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Fluorophores with aggregation-induced emission (AIE) characteristics are attractive and
versatile tools for both chemical sensing and biological imaging. Herein, we designed
and synthesized a fluorescent light-up system CTPE-Tau with enhanced cellular uptake
ability. The system possesses several advantages, such as a large Stokes shift, low
cytotoxicity, and good photostability. Also, it has been successfully utilized to track
esterase-activated release of taurine and to scavenge intracellular ROS, and shows great
potential for trackable visualized therapy.

Introduction

Fluorescence techniques have the characteristics of real-time response, high
sensitivity and technical simplicity."” They have been successfully used in the
fields of molecular recognition and biological imaging because of their flexible
and diverse mechanisms.'*>* Aggregation-induced emission (AIE), as an attrac-
tive luminescence mechanism, successfully solved the aggregation-caused
quenching (ACQ)*** problems of some organic dyes. These AIE fluorogens>* are
highly emissive in the aggregated state but non-emissive in dilute solutions,*"**
which results from mechanisms involving restriction of intramolecular rotation
(RIR) in the aggregation state and rapid intramolecular motion in solution. In
addition, AIE fluorophores also exhibit high photostability and a large Stokes
shift, which are beneficial for applications over a longer period and can avoid
interference of background fluorescence in cell imaging. Recently, a class of
organic luminogens with an extraordinary AIE feature®*** has opened new ways to

College of Materials Science and Engineering, State Key Laboratory of Luminescent Materials and Devices,
South China University of Technology, Guangzhou 510640, P. R. China. E-mail: mcfzeng@scut.edu.cn;
shzhwu@scut.edu.cn; Fax: +86 20 22236363; Tel: +86 20 22236262

1 Electronic supplementary information (ESI) available: Stability experiments, '"H NMR spectra, mass
spectra, absorption emission spectra and cell imaging. See DOI: 10.1039/c6fd00118a

1 These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 196, 335-350 | 335


https://doi.org/10.1039/c6fd00118a
https://rsc.66557.net/en/journals/journal/FD
https://rsc.66557.net/en/journals/journal/FD?issueid=FD017196

Published on 14 Juni 2016. Downloaded by Fail Open on 23/07/2025 10:29:37.

View Article Online

Faraday Discussions Paper

develop probes which are specifically responsive to biomolecules. Nevertheless, it
is particularly important to develop new AIE fluorogens for visualized therapy.

Inflammation is a physiological response of tissues to harmful stimuli such as
damaged cells, pathogens and irritants.* Inflammatory cells express excess
hydrolytic enzymes® (esterase, protease and phosphatase) and are usually
exposed to elevated levels of reactive oxygen species (ROS).** Overproduction of
some ROS and insufficient neutralization by antioxidants may lead to the devel-
opment of oxidative stress and chronic inflammation. As HCIO/CIO™ (one of the
most potent ROS) is highly reactive and diffusible,* its uncontrolled production
within inflammatory cells is involved in a variety of human diseases,**** such as
inflammatory diseases and cardiovascular diseases.

Taurine (2-aminoethanesulfonic acid), which has been reported as an effective
antioxidant, can protect tissues from oxidative stress associated with various
inflammatory diseases. The best established antioxidant action of taurine is the
elimination of hypohalous acids (HOCI, HOBr), the extremely toxic oxidants
generated by the myeloperoxidase (MPO)-halide system.* Taurine reacts with
HOCI/HOBr to produce taurine haloamines (TauCl/TauBr), which are less toxic
milder oxidants but retain antimicrobial and anti-inflammatory properties.
Although taurine is incapable of directly scavenging other classical ROS, it has
been suggested that it is an effective inhibitor of ROS generation through
enhancing expression and activities of antioxidant enzymes, such as superoxide
dismutase, catalase and glutathione peroxidase.** Moreover, it has been recently
reported that incorporating taurine can drastically boost cellular uptake for
intracellular accumulation.*

In view of the above issues, we envision that combining hydrophilic taurine
and an AIE fluorophore via an ester bond could turn out to be an elegant approach
to extend the applications of AIE-active fluorophores, e.g. as a trackable visualized
therapeutic system featuring both imaging esterase-activated taurine release and
ROS scavenging. Herein we designed and synthesized a taurine-containing AIE
fluorophore with a long Stokes shift (258 nm). This AIE fluorophore was coupled
with a taurine moiety through a carbamate bond, and the hydrophilic taurine
moiety enhanced its water solubility and cellular uptake ability. The ester bond
can be hydrolysed by the overexpressed esterase in inflammatory cells, thereby
releasing a taurine moiety for ROS scavenging and in the meantime an AIE flu-
orophore moiety as a reporter for tracking esterase-activated drug release, as
shown in Scheme 1.

Experimental
Reagents and materials

Zinc powder, 4-hydroxybenzophenone, titanium tetrachloride (GR), tetrahydro-
furan (THF for HPLC), 2-bromoethanol, caesium carbonate, N,N-dime-
thylformamide (DMF for HPLC), pyridine (for HPLC), acetate, malononitrile,
tetrakis(triphenylphosphine)palladium(0), tetrabutylammonium bromide (TBAB
for AR), and dimethylsulfoxide (DMSO for HPLC) were purchased from Aladdin
and used as received. 4-Bromobenzophenone, 4-formylphenylboronic acid and 4-
nitrophenyl chloroformate were purchased from TCI. 4-Dimethylaminopyridine
(DMAP) was purchased from Alfa Aesar. Dichloromethane, hexane, methanol and
other solvents were analytically pure reagents. Murine macrophage -cells
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Scheme 1 Schematic illustration of cellular uptake for the system and the subsequent
esterase-activated fluorescence switching on and ROS scavenging.

(RAW264.7) were purchased from KeyGen Biology Co. Ltd (Nanjing, China).
Phorbol myristate acetate (PMA) was purchased from Abcam. DCFH-DA were
purchased from Sigma-Aldrich. The water used herein was triply distilled water.
RPMI1640 and antibiotics (penicillin and chloramphenicol) were purchased from
Gibco. Fetal bovine serum (FBS) was obtained from Life Technologies.

Characterization

'H NMR spectra were measured with a Bruker Avance 600 MHz NMR Spectrom-
eter. Mass spectra were obtained using a Bruker Esquire HCT Plus mass spec-
trometer. UV-vis spectra were measured on a Hitachi U-3010 UV-vis
spectrophotometer. Fluorescence spectra were measured using a Hitachi F-4600
fluorescence spectrophotometer. The particle size and distribution were deter-
mined through dynamic light scattering (DLS) using a Malvern Nano-ZS90
particle size analyzer at a fixed angle of 90° at 25 °C. Transmission electronic
microscopy (TEM) experiments were performed by dropping a drop of the solu-
tion onto ultra-thin carbon film and observation was carried out with a JEM-2100F
transmission electron microscope. Fluorescence images were obtained using an
Olympus IX 71 with a DP72 color CCD.

Spectral analysis

Fluorescence spectra were recorded with an excitation of 369 nm. The stock
solution was prepared by dissolving CTPE-Tau in DMSO and diluting with PBS
buffer (10 mM, pH = 7.4) for absorbance or fluorescence spectra measurements.

For measurements of esterase-activated taurine release in buffer solutions,
corresponding doses of esterase were added to CTPE-Tau in pH 7.4 PBS
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containing 0.5% DMSO and maintained at 37 °C with a water bath. The fluores-
cence spectra were periodically recorded during incubation.

Synthesis

Synthesis of 4-(2-(4-bromophenyl)-1,2-diphenylvinyl)phenol (compound 3).
Compound 3 was synthesized as reported in the literature** with a slight modi-
fication. In a nitrogen atmosphere, 4-hydroxybenzophenone (1.98 g, 10 mmol)
and 4-bromobenzophenone (2.61 g, 10 mmol) were dissolved in 120 mL of THF in
a 250 mL two-necked round-bottom flask. Zinc dust (3.8 g, 60 mmol) was
subsequently added to the flask, followed by cooling with an ice bath. TiCl, (6.74
mL, 67.5 mmol) was added into the mixture dropwise with an injector. The
reaction was then refluxed overnight under nitrogen. After the solution was
cooled to room temperature, the THF was evaporated under reduced pressure.
Saturated sodium bicarbonate solution was added to the mixture until no bubbles
came out. The mixture was then extracted with dichloromethane and dried with
anhydrous sodium sulfate. The crude product was purified using silica column
chromatography, using hexane and dichloromethane (1 : 3 v/v), giving compound
3 as a white powder (1.8 g, 42%).

'H NMR (600 MHz, DMSO), § (ppm): 9.42-9.38 (d, 1H), 7.32-7.29 (d, 2H), 7.17-
7.15 (d, 2H), 7.13-7.08 (m, 4H), 6.99-6.94 (m, 4H), 6.90-6.85 (m, 2H), 6.76-6.72
(m, 2H), 6.55-6.49 (q, 2H). MS (ESI): m/z 426.5 [M] .

Synthesis of 2-(4-(2-(4-bromophenyl)-1,2-diphenylvinyl)phenoxy)ethan-1-ol
(compound 5). Into a 100 mL two-necked round-bottom flask was added
compound 3 (1.3 g, 3 mmol) and caesium carbonate (1.76 g, 5.4 mmol). After 2-
bromoethanol (0.42 mL, 6 mmol) and DMF (20 mL) were added, the flask was
vacuumed and purged with nitrogen five times. The reaction was stirred overnight
under nitrogen at 110 °C. After the mixture cooled to room temperature, it was
extracted with dichloromethane, washed with distilled water several times and
dried with anhydrous sodium sulfate. The crude product was purified using silica
column chromatography with hexane and dichloromethane (1:3 v/v) to give
compound 5 as a white solid (1.3 g, 92% yield). '"H NMR (600 MHz, DMSO),
6 (ppm): 7.36-7.30 (q, 2H), 7.21-7.08 (m, 7H), 6.99-6.92 (m, 4H), 6.90-6.84 (m,
3H), 6.74-6.68 (q, 2H), 4.83-4.80 (q, 1H), 3.92-3.88 (m, 2H), 3.69-3.64 (m, 2H).

Synthesis of 4'-(2-(4-(2-hydroxyethoxy)phenyl)-1,2-diphenylvinyl)-[1,1'-
biphenyl]-4-carbaldehyde (compound 7). Compound 5 (0.94 g, 2 mmol) was dis-
solved in toluene (30 mL) in a 100 mL two-necked round-bottom flask followed by
addition of 2 M potassium carbonate aqueous solution (8 mL). Tetrabuty-
lammonium bromide (TBAB, 0.1 g, 0.3 mmol) and 4-formylphenylboronic acid
(0.36 g, 2.4 mmol) were dissolved in the mixture. After the mixture was stirred at
room temperature for 0.5 h, tetrakis(triphenylphosphine)palladium(0)
(Pd(Pphs3)4, 0.010 g, 8.7 nmol) was added. The flask was vacuumed and purged
with nitrogen five times immediately and then heated to 90 °C for 24 h. After that
the mixture was poured into ethyl acetate and washed three times with brine. The
organic layer was dried over anhydrous sodium sulfate. After removing the solvent
under reduced pressure, the residue was chromatographed on a silica gel column
with dichloromethane and acetone (100 : 1 v/v) as eluent to give compound 7 (0.61
g, 62% yield). *H NMR (600 MHz, DMSO), é (ppm): 10.02 (s, 1H), 7.95-7.94 (d, 2H),
7.86-7.85 (d, 2H), 7.58-7.56 (d, 2H), 7.19-7.17 (m, 3H), 7.15-7.12 (m, 3H),
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7.08-7.06 (d, 2H), 7.04-7.02 (m, 4H), 6.87-6.86 (d, 2H), 6.71-6.69 (d, 2H), 4.83-
4.81 (t, 1H), 3.90-3.89 (t, 2H), 3.68-3.65 (q, 2H). MS (ESI): m/z 518.9 [M]".

Synthesis of  2-((4'-(2-(4-(2-hydroxyethoxy)phenyl)-1,2-diphenylvinyl)-[1,1"-
biphenyl]-4-yl)methylene)malononitrile (compound 9, CTPE). Compound 7 (0.3
g, 0.6 mmol), malononitrile (0.037 mL, 0.6 mmol), and pyridine (4 mL) were
added to a 25 mL round-bottom flask with a stirrer bar. After acetic acid (0.16 mL)
was added to the mixture, the mixture was warmed to 40 °C and maintained at
this temperature overnight and the reaction was monitored several times using
TLC, which showed that one orange product was formed as the only product. After
that, the reaction product was dissolved with ethyl acetate, washed with 0.1 M
hydrochloric acid solution 3 times and brine 1 time, dried over anhydrous sodium
sulfate, and concentrated in a vacuum. The crude product was purified using
silica column chromatography with dichloromethane and methanol (100 : 1 v/v)
to give compound 9 as an orange solid (0.28 g, 86% yield). '"H NMR (600 MHz,
DMSO0), 6 (ppm): 8.56-8.54 (d, 1H), 8.05-8.01 (m, 2H), 7.93-7.90 (m, 2H), 7.76-
7.61 (m, 2H), 7.32-7.28 (m, 2H), 7.19-7.06 (m, 8H), 6.99-6.97 (m, 2H), 6.93-6.86
(m, 2H), 6.74-6.69 (m, 2H), 4.80-4.61 (m, 1H), 3.95-3.89 (m, 2H) 3.69-3.66 (m,
2H). MS (ESI): m/z 566.9 [M]".

Synthesis of 2-(4-(2-(4'-(2,2-dicyanovinyl)-[1,1'-biphenyl]-4-yl)-1,2-diphenylvinyl)-
phenoxy)ethyl(4-nitrophenyl) carbonate (compound 11). To a suspension of
4-nitrophenylchloroformate (0.1 g, 0.5 mmol) and DMAP (0.06 g, 0.5 mmol) in
dichloromethane (10 mL) was added compound 9 (0.22 g, 0.4 mmol) dissolved in
CH,Cl, (15 mL) dropwise. Then the reaction was stirred for 3 h at room
temperature. After completion, silica column chromatography using dichloro-
methane and methanol (100 : 1 v/v) was carried out to remove the excess raw
material. The crude product was concentrated in a vacuum and used for the next
step without further purification.

Synthesis of 2-(((2-(4-(2-(4'-(2,2-dicyanovinyl)-[1,1"-biphenyl]-4-yl)-1,2-diphe-
nylvinyl)phenoxy)ethoxy)carbonyl)amino)ethane-1-sulfonic acid (compound 13,
CTPE-Tau). The crude ester intermediate compound 11 was immediately reacted
with taurine (0.1 g, 0.8 mmol) in dry CH,Cl, (30 mL) containing 0.3 mL dry Et;N.
After 1 day of reaction, the mixture was washed with brine and dried with
anhydrous sodium sulfate. The solvent was removed under reduced pressure. The
crude product was purified using silica column chromatography with dichloro-
methane and methanol (10 : 1 v/v) to give compound 13 as an orange solid (0.12 g,
40% yield). *H NMR (600 MHz, DMSO), 6 (ppm): 8.02-7.85 (m, 4H), 7.62-7.57 (m,
2H), 7.20-7.12 (m, 8H), 7.08-7.07 (d, 2H), 7.04-7.02 (t, 5H), 6.87-6.86 (m, 2H),
6.73-6.71 (d, 2H), 4.21-4.14 (m, 2H), 4.05-4.00 (m, 2H), 3.27-3.24 (m, 2H), 2.58-
2.55 (t, 2H). MS (ESI): m/z 694.3 [M]".

Cell viability evaluated with MTT assay

To examine the cytotoxicity of CTPE-Tau, RAW264.7 cells (murine macrophage
cells) were seeded in 96-well plates at a density of 1 x 10° cells per mL in complete
medium, which was composed of 89% RPMI1640 medium with 10% fetal bovine
serum (FBS) and 1% antibiotics (penicillin and chloramphenicol) added. The
cells were incubated at 37 °C with 5% CO, for 24 h. After removal of the medium
and washing with PBS buffer, the cells were treated with a series of concentrations
of CTPE-Tau and incubated for an additional 24 h. Then the freshly prepared MTT
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solution was added to each sample well after being washed with PBS. After 3 h
incubation in the incubator, the MTT medium solution was carefully removed.
DMSO (100 pL) was then added into each well and the plate was gently shaken for
10 min at room temperature to dissolve all the precipitates formed. The evalua-
tion of cytotoxicity for CTPE-Tau against the cells was obtained with MTT assay
according to ISO 10993-5. The absorbance of MTT of every individual well at 570
nm was monitored and the cell viability was calculated using the ratio of the
absorbance in the sample well to that of the incubated cells with culture medium
only. In these experiments for each concentration the assays were performed in
eight replicates. The evaluation of cell viability was expressed using the statistical
mean and standard deviation.

Cell incubation and imaging

For cellular uptake imaging, Raw 264.7 cells were seeded in polylysine-coated cell
culture glass slides inside 30 mm glass culture dishes in complete medium. After
being grown for 24 h for adherence at 37 °C in a humidified 5% CO, incubator,
the cells were washed with PBS and incubated with 50 uM of corresponding CTPE
or CTPE-Tau in complete medium at 37 °C under 5% CO, for 4 h. Then the cells
were washed with PBS buffer three times and the glass slides were taken out to
image using an Olympus IX71 inverted fluorescence microscope equipped with
a DP72 color CCD.

For cellular ROS scavenging imaging, Raw 264.7 cell lines were seeded in
polylysine-coated cell culture glass slides inside 30 mm glass culture dishes in
complete medium. After being grown for 24 h for adherence at 37 °C in
a humidified 5% CO, incubator, the cells were washed with PBS.

For comparison, experiments concerning four groups of cells were con-
ducted: for the first group (DCFH-DA only), cells were incubated in complete
medium at 37 °C in a humidified 5% CO, incubator; after that, the cells were
incubated with DCFH-DA at a final concentration of 10 uM for 30 min. For the
second group (PMA/DCFH-DA), cells were stimulated with 6 mg mL ™' PMA
dissolved in complete medium for 30 min in an incubator; afterwards, the cells
were washed with PBS and incubated for 4 h in complete medium only; then
the cells were incubated with DCFH-DA at a final concentration of 10 uM for 30
min. For the third group (PMA/CTPE-Tau/DCFH-DA), cells were stimulated
with 6 mg mL™" PMA dissolved in complete medium for 30 min in an incu-
bator; afterwards, the cells were washed with PBS 3 times and incubated with
CTPE-Tau in complete medium at a final concentration of 50 uM for 4 h at 37 °C
in a humidified 5% CO, incubator; then the cells were incubated with DCFH-
DA at a final concentration of 10 uM for 30 min. For the fourth group (PMA/
taurine/DCFH-DA), cells were stimulated with 6 mg mL~' PMA dissolved in
complete medium for 30 min in an incubator; after that, the cells were washed
with PBS 3 times and incubated with taurine in complete medium at a final
concentration of 50 uM for 4 h at 37 °C in a humidified 5% CO, incubator; then
the cells were incubated with DCFH-DA at a final concentration of 10 uM for
30 min.

After all these incubations, the cells were washed with PBS buffer three times
and the glass slides were taken out to image using an Olympus IX71 inverted
fluorescence microscope equipped with a DP72 color CCD.
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Results and discussion
Synthesis

CTPE-Tau was prepared following the synthetic route shown in Scheme 2:
first, compound 3 was prepared by the cross McMurry coupling reaction of
4-hydroxybenzophenone and 4-bromobenzophenone. Second, the Williamson
ether synthesis reaction between compound 3 and 2-bromoethanol in the
presence of caesium carbonate catalyst led to the product compound 5
with >90% yields. This reaction was employed because it may decrease the
steric hindrance as a substrate of esterase. Third, compound 5 was trans-
formed to compound 7 using a Suzuki coupling reaction with 4-for-
mylphenylboronic acid. Fourth, the subsequent condensation between
compound 7 and malononitrile gave compound 9 (CTPE). Fifth, the nucleo-
philic substitution reaction between compound 9 and 4-nitro-
phenylchloroformate gave compound 11. Sixth, the nucleophilic substitution
reaction between intermediate 11 and taurine give the final product
compound 13 (CTPE-Tau).
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Scheme 2 Synthetic route for CTPE-Tau.
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"H NMR and mass spectrometry (MS) were utilized to characterize the inter-
mediates and CTPE-Tau and satisfactory results corresponding to their structures
were obtained (Fig. S1-S91). Furthermore, a high resolution mass spectrum
(HRMS) was obtained for CTPE-Tau (Fig. S107).

Optical properties

The fluorophore was designed under the rationale of incorporating a donor-7m-
acceptor structure as well as extending the conjugation length. The bathochromic
shift compared with the TPE in emission (around 470 nm) results from the strong
donor-acceptor interaction across the TPE core, which facilitates the intra-
molecular charge transfer (ICT) and lowers the energy gap. The AIE properties of
CTPE and CTPE-Tau were studied by monitoring their fluorescence emission
spectra in water and DMSO mixtures with different water fractions (f;,). For both
samples, we observed a broad emission band centered around 609 nm. As shown
in Fig. 1A and B, CTPE is almost non-emissive in DMSO solution (f,, = 0), which
accounts for the free rotation of the TPE phenyl rings in the molecularly dissolved
state. However, the fluorescence intensity increases with the increase in f,, within
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Fig. 1 (A) FL spectra of CTPE in H,O/DMSO mixtures with different H,O fractions.
Concentration: 10 pM; excitation wavelength: 369 nm. (B) Plot of FL intensity (1609) versus
composition of the H,O/DMSO mixture of CTPE. (C) FL spectra of CTPE-Tau in H,O/
DMSO mixtures with different H,O fractions. Concentration: 10 uM; excitation wave-
length, 369 nm. (D) Plot of FL intensity (1609) versus composition of the H,O/DMSO
mixture of CTPE-Tau.
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the range from 0% to 80%. At f,, = 80%, the fluorescence intensity of CTPE is 24-
fold higher than that in DMSO. This should be explained by the fact that
hydrophobic CTPE tends to aggregate at a higher water fraction, which leads to
restriction of the intramolecular motion to activate the AIE process. However the
FL intensity shows a decreasing trend when f,, ranges from 80% to 99.5%. This
results from the ratio changes of the amorphous and crystalline phases of the
compounds.**

Additionally, fluorophores with small Stokes shifts may suffer from self-
quenching and larger measurement error due to overlap between the excitation
and emission bands, whereas those with larger Stokes shift could help to reduce
the excitation interference and increase the contrast between the target fluores-
cence signal and other background fluorescence.

Compared with other reported fluorescent probes (see ESI Table S1t), the
system herein can respond to esterase with subsequent drug release (taurine) and
have a large Stokes shift. As a result, this large Stokes shift (258 nm) of the flu-
orophore is highly desirable for cell imaging applications (Fig. S117).

CTPE-Tau was obtained by coupling CTPE with a taurine moiety through
a carbamate bond. The taurine moiety greatly improves the water solubility of the
AIE fluorophore. Therefore, as shown in Fig. 1C and D, CTPE-Tau exhibits weak
fluorescence emission even when f,, reaches up to 99.5%. This phenomenon can
be attributed to CTPE-Tau's relatively good water solubility where the intra-
molecular rotation of the compound serves as a relaxation channel for the excited
state.

The photostability of a fluorophore is one of the key parameters for applica-
tions. The fluorescence intensity of the fluorophore CTPE is relatively stable in
PBS from pH = 5.0 to pH = 8.0 and remains almost unchanged even after 4 hours
heating at 37 °C with a water bath (Fig. S12A7), which means that the optical
properties of CTPE will not be affected by the pH of the environment. In addition,
we measured the change in fluorescence intensity of CTPE with different irradi-
ation times. It can be seen in Fig. S12Bft that there is only slight photobleaching
upon exposure to 365 nm UV for at least 60 minutes, which suggests that the
fluorophore has relatively good photostability, which is beneficial for fluorescence
imaging. These characteristics lay a solid foundation for the fluorophore's
application in biological systems.

Esterase-activated release of taurine

To investigate the esterase-activated taurine release, we measured the fluores-
cence spectra of CTPE-Tau towards esterase in vitro. Firstly, we investigated
whether acidic pH affects the hydrolysis of carbamate. CTPE-Tau (10 uM) was
incubated in pH = 5.0 (the pH in cell lysosome) PBS containing 0.5% DMSO for
different time periods. The fluorescence intensity shows no enhancement under
such acidic conditions (Fig. S13f), which indicates that CTPE-Tau will not
hydrolyse under the acidic environment in the cell lysosome. Then we tested
response of CTPE-Tau towards esterase at different concentrations at 37 °C, and
the fluorescence spectra were periodically recorded during incubation (CTPE-Tau
10 uM in PBS containing 0.5% DMSO). For esterase at 0.05 mg mL~*,* which was
reported previously to control prodrug release in live cells, the fluorescence
intensity reaches a plateau in 10 min (Fig. 2B). As shown in Fig. 24, in the absence
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Fig. 2 (A) FL spectra of CTPE-Tau for esterase response versus time. (B) Fluorescence
intensity of CTPE-Tau in the presence of esterase 0.05 mg mL™ as a function of time, and
(C) upon incubation with esterase at different concentrations (CTPE-Tau 10 uM in PBS
containing 0.5% DMSO). (D) The working curve of the fluorescence intensity against CTPE
concentration in the range of 2-10 uM. These measurements were performed in PBS
(pH 7.4) at 37 °C with Aex/em = 369/609 nm.

of esterase, CTPE-Tau shows weak emission at 609 nm for its non-aggregated
state. On adding esterase and increasing the esterase incubation time, the fluo-
rescence intensity of the assay system at 609 nm increases as water-soluble CTPE-
Tau is gradually hydrolysed into hydrophobic CTPE. The resulting hydrophobic
CTPE molecules in the test solution readily aggregate. The restriction of intra-
molecular rotation (RIR) holds back the non-radiative way and opens up a radia-
tive channel.* As a result, the system becomes emissive. Higher concentrations of
esterase lead to a faster hydrolysis rate and a higher hydrolysis degree, as shown
in Fig. 2C. The mass spectrum (Fig. S141) indicated that free taurine was gener-
ated by CTPE-Tau after incubation with esterase (MS (ESI): m/z 124.9 [M]").

Next, to investigate the release efficiency of taurine activated by esterase, we
tested the relationship between CTPE concentration and its fluorescence intensity
and obtained the working curve. It can be seen in Fig. 2D that the enhancement of
emission could serve as a useful reporter for drug release with a linear equation of
F =18.8C (uM) + 36.6 (R = 0.995). The release rate is determined to be 60% for
esterase at 0.05 mg mL ™", calculated based on the working curve in Fig. 2D.

In addition, we studied the size change of the system before and after esterase
incubation using DLS and TEM at the same time. The system has an average
diameter of about 1 nm before adding esterase. After the addition and incubation
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of esterase for 30 min, the size of the system grows to about 105 nm as shown in
Fig. 3C and D. TEM images show that there are no obvious aggregates before the
addition of esterase (Fig. 3A), whereas the size of the system grows to about 83 nm
(Fig. 3B) after the incubation of esterase for 30 min, which corresponds to the DLS
results. These results illustrate that after being hydrolyzed to CTPE, the system
indeed aggregates.

Fluorescence cell imaging

In order to examine the enhanced cellular uptake capability as well as the ability
to track the release of taurine and scavenging ROS, we selected RAW264.7 cells,
one of the inflammatory cell lines, for an in vitro assay. Cytotoxicity assays were
firstly performed on a RAW 264.7 cell line with MTT assay in compliance with ISO
10993-5 with CTPE-Tau at concentrations in the range of 0 and 50 pM for 24 h. As
shown in Fig. 4, CTPE-Tau has little cytotoxicity. Notably, even at higher
concentrations reaching up to 50 uM, the viability of the cell line is still about
90%. These results demonstrate that CTPE-Tau possesses good biocompatibility
and is appropriate for applications in live cells.

To prove that coupling with the taurine moiety can enhance cellular uptake, we
compared the cellular uptake ability of CTPE-Tau with CTPE. RAW 264.7 cells

S
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Fig. 3 TEM images of the assay systems before (A) and after (B) the addition of esterase.
Scale bar: 100 nm. Size distribution of CTPE-Tau determined using dynamic light scat-
tering (DLS) before (C) and after (D) treatment with esterase (10 uM in PBS containing 0.5%
DMSO).
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Fig.4 Cytotoxic assays against RAW264.7 cells upon 24 hours of incubation with different
CTPE-Tau concentrations (0, 5, 10, 20, 50 uM).

were incubated with CTPE-Tau and CTPE at the same concentration (50 uM) for
4 h. Theoretically speaking, the fluorescence intensity of CTPE-Tau should be
weaker than CTPE if the cells take in the same amount of the two substances,
CTPE and CTPE-Tau. That is because CTPE-Tau has almost no fluorescence
emission properties as previously described and may not be completely hydro-
lyzed into bright CTPE by the esterase inside the cells. But surprisingly, the
fluorescence imaging experiments show a clear fluorescence enhancement for

CTPE CTPE-Tau

A B

BF

Fig. 5 Fluorescence images of RAW 264.7 cells incubated with (A, C) CTPE and (B, D)
CTPE-Tau, both at 50 uM for 4 h in the same conditions.
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CTPE-Tau compared to CTPE with an accumulation in the cytoplasm (Fig. 5). This
result indicates that coupling with the taurine moiety indeed boost cellular
uptake.

Next we investigated the ROS-scavenging ability of CTPE-Tau. It has been re-
ported that murine macrophage cells RAW264.7 secrete myeloperoxidase (MPO)
and that exposure of macrophages to stimuli such as phorbol myristate acetate
(PMA) can generate ROS***” by activating NADPH oxidase to produce O>~ which is
then converted to H,0, and subsequently into HCIO by MPO. In this experiment,
we used PMA-stimulated RAW 264.7 cells*® as a model to test the ROS-scavenging
ability of CTPE-Tau. The level of cellular ROS is characterized by DCFH-DA,
a commonly used cell membrane-permeable fluorescent indicator for ROS.*
DCFH-DA is weakly fluorescent but could react with ROS to yield the strong green,
fluorescent dichlorofluorescein (DCF).*

We can see from the results in Fig. S15f that the DCFH-DA only group
(Fig. S15A and Cf) shows no fluorescence while the PMA/DCFH-DA group
(Fig. S15B and D, Fig. 6C and I) shows strong DCF green fluorescence, which
indicates that the level of cellular ROS in RAW264.7 cells increases tremendously
upon stimulation by PMA. After treating the high ROS level cells with CTPE-Tau or
taurine, the strong DCF fluorescence decreases dramatically (PMA/CTPE-Tau/
DCFH-DA group, Fig. 6A and G and PMA/taurine/DCFH-DA group, Fig. 6B and H)
because the ROS is scavenged by taurine. In addition, we can monitor the
esterase-activated taurine release via the fluorescence of the resulting CTPE.
These results indicate that CTPE-Tau is capable of scavenging intracellular ROS
due to the taurine it releases upon esterase activation. Meanwhile, the bright red

PMA/CTPE-Tau/DCFH-DA PMA/taurine/DCFH-DA PMA/DCFH-DA

A B C

BF

E F
CTPE-Tau
o DA. .

Fig. 6 Fluorescence images of RAW 264.7 cells: (A, D, G) stimulated with 6 mg mL™* PMA
for 30 min, washed with PBS 3 times and incubated with 50 uM CTPE-Tau for 4 h followed
by DCFH-DA 10 pM for 30 min; (B, E, H) stimulated with 6 mg mL™t PMA for 30 min,
washed with PBS 3 times and incubated with 50 uM taurine for 4 h followed by DCFH-DA
10 pM for 30 min; (C, F, 1) stimulated with 6 mg mL™ PMA for 30 min, washed with PBS 3
times and incubated in culture medium for 4 h followed by DCFH-DA 10 puM for 30 min.
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fluorescence of the hydrolyzed CTPE-Tau, namely the CTPE aggregates (Fig. 6D),
is able to serve as an indicator for tracking taurine release.

Conclusions

In summary, we have successfully designed an AIE fluorophore with a large Stokes
shift (258 nm), and this fluorophore CTPE-Tau was obtained by coupling the
taurine moiety through an ester bond to the AIE fluorophore which enhanced its
water solubility and cellular uptake capability. Furthermore, the antioxidant
taurine can be released upon activation by esterase which is overexpressed in
inflammatory cells. In addition, the released hydrophobic CTPE can act as
a fluorescent reporter to track taurine release via aggregation-induced emission.
Moreover, CTPE-Tau has been successfully used to scavenge intracellular ROS and
for imaging in live cells. Our approach herein may offer helpful insights for
designing other trackable therapeutic systems.
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