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Introduction

Aluminum, the third most abundant element on the Earth’s
crust, is widely used in daily life, such as in utensils, food
additives, building equipment, water purification, and
pharmaceutical products.' However, as a non-essential toxic
element in the biological system, the accumulation of excessive
AP’* could induce various diseases, including Parkinson’s
disease, Alzheimer’s disease, and amyotrophic lateral
sclerosis.*® Moreover, the water-soluble Al** resulted by acid
rain could cause serious damage to growing plants and the
environment.'®*? Therefore, the development of an effective
method to trace AI*" is of great significance to human health
and environment protection.

Though traditional analysis and detection techniques, such
as chromatography, spectroscopy, and electrochemical analysis,
are available to detect heavy transition metal ions, they are not
convenient for the analysis of plentiful samples because of
expensive equipment, high cost and time-consuming
procedures.”*™® By contrast, significant progress has been
achieved in the development and application of fluorescent
probes for the selective binding and identification of different
metals, exhibiting unique properties including operational sim-
plicity, low cost, high sensitivity and high selectivity.>**" Until
now, some fluorescent probes for detecting Al** have been
reported based on internal charge transfer (ICT),*>** photo-
induced electron transfer (PET),>>>° chelation-enhanced fluo-
rescence (CHEF),>*? and fluorescence resonance energy trans-
fer (FRET) mechanisms.*® However, most of these probes need
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of Al** was developed. This fluorescent probe could be used to detect A*" in aqueous solution under
mild conditions, along with high sensitivity and high selectivity. The detection limit of the probe BTD for
A" is as low as 3.25 nM, which is below the WHO recommendation concentration (7.41 uM) for drinking
water. Furthermore, this probe was successfully applied to the sensing of AI** in living cells and zebrafish.

to be applied in the organic/water mixture for the detection of
AP’%; the AI*" ion easily dissolves in water medium. The poor
water-solubility of these reported probes hinders their further
application in environmental and biological systems. In recent
years, fluorescent probes displaying aggregation-induced emis-
sion (AIE) characteristics have attracted great attention, and a
lot of practical applications have been realized.>**° Hence, it is
valuable to develop new AIE probes with high selectivity and
high sensitivity for the quantification and bioimaging of Al*".

In this work, we rationally design and develop a novel fluo-
rescent probe BTD with AIE characteristics, which exhibits
fluorescence ‘turn-on’ for AI’* in almost pure water
(Scheme 1). This probe exhibits high sensitivity and high
selectivity for the monitoring of AI’* in water samples.
Furthermore, the probe was successfully applied to detect Al**
in BEL-7402 cells and zebrafish.

Experimental
General information

The chemicals and solvents were purchased from Aladdin
(Shanghai, China) and used without further purification. TLC
analysis was performed using precoated silica plates. UV-vis
absorption spectra were obtained on a UV-2450 spectrophoto-
meter (Shimadzu Co., Japan). All the experimental pure water
was obtained from a Millopore-Q water ultrapurification
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Scheme 1 Proposed mechanism for sensing A"
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system. 'H NMR and C NMR spectra were obtained with
tetramethyl silane (TMS) as the internal standard on a
BRUKER AVANCE-500 spectrometer and the chemical shifts ()
were expressed in ppm and coupling constants (J) were in
Hertz. The IR spectrum was recorded on a NEXUS with KBr
pellets and reported in cm™'. Mass analyses were performed
using a Waters Q-Tof Premier mass spectrometer with an ESI
ion source (Waters QTOF Premier, U.S.A.). Cells were imaged
using a fluorescence confocal microscope (Zeiss LSM 880,
Germany). Zebrafish experiments were conducted on a fluo-
rescence confocal microscope system (Leica SP8, Germany).

General procedure for UV-visible spectroscopy and
fluorescence measurements

The stock solution of probe BTD (1.0 mM) was prepared in
DMSO. Stock solutions (10.0 mM) of various metal ions includ-
ing Na*, K7, Li*, Ag", Ba*", Ca®>", Co*", zn**, Mg>", Mn*", Pb*",
cd?, cu®, sn*", Fe**, Fe**, cr*’, Bi*", Ni**, zr"", Ge", Cys,
Hcy, GSH, S>7, SO;>7, Gly, Glu, Met, Asp, Thr, Lys, Try, and His
were prepared in deionized water. These stock solutions were
further diluted to the required concentration for measure-
ment. Test solutions were prepared as follows: 20 pL of BTD
solution (1.0 mM) and appropriate amounts of analyte solu-
tion were added into a test tube, and the solution was diluted
to 2 mL with pure water. All the absorption and fluorescence
spectra were obtained at room temperature after shaking well.

Synthesis of 4-(benzo[d]thiazol-2-yl)phenol (1)

To a solution of 150 mL anhydrous DMF were added 2-amino-
benzenethiol (18.78 g, 150 mmol) and 4-hydroxybenzaldehyde
(18.32 g, 150 mmol); then, sodium pyrosulfite (24.52 g,
129 mmol) was added to the resulting solution. The mixture
was refluxed for 4 h with stirring until no starting materials
were indicated by TLC. The reaction mixture was cooled to
room temperature, and then poured into 1 L of cold water, and
a white solid was precipitated. Then the solid was filtered and
dried under vacuum to yield the target compound 1 (28.8 g,
84.5%). "H NMR (500 MHz, DMSO-dg) & 10.22 (s, 1H), 8.07 (d,
J=8.0 Hz, 1H), 7.98 (d, J = 8.2 Hz, 1H), 7.93 (d, / = 8.6 Hz, 2H),
7.49 (t,J = 7.6 Hz, 1H), 7.39 (t, J = 7.6 Hz, 1H), 6.94 (dd, J = 8.9,
2.5 Hz, 2H). *C NMR (126 MHz, DMSO-ds) § 167.9, 161.0,
154.2,134.6, 129.5, 126.9, 125.4, 124.5, 122.8, 122.6, 116.6.

Synthesis of 5-(benzo[d]thiazol-2-yl)-2-hydroxybenzaldehyde (2)

To a solution of 4-(benzo[d]thiazol-2-yl) phenol (5.00 g,
22 mmol) in trifluoroacetic acid (120 mL) was added hexa-
methylenetetramine (3.70 g, 26.4 mmol); then the mixture was
refluxed for 5 h. After the reaction mixture was cooled to room
temperature, hydrochloric acid (100 mL, 6 mol L") was added,
and the organic layer was separated out. The aqueous layer
was extracted with CH,Cl, (3 x 10 mL). Then the combined
organic layers were washed with brine, dried with anhydrous
Na,SO, and concentrated under vacuum. The crude product
was purified by column chromatography to yield a white solid
(1.80 g, 32%). "H NMR (500 MHz, CDCl;) § 11.27 (s, 1H), 10.03
(s, 1H), 8.35 (d, J = 2.3 Hz, 1H), 8.22 (dd, J = 8.7, 2.3 Hz, 1H),
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8.05 (d, J = 8.1 Hz, 1H), 7.91 (dd, J = 8.0, 1.3 Hz, 1H), 7.53-7.48
(m, 1H), 7.42-7.38 (m, 1H), 7.12 (d, J = 8.8 Hz, 1H). *C NMR
(126 MHz, CDCl3) § 196.4, 166.0, 163.5, 154.0, 135.7, 134.8,
132.8, 126.6, 126.1, 125.3, 123.1, 121.7, 120.7, 118.6.

Synthesis of the probe BTD

To a solution of 10 mL ethanol were added 5-(benzo[d]thiazol-
2-yl)-2-hydroxybenzaldehyde (300 mg, 1.18 mmol) and 2-hydra-
zinylpyridine (128 mg, 1.18 mmol). The resulting mixture was
stirred overnight at room temperature. Then the residue was
filtered and washed with cold ethanol three times. The solid
was purified by column chromatography to yield the desired
probe (291 mg, 71.5%). "H NMR (500 MHz, DMSO-dg) § 11.10
(d, ] = 26.6 Hz, 2H), 8.44-8.32 (m, 2H), 8.15 (dd, J = 5.0, 1.8 Hz,
1H), 8.11 (d, J = 7.9 Hz, 1H), 8.03 (d, J = 8.0 Hz, 1H), 7.92 (dd,
J = 8.5, 2.4 Hz, 1H), 7.72-7.66 (m, 1H), 7.56-7.49 (m, 1H),
7.47-7.39 (m, 1H), 7.13 (d, J = 8.3 Hz, 1H), 7.07 (d, J = 8.5 Hz,
1H), 6.80 (dd, J = 7.2, 4.9 Hz, 1H). ">C NMR (126 MHz, DMSO-
de) & 167.6, 158.9, 156.8, 154.2, 148.5, 138.6, 137.1, 134.7,
129.1, 127.0, 125.8, 125.5, 125.0, 122.9, 122.7, 122.1, 117.4,
115.7, 106.8.

Cell imaging studies

The BEL-7402 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, GIBCO) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, GIBCO), streptomy-
cin (100 pg mL™") and penicillin (100 ug mL™"). The cells were
seeded into a 96 well culture plate and grown in DMEM
medium under a humid atmosphere of 5% CO, at 37 °C for
24 h. Subsequently, the cells were washed thrice with sterile
phosphate buffered saline (PBS). For the detection of AI*" in
living cells, BEL-7402 cells were incubated with 2.0 pM probe
BTD in DMEM at 37 °C for 30 min and subsequently incubated
with Al,(SO,);-18H,0 (0.1, 0.2 and 0.4 mM) for 30 min,
respectively, and then washed with phosphate-buffered saline
(PBS) three times. Cells were imaged using a fluorescence con-
focal microscope (Zeiss LSM 880, Germany). (dex = 405 nm, A,
= 421-475 nm for the blue channel; A = 458 nm, Aey =
500-550 nm for the green channel). Scale bar: 50 pm.

Zebrafish confocal fluorescence imaging

For the detection of AI** in vivo, 3-day-old zebrafish was used
for these experiments. All animal procedures were performed
in accordance with the guidelines and approved by the Animal
Ethics Committee (Hunan Normal University). Zebrafish was
fed with E3 embryo media (15 mM NacCl, 0.5 mM KCI, 1 mM
MgSO,, 1 mM CaCl,, 0.15 mM KH,PO,, 0.05 mM Na,HPO,,
0.7 mM NaHCOj;, 10 °% methylene blue; pH 7.5) at 28 °C for
30 min, then incubated with AI** (10, 20 and 50 pM, 60 min)
respectively, and finally incubated with the probe (5 pM) for
60 min. All the fishes were terminally anaesthetized using
MS222, and images were obtained on a fluorescence confocal
microscope system (Leica SP8, Germany). (Aex = 405 nM, Ay, =
440-500 nm for the blue channel; 1., = 488 nm, Aeym =
510-550 nm for the green channel). Scale bar: 0.5 mm.
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Results and discussion
Aggregation-induced emission (AIE) of the probe BTD

The probe BTD was easily synthesized, as shown in Scheme 2,
via a three-step process. The probe and intermediates were
characterized by '"H NMR and '*C NMR (Fig. $13-S187). Firstly,
the AIE behavior of the probe in the presence of Al** was veri-
fied by obtaining the fluorescence spectra of the probe BTD
with AI** in mixed solvents with varied acetone-to-H,O ratios.
In pure acetone, almost no fluorescence was observed under
excitation at 345 nm (Fig. 1). After the addition of water, the
phenolic hydroxyl group, the N atoms on the pyridine and the
C=N double bond have a unique affinity for A’ ions, result-
ing in the aggregation of the probe BTD, and the fluorescence
intensities were gradually increased at 470 nm. The fluo-
rescence intensity at 470 nm was enhanced with the increase
in water content. And the content of 99% water leads to a ca.
49-fold increment in the fluorescence intensity. The changes
in blue fluorescence could be obviously observed under UV
light (Fig. 1, insert). These results suggested that the probe
BTD was an AlE-active probe for the sensing of Al** ions.

Spectroscopic response

Next, we examined the responses of the probe BTD (10 uM) in
pure water (containing 1% DMSO) toward AI*" at 37 °C. As
shown in Fig. S1,f upon the addition of 100 pM AI’*, the
initial absorption peak at 321 nm shifted to 327 nm.
Meanwhile, the fluorescence spectrum of the probe BTD
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Scheme 2 Synthesis of the probe BTD. Reagents and conditions: (a)
DMF, Na,S,0s5 reflux; 84.5%; (b) CFsCOOH, HMTA, reflux; 32%; (c) EtOH,
at room temperature; 71.5%.
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Fig. 1 (a) Normalized fluorescence spectra of the probe BTD (10 pM) in
the presence of A®* (100 pM) in different water contents from 0% to
100%. (b) The corresponding normalized fluorescence intensity changes
at 470 nm. lex = 345 nm, silt: 2.5/2.5. The inset photos indicated the
color changes of the probe BTD (10 pM) in the presence of Al**
(100 pM) in different water contents (0-100%) under a UV lamp at
365 nm, respectively.
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exhibited a weak fluorescence at 542 nm. After the probe was
treated with 100 pM AI*", a significant fluorescence increment
was observed at 470 nm by more than 338 times when excited
at 345 nm, accompanied by a clear color change from green to
blue (inset images of Fig. S1t). Using quinoline sulfate in 0.1
M H,SO, aqueous solution as the standard, the fluorescence
quantum yield was calculated to be 0.157. These results
demonstrated that the probe BTD was a visual and fluo-
rescence turn-on probe for the detection of AI’* in pure water.

Time-dependence and pH effect

The response time of the probe BTD with A’ in pure water

(containing 1% DMSO) was also investigated. Upon addition
of AI**, the fluorescence at 470 nm increased rapidly and
reached equilibrium after 25 minutes (Fig. S2t). Therefore,
subsequent experiments for the monitoring of different ana-
Iytes with the probe BTD were conducted for 25 min.
Subsequently, the pH effect of the probe BTD for the monitor-
ing of AI*" was observed. As shown in Fig. S3,7 the fluo-
rescence of the probe BTD remained the same in the pH range
of 2-10, indicating that the probe BTD was stable in a wide pH
range. However, in the presence of Al**, it showed significant
fluorescence enhancements at pH 2-10. Thus, the probe BTD
can be used for the detection of AI** over a wide pH range,
including a physiologically relevant pH value, which is favor-
able for its biological applications in living cells and in vitro.

Titration experiments

To evaluate the sensing ability of the probe BTD for AI**, fluo-
rescence titration experiments were conducted. As shown in
Fig. 2, the fluorescence at 470 nm enhanced gradually after the
addition of AI’* (0-10 uM). A good linear relationship was
obtained in the AI** concentration range of 0-10 pM. And the
detection limit of the probe BTD for AI*" was calculated to be
as low as 3.25 nM based on the signal-to-noise ratio (S/N = 3),
which is as low as 7.41 pM AI’* for bottled drinking water
according to the World Health Organization (WHO) guide-
lines. Compared to some reported probes for AlI** (Table S17),
this probe exhibited high sensitivity. These results indicated
that the probe BTD is sensitive for the detection of AI*" in
environmental and biological systems.
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Fig. 2 (a) Normalized fluorescence intensity spectra of the probe BTD
(10 uM) in the presence of 0-10 uM AL** in pure water (containing 1%
DMSOQ). (b) The linear changes in the normalized fluorescence intensity
at 470 nm of the probe BTD and as a function of A** concentration.
Jex = 345 nm, slit (hm): 2.5/2.5.
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Selectivity and anti-interference

Subsequently, the selectivity of the probe BTD toward Al’* was
evaluated. Water-soluble metal species were tested, including
Na', K', Li*, Ag®, Ba**, Ca®*, Co>", Zn*", Mg*", Mn**, Pb*",
cd*', cu®’, sn*", Fe**, ', cr**, Bi*', Ni*", zr*" and Ge*'. As
shown in Fig. 3, among these analytes, only AI**
a significant fluorescence enhancement, while no fluorescence
was observed for the other competing analytes. Competition
experiments were carried out in the presence of various metal
ions and AI’* under the same conditions (Fig. S41). The fluo-
rescence changes of the probe solution caused by the coexis-
tence of other ions with AI** and the presence of AI** alone are
similar, except for Co®*, Cu®*, Sn**, Fe**, Fe** and Ni**, which
could slightly reduce the fluorescence intensity at 470 nm.
These results demonstrated that the probe BTD had good
selectivity and anti-interference ability for the detection of AI**
and has the potential for monitoring AI** in complex systems.

could induce

Reversibility

Reversibility and regeneration are also essential factors for the
development of devices for sensing analytes in practical
applications.*'™>* We first evaluated the fluorescence response
of the in situ product BTD-AI** toward other analytes, such as
Cys, Hey, GSH, S>7, SO;°7, Gly, Glu, Met, Asp, Thr, Lys, Try,
and His. As shown in Fig. S5,7 fluorescence at 470 nm was sig-
nificantly quenched only after Lys was added to the solution of
the product BTD-AI**. However, negligible fluorescence
changes were observed for other analytes under the same con-
ditions. Subsequently, the fluorescence intensity of the solu-
tion of the product BTD-AI** was rapidly quenched for 2 min
upon addition of 500 pM Lys (Fig. S6T). As shown in Fig. S7,T
the alternate addition of a constant amount of A** (50 pM)
and Lys (500 uM) to the aqueous solution of probe BTD would
result in switchable changes in the fluorescence intensity at
470 nm. And this reversible fluorescence interconversion could
be repeated more than 4 times by the modulation of the A’/
Lys addition. These results indicated that the probe BTD could
be applied to the reversible detection of AI*" in environment
and biological systems. In addition, the probe-AI** complex
could be used to detect lysine (Fig. S8t).
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Fig. 3 (a) Normalized fluorescence spectra responses of the probe BTD
(10 pM) to various metal ions in pure water (containing 1% DMSO). (b)
The corresponding normalized fluorescence intensity changes at
470 nm. Various metal ions (100 pM) including: 1. None; 2. Na*; 3. K*; 4.
Li*; 5. Ag*; 6. Ba®*; 7. Ca®*; 8. Co?*; 9. Zn®**; 10. Mg?*; 11. Mn?*; 12.
Pb?*; 13. Cd?*; 14. Cu?*; 15. Sn?*; 16. Fe?*; 17. Fe3*; 18. Cr®*; 19. Bi**;
20. Ni?*; 21. Zr**; 22. Ge™*; 23. A", e = 345 nm, slit (nm): 2.5/2.5.
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Sensing mechanism

The sensing mechanism of the probe BTD toward Al**

fully investigated. The Job’s plot titration experiments of the
probe BTD with AI’* were first carried out to determine the
binding ratio between the probe BTD and AI’*. As shown in
Fig. S9,7 the maximum fluorescence intensity was obtained
when the molar ratio of the probe BTD with AI** was 0.5, indi-
cating a 1:1 metal-ligand chelation ratio between the probe
BTD and AI’*. Mass spectrometry analysis was further con-
ducted, as shown in Fig. S10.f The peak at m/z 565.15 was
attributed to [BTD — AI*" + 280,>~ + H']™ [caled, m/z: 564.97].
Moreover, the FT-IR spectra of free probe BTD and the complex
of probe BTD and AI’** were obtained, respectively (Fig. S117).
These results further confirmed the binding mode of the probe
BTD with AI**. According to the analyses of Job’s plot, ESI-MS
and FT-IR spectra, the proposed mechanism for the sensing of
AI’" using the probe BTD was reasonable (Scheme 1).

was care-

Detection of AI’* in real water samples

To verify whether the probe BTD could detect AI** ions in real
water samples or not, this probe was applied to quantify AI**
ions in Xiangjiang water and tap water. As shown in Table 1,
after the addition of 3 uM and 6 uM AI** ions to different
water samples respectively, good results were obtained and the
recovery of AI’* ranged from 97.3% to 102.2%. Thus, the probe
BTD was suitable to detect AI’* ions in the water samples.

Imaging AI*" in living cells

Encouraged by the aforementioned results, the probe BTD was
further applied to the imaging of AI** in living cells using a
laser scanning confocal microscope. According to the results
from MTT assays in BEL-7402 cells, the probe BTD has low
cytotoxicity towards living cells (Fig. S121). As shown in Fig. 4,
when BEL-7402 cells were incubated with the probe BTD
(2.0 uM) for 30 min, a faint green fluorescence was observed
(Fig. 4, A1-A3), while, after the addition of AI** (0.1-0.4 mM),
blue fluorescence was observed (Fig. 4, B1-D3). These results
indicated that the probe BTD was successfully applied to the
imaging of AI** in living cells.

Imaging of AI>* in zebrafish

1** in zebrafish.

Finally, the probe BTD was applied to image A
As shown in Fig. 5, when the zebrafish were treated with the
probe BTD (5 pM) for 60 min, a green fluorescence was
observed. When the zebrafish was preincubated with AI** (10,

20, and 50 pM, respectively) and then incubated with the

Table 1 Quantification of A" with the probe BTD in real water
samples. RSD (%, n = 3)

AP Spiked  Detected  Recovery  RSD
samples M) (M) M) (%) (%)
Xiang jiang River ~ 0.00 3.00 2.92 97.3 0.67

6.00 5.94 99.0 0.52
Tap water 0.00 3.00 2.94 98.0 0.85
6.00 6.13 102.2 1.23
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Fig. 4 Confocal fluorescence images of exogenous Al** in BEL-7402
cells. (A1-D3) The cells were incubated with the probe BTD (2.0 uM) for
30 min and then incubated with 0.1 mM, 0.2 mM and 0.4 mM Al* for
30 min, respectively. (lex = 405 nm, leyy = 421-475 nm for the blue
channel; lex = 458 nm, leyy = 500-550 nm for the green channel.) Scale
bar: 50 pm.

AP Green Channel Blue Channel Bright Field

e __
= ll-“__

Fig. 5 Confocal fluorescence imaging of exogenous A" in zebrafish.
Top row: zebrafish were incubated with the probe BTD (5 pM) for
60 min. Others: zebrafish were preincubated with 10, 20 and 50 pM A®*
for 60 min and then incubated with the probe BTD (5 uM) for 60 min,
respectively. (lex = 405 NM, Aeyy = 440-500 nm for the blue channel; dex
= 488 nm, lem = 510-550 nm for the green channel). Scale bar:
0.5 mm.

probe BTD, a green fluorescence disappeared, and the blue
fluorescence was increased. These results demonstrated that
the probe BTD is an effective candidate for the monitoring of
AP’" fluctuation in zebrafish.

Conclusions

In summary, a novel fluorescent probe BTD for the monitoring
of AI’* has been developed based on the AIE mechanism. The
probe BTD is easily prepared through a simple three-step
process, which could detect AI** in water samples under mild
conditions. And this probe exhibited a fast response, high selecti-
vity, and good sensitivity toward AI’*. Furthermore, the probe
BTD was successfully applied to the sensing of AI** in living cells
and zebrafish, which would be helpful for the understanding of
the pathological functions of AI’* in biological systems.
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