrophilic substrates and favor
the emission with large Stokes shift, which offers a more
general platform for designing light-up probes for biological
sensing. The simple probe design together with the easy
modification also makes it possible to develop specific probes
for targeted imaging, e.g. in this case, the morpholine groups
are added to ensure the targeting of the probe to lysosome.
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Scheme 1 Design of probe AIE-Lyso-1 for specific detection of lysosomal
esterase.

Results and discussion

Synthesis of probes

AIE-Lyso-1 was synthesized in 42% overall yield according to
the synthetic procedure shown in Scheme 2. The reaction
between 2,4-dihydroxybenzaldehyde 3 and 1,4-dibromobutane
first formed compound 4 in 65% yield, which further reacted
with hydrazine hydrate to produce the salicyladazine compound
5 in 80% yield. Compound 5 was further reacted with
morpholine and acetic anhydride to finally afford the desired
product AIE-Lyso-1 in 81% yield. The NMR and mass
spectroscopy confirmed the right molecular structures (see SI
for details). As a control, probe 6 without lysosome targeting
morpholine groups was synthesized in 86% yield from
compound 5 and acetic anhydride.
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Scheme 2 Synthetic routes to probes AIE-Lyso-1 and 6.

Optical properties

Fig. 1 shows the UV and photoluminescence (PL) spectra of
AIE-Lyso-1 and the esterase reaction product 2. AIE-Lyso-1 shows
an absorption maximum at 333 nm, with negligible fluorescence at
~532 nm. At the same concentration of 10 puM, the absorption
maximum of fluorogen 2 is red-shifted to 356 nm, with a strong
emission at ~532 nm, which is 200-fold higher as compared to that
for AIE-Lyso-1. The red-shifted absorption of 2 is ascribed to its
increased planarity and rigidity by forming of intramolecular
hydrogen bonds. It’s also noteworthy that there is almost no overlap

This journal is © The Royal Society of Chemistry 2012
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between the absorption and emission spectra for 2. The large Stokes
shift (176 nm) for 2 is highly desirable for bioimaging applications.
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Fig. 1 UV—vis absorption (dashed line) and PL (solid line) spectra of AIE-Lyso-1
(red) and 2 (blue) in DMSO/water (1:99 v/v). Inset: Photographs of AIE-Lyso-1
(left) and 2 (right) in DMSO/water (1:99 v/v) taken under UV irradiation. Aex =
356 nm. [AIE-Lyso-1] = [2] = 10 uM.

The PL spectra of 2 were studied in THF/water mixtures with
different water fractions (f), which enabled fine-tuning of the
solvent polarity and the extent of solute aggregation (Fig. 2). 2 in
pure THF solution shows weak green fluorescence with an emission
maximum at 532 nm. With gradual addition of water into THF from
fw = 0 to 80 vol%, the emission intensity keeps increasing slowly.
From f,, = 80 to 99 vol%, the emission is exponentially increased
with formation of aggregates due to the poor solubility of 2 in
aqueous media (see Fig. S1). At f, 99 vol%, a 14-fold
enhancement of emission was observed as compared to that in THF,
revealing an obvious AIE effect.
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Fig. 2 (A) PL spectra of 2 in THF and THF/water mixtures with different water
fractions (fy); [2] = 10 uM; Aex = 356 nm. (B) Plot of relative PL intensity (Z/1y)
versus the solvent composition of THF/water mixture of 2.

Study of esterase activities in solution
Fig. 3 depicts the fluorescence kinetic curve of AIE-Lyso-1 upon

incubation with esterase at different concentrations. As shown in Fig.

3A, higher concentrations of esterase result in faster cleavage and
stronger fluorescence intensity. For esterase at 0.50 U mL™', the
fluorescence increase reaches a plateau in 15 min, which is
sigmoidal in shape due to the two-stepwise sequential hydrolysis of
AIE-Lyso-1 to 2. In contrast, the fluorescence of AIE-Lyso-1
without esterase hardly changes during the same period of time,
indicating good stability of the probe. As shown in Fig. 3B, a good

This journal is © The Royal Society of Chemistry 2012
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linearity is found in the esterase concentration range of 0.10-0.50 U
mL™', with a linear equation of F = 0.416 x 10* x C (U mL™") + 0.80
(y = 0.991). The detection limit (3S/m, in which S is the standard
deviation of blank measurements, and m is the slope of the linear
equation) is determined to be 2.4 x 10° U mL™". The fluorescence
response of AIE-Lyso-1 at varied concentrations (0—10 pM) was
also investigated with 0.50 U mL™' esterase (see Fig. S2), and
increasing fluorescence intensity was observed with higher probe
concentration.
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Fig. 3 (A) A plot of fluorescence intensity of AIE-Lyso-1 (10 pM) vs. the

reaction time at esterase concentrations (from bottom to top): 0 (control), 0.10,

0.15, 0.20, 0.30, 0.35, 0.40 and 0.50 U mL"'. (B) The plot of the fluorescence

intensity against the esterase concentration in the range of 0-0.50 U mL™'. The

measurements were performed in 10 mM PBS (pH 7.4) with Aex/em = 356/532 nm.

Time (min)

The selectivity of AIE-Lyso-1 towards esterase was then
evaluated by measuring its fluorescence response in the presence of
different interference substances (Fig. 4), including inorganic salts
(MgCl,, CaCl,), vitamin C, reactive oxygen species (H,O,, BO;),"
and proteins (lysozyme, cathepsin B). The esterase can induce over
70-200 folds fluorescence enhancements than other interference
substances, which demonstrate that AIE-Lyso-1 has high selectivity
for esterase.
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Fig. 4 Fluorescence responses of AIE-Lyso-1 (10 pM) to various species: MgCl,
(100pM), CaCl, (100 pM), vitamin C (10 mM), H,O, (100 uM), BO5 (100 uM),
Lysozyme (1.0 U mL™), Cathepsin B (1.0 U mL™"), and esterase (0.50 U mL™) in
PBS buffer solution (pH = 7.4, 37 °C) with Aeyiem = 356/532, where [, and [ are the
PL intensities of 10 uM AIE-Lyso-1 alone and that upon incubation with
different species, respectively.

To further confirm that the fluorescence light-up was caused by
esterase, we also investigated the inhibition effect of 4-(2-
aminoethyl)benzenesulfonyl fluoride (AIEBSF) on esterase activity.
As shown in Fig. 5, with increasing AIEBSF concentration, the
fluorescence intensity of AIE-Lyso-1 at 532 nm is gradually
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decreased. For example, addition of 0.1 mM AIEBSF causes a 10%
decrease of the original fluorescence intensity. The higher
concentrations of AIEBSF such as 0.4 and 1.0 mM lead to 40% and
65% decrease of the original fluorescence intensity, respectively.
These results further confirm that the light-up fluorescence indeed
arises from the reaction of probe AIE-Lyso-1 with esterase. AIE-
Lyso-1 can also be used to monitor the inhibition effect of AIEBSF
in living cells. When MCEF-7 cells were pretreated with 0.4 mM
AIEBSF, an obviously decreased fluorescence was observed (see Fig.
S3).
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Fig. 5 The fluorescence change of AIE-Lyso-1 (10 uM) upon incubation with
esterase (0.50 U mL™'") as a function of time in the presence of different
concentrations of AIEBSF (from top to bottom): 0, 0.10, 0.20, 0.40, 0.60, 0.80
and 1.0 mM. Aeyem = 356/532 nm.

Cell imaging

After investigating AIE-Lyso-1 as an esterase probe in
solution, we further explored its application for imaging of
lysosomal esterase in living MCF-7 cells. After incubation with
1 uM AIE-Lyso-1 for 30 min (Fig. 6b), a discrete labeling
pattern that matches the distribution of lysosomes is obtained,
which overlaps well with the LysoTracker Red costaining (Fig.
6¢c—d), suggesting the high specificity of AIE-Lyso-1 for
lysosomes. To verify that morpholine groups play an important
role in selective targeting lysosomes, probe 6 without
morpholine groups was also tested. Because of the low cell
membrane permeability of 6, very weak fluorescence is
observed for cells incubated with 1.0 uM 6 for 2 h (see Fig. S4);
while a non-specific staining of the entire cell cytoplasm is
observed upon incubation the cells with 5.0 uM 6 (Fig. 6e—h)
for 2 h. These experiments clearly verified that AIE-Lyso-1
could selectively target lysosomes with high cell membrane
permeability. The photostability of AIE-Lyso-1 and
LysoTracker Red was also tested through continuous laser
scanning by confocal microscope, which shows that the signal
loss of AIE-Lyso-1 is less than 20% in ~ 8 min (See Fig. S5).
In contrast, LysoTracker Red lost almost ~70% of its
fluorescence signal within the same period of time. These
experiments demonstrate that AIE-Lyso-1 has very good
photostability. Cytotoxicity of AIE-Lyso-1 was also evaluated
by the widely used MTT assay. The samples were incubated
with 1, 2, 4, 8, or 16 uM AIE-Lyso-1 for 24 h, and the cell

4| J. Name., 2012, 00, 1-3

viabilities were close to 100% under the testing conditions,
indicating the low cytotoxicity of the probe (see Fig. S6).

Fig. 6 (a—d) Confocal images of MCF-7 cells stained with 1.0 uM AIE-Lyso-1
and 50 nM LysoTracker Red: (a) Bright-field image; (b) Confocal image from
AIE-Lyso-1 on channel 1 (Aex = 405 nm, Aem = 515-560 nm); (¢) Confocal image
from LysoTracker Red on channel 2 (Aey = 559 nm, Aem = 585—610 nm); (d) The
overlay of (b) and (c). (e—f) Confocal images of MCF-7 cells stained with 5.0 pM
6 and 50 nM LysoTracker Red: (e) Bright-field image; (f) Confocal image from 6
on channel 1; (g) Confocal image from LysoTracker Red on channel 2; (h) The
overlay of (f) and (g). Scale bar = 20 um.

To explore whether AIE-Lyso-1 can be used for in situ
monitoring of lysosomal esterase activity, real-time imaging
experiments were performed with MCF-7 cells (Fig. 7). As the
incubation time elapses, the fluorescence intensity in lysosome
increases quickly and reaches a maximum at ~8 min, meanwhile no
fluorescence was observed in the culture media. In comparison,
probe 6 without lysosome targeting group can only light-up the
entire cell after 2 h (see S6). These results demonstrate that AIE-
Lyso-1 has the ability for specifical targeting lysosome and real-time
monitoring of Isysosomal esterase activity.

Fig. 7 Real-time fluorescence images showing the AIE-Lyso-1 (1.0 uM) stained
MCEF-7 cells at room temperature. Scale bar = 20 pm.

As the spatial and temporal distribution of lysosomes can also
help to diagnose the lysosomal storage diseases,'* ATE-Lyso-1 was
further used for tracking lysosomal movements (Fig. 8). The cells
were stimulated by 3 pM of chloroquine, which can drive lysosomal
The
movements of lysosomes were subsequently monitored continually

movements without inducing significant disturbance.
by confocal microscopy. As shown in Fig. 8, even the slight
movement of lysosomes could be identified by AIE-Lyso-1 in the

merged images (Fig. 8e—g) collected at different times.

This journal is © The Royal Society of Chemistry 2012
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Fig. 8 Confocal images of an MCF-7 cell stained with 1.0 uM AIE-Lyso-1 and
stimulated using 3 pM chloroquine. Different pseudo-colors are used to illustrate
the fluorescence images at different stimulation times of 0, 1, 3, and 5 min. (e—g)
Merging images at two different times: (¢) 0 and 1 min, (f) 1 and 3 min, (g) 3 and
5 min, and (h) Bright-field image. Scale bar = 5 pm.

Conclusions

In summary, a novel fluorescent light-up probe AIE-Lyso-1
with “AIE + ESIPT” characteristics has been developed for
specific detection of lysosomal esterase activity in living cells,
which has also been used for monitoring the lysosomal
movements. Compared with the reported esterase probes, AIE-
Lyso-1 has significant advantages in lysosome-specific
targeting, no self-quenching at high concentration, excellent
light-up ratio, large Stokes shift, good photostability, and low
cytotoxicity. The unique and simple design also overcomes the
limitations of the previously reported AIE light-up probes, e.g.
high water-solubility of the probe is no longer a perquisite to
ensure low background fluorescence. It also favors the ESIPT
emission with large Stokes shift by formation of aggregates to
prevent from the interruption of water’s high polarity and
hydrogen-bond donor ability. The strategy presented herein can
be easily extended for designing “AIE + ESIPT” light-up
probes for specific detection of various enzymes and other
analytes simply through conjugation of cleavable recognition
elements to the “AIE + ESIPT” fluorogen. Further fine-tuning
of the molecular structures will likely to yield long wavelength
emissive “AIE + ESIPT” fluorogens for real-time in vivo
imaging applications.
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