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Although all kinds of sensors with unique detecting ability for one guest were reported, the fluorescence
sensor with multiple detecting abilities was seldom presented. This work designed and synthesized a
novel AIE fluorescence probe bearing double detecting for ATP based on Cu®>* and Zn?** response of
hydrazono-bis-tetraphenylethylene (Bis-TPE). Bis-TPE was prepared in 82% yield with simple procedure.
It exhibited strong red AIE fluorescence based on the large conjugated electron effect in aqueous media.
It showed outstanding selective sensing abilities for Cu** by strong fluorescence quenching and for Zn>*
by red-orange fluorescence change. The sensing mechanism of 1:1 stoichiometric ratios was confirmed
by 'H NMR and MS study. The strong red fluorescence of Bis-TPE + Cu?* system could be recovered by
adding ATP. The orange fluorescence of Bis-TPE + Zn?>* system could be quenched by adding Cu?* and
then was recovered by adding ATP. These double detecting abilities for ATP with the “off-on” red fluo-
rescence in Bis-TPE + Cu?* system and “allochroic-off-on” orange fluorescence in Bis-TPE + Zn?*+Cu?*
system were successfully applied to test Cu**, Zn?* and ATP in test paper and living cell imaging, dis-
playing the good application prospects for sensing Cu®*, Zn’>* and double detecting ATP in the
complicated environment.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

In the past decades, the fluorescent sensors were paid much
attention in detecting ions and biomolecules due to their obvious
advantages of high sensitivity, low cost, and simple operation [1-6],
avoiding the restriction of huge equipment, long times, high cost,
complicated and professional operation of the other detection
methods such as atomic absorption spectroscopy (AAS), atomic
fluorescence spectrometry (AFS) and inductively coupled plasma
mass spectrometry (ICP-MS) [7,8]. Many traditional dyes, such as
BODIPY, fluorescein, rhodamine and cyanine were modified as
excellent fluorescent probes for sensing anionic ions, cationic ions,
biological molecules, etc. [9-14] However, although these fluores-
cent probes usually possessed high fluorescence in organic sol-
vents, the strong aggregation-caused quenching (ACQ) effect in
aqueous solution seriously limited their practical application. In
2001, Tang’s group reported the aggregation induced emission
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(AIE) phenomenon, which eliminates effectively the ACQ effect
[15]. From then on, AIE molecules had been studied extensively and
exhibited the widely application in numerous fields, such as lu-
minous liquid crystal [16-19], organic light-emitting diodes (OLED)
[20-22], circularly polarized photoluminescence [23,24], as well as
ion detection and biomolecular recognition in aqueous media [25-
33].

It was well known that the contamination of heavy metals is a
kind of serious threat to human health and causes series of diseases
usually [34,35]. For instance, copper leads to Menkes syndrome
[36]. Cobalt induces radiation skin damages, and mercury disturbs
the central neural system [37,38]. The abnormal zinc levels might
result in immune dysfunction diseases such as brain diseases,
diabetes, epilepsy, Alzheimer’s and Parkinson’s disease [39-42]. On
the other hand, phosphates play important roles in biological sys-
tems [43]. Among various phosphate anions, adenosine triphos-
phate (ATP) is one of the most important species due to its pivotal
functions for both intracellular energy supplier and extracellular
signalling mediator in metabolic processes [44,45]. Up to now, all
kinds of fluorescence sensors including AIE sensors had been
applied for detecting heavy metallic ions, ATP and other guests,
respectively [46-55]. Generally, the AIE sensor displayed the
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detecting ability for one kind of metallic ion, one kind of metallic
ion and/or ATP, or two kinds of metallic ions such as for Hg?* and
Ag®, Zn** and Cd?**, or Fe>* and Hg>* [56-58]. Obviously, by
comparison with the sensor for detecting only one kind of metallic
ion and/or ATP, the sensor for selectively detecting multiple
metallic ions and/or ATP has the advantage of higher efficiency,
cheaper cost and more simplified operation for practical applica-
tion. However, such fluorescence sensor bearing multiple detecting
abilities was seldom prepared so far. In this paper, we wish to report
a novel AIE hydrazono-bridged bis-tetraphenylethylene sensor,
which possessed the good sensing abilities for Zn?*, Cu**and ATP
with double detecting processes based on the responses of “off-on”
red fluorescence and *“allochroic-off-on” orange fluorescence,
respectively. Moreover, it was successfully applied in test paper and
living cell bioimaging, exhibiting the good application prospects in
sensing Cu®?*, Zn?* and double detecting ATP in complicated
environment and living body.

2. Experimental section
2.1. Materials and methods

All chemical reagents were obtained from Aladdin Reagent Co.,
Ltd. and were used directly. The pre-coated glass plates were used
for TLC analysis. Silica gel (100-200 mesh) was applied for column
chromatography. NMR spectra were recorded on a Bruker-ARX 400
instrument at 25 °C. MS spectra were measured on Bruker mass
spectrometer. PerkinElmer 2400 CHN Elemental Analyzer was used
for elemental analyses. Fluorescent spectra were examined on a
Hitachi F-4500 spectrometer with conventional quartz cell
(10 x 10 x 45 mm) at 25°C. The fluorescence absolute quantum
yield (@) was obtained on an Edinburgh Instruments FLS920
Fluorescence Spectrometer with a 6-inch integrating sphere.
Compound 3 was synthesized by reacting 2-hydroxybenzophenone
and benzophenone in Zn,TiCly/THF system according to the pub-
lished literature [59].

2.2. Synthetic procedure for compound 4

The mixture of compound 3 (0.35 g, 1 mmol) and methenamine
(0.84 g, 6 mmol) were stirred and refluxed in 10 mL of HOAc over-
night. TLC detection suggested the disappearance of starting ma-
terial. After reaction, 50 mL of 1 M HCl solution was poured into the
reaction mixture, and then extracted with CHCl3 (20 mL x 3). The
organic phase was collected and concentrated under reduced
pressure. The residue was purified by column chromatography
(eluent: CH,Cly/hexane = 1/2) to afford compound 4 as pale yellow
solid in yield of 54%. TH NMR (400 M Hz, CDCl3): Sppm: 10.92 (s, 1H,
OH), 9.58 (s, 1H, CHO), 7.02—7.19 (m, 17H, ArH), 6.72 (d, = 8.0 Hz,
1H, ArH). MALDI-TOF-MS (Cy7H2002) Calcd.for m/z=376.146,
found: m/z =376.432 (M™).

2.3. Synthesis procedure of Bis-TPE

Compound 4 (0.376 g, 1 mmol) and 0.025 mL of hydrazine hy-
drate were added to 20 mL of absolute ethanol. The mixture was
refluxed and stirred for 12 h under the TLC detection. After the
reaction, the solvents were removed by reduced pressure and the
residue was recrystallized from CHCl3/MeOH to afford Bis-TPE as
yellow powder (82% yield). 'TH NMR (400 MHz, CDCl3) 3 11.25 (s, 1H,
OH), 8.36 (s, 1H, N=CH), 7.00—7.26 (m, 16H, ArH), 6.97 (s, 1H, ArH),
6.74 (d, J=8.0Hz, 1H, ArH). *C NMR (100 MHz, CDCl3), éppm:
164.52,158.36, 143.60, 143.36, 140.90, 139.33, 136.65, 135.32, 131.36,
131.27,127.95, 127.81, 127.58, 126.66, 126.46, 116.70, 117.47. MALDI-
TOF-MS (Cs4H4oN202) Calcd.for m/fz=748.309, found: m/
z=748.379 (M"). Anal.calcd for Cs4H4oN,0,: C 86.60, H 5.38, N

3.74; found C 86.66, H 5.33, N 3.69.
2.4. The tested procedure of the test paper

Pieces of filter paper were immersed in THF-H0 (5:95) solution
of Bis-TPE (0.1 mM) for 2 min. Then the filter papers were volatil-
ized in air at room temperature. After that, the filter papers were
customized as round slices. Three drops of a solution containing
0.1 mM of different metal ions (none, Ag", Cd**, Cr3*, Fe3*, Hg?",
K*, Na*, Pb?+, cu®*, Sr?+, Mg?+, Zn?*, AP+, Co?*, Ni** and Ca®*) or
ATP were added to the test paper. After drying, the slices were
observed under UV-light (365 nm).

2.5. MTT assay

Methylthiazolyldiphenyl-tetrazolium (MTT) trials were done to
determine the toxicity for MCF-7 cancer cells. The Inoculated MCF-
7 cancer cells were cultivated at 37 °C and 5% CO; for 24 h, then
1.0 x 107> M of Bis-TPE was tracked in the cells after incubating for
24 h. The fostered cells were rinsed by PBS buffer, and continue
cultivating for 3 h, in 0.5 mg/mL MTT-PBS buffer. Further, 100 puL of
DMSO was added into dissolve the generated Formazan crystals,
and detected the absorption intensity at 490 nm.

2.6. The experiment of living cell imaging. Bis-TPE

(3.0 mg) was dissolved in 1 mL of DMSO and then diluted with
PBS buffer (pH = 7.4) to concentration of 1.0 x 107> M for imaging
test. MCF-7 cancer cells were cultivated under the above identical
circumstance of MTT trials for 24 h, and then being tinted by
1.0 x 107> M of Bis-TPE with 24 h breeding. After rinsing with PBS-
buffer, dyed cells were cultivated in solution of metallic ions
(1.0 x 107> M) or M2 +ATP solution (1.0 x 107> M) for 1 h at 37 °C,
respectively. The cells were imaged by a confocal laser scanning
microscope (CLSM, Zeiss LSM 710, Jena, Germany).

3. Results and discussion
3.1. Synthesis and characterization

The synthetic route was shown as Scheme 1. According to the
reported procedure [59], mono-hydroxy tetraphenylethylene 3 was
synthesized by reacting benzophenone and mono-
hydrobenzophenone in Zn, TiCl4/THF system in yield of 32%. Then,
by the classical formylation process under the reaction condition of
HOAc/methenamine, compound 3 was converted to compound 4 in
yield of 54%. Furthermore, the target hydrazono-bridged Bis-TPE

“ “ TiCly / Zn I THF

HOAc,
methenamine

® G O
O D NN X N2H4
~EoH
HO
g O O O

Bis-TPE

Scheme 1. The synthetic route for target Bis-TPE.
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was prepared by refluxing compound 4 with hydrazine hydrate in
yield of 82% after recrystallization. The structure of the Bis-TPE was
characterized by 'H and 3C NMR spectroscopy, MALDI-TOF mass
spectrometry and elemental analysis (see SI). All the characteriza-
tion data supported its structure. For example, two singlets for
N=CH and OH appeared at 11.25 and 8.36 ppm, respectively, which
suggested the symmetric trans-structure for C=N groups of Bis-TPE
as shown in Scheme 1.

3.2. AIE property

Tetraphenylethylene (TPE) is a typical AIE group. Thus, the AIE
property of Bis-TPE was firstly investigated in the THF-H,O mixture
solution. The changes of fluorescence spectra and intensities of Bis-
TPE with Aex=360nm in a series of THF-H,O solutions were
exhibited in Fig. 1 and Fig. S5. It can be seen that the changes of
fluorescence intensities from f,, = 0% to 50% were negligible. But
the emission intensities increased rapidly when f,, > 60%, reaching
its maximum value at f,y =95%. By comparison with that in pure
THEF solution, the fluorescence intensity of Bis-TPE increased by 6.4
times in THF-H,O solution with 95% water content. The fluores-
cence quantum yield was 0.56 in THF-H,O solution with 95% of
H,0. The fluorescence spectrum of Bis-TPE at solid state was also
investigated as shown in Fig. S6. It displayed the strong solid
fluorescence with fluorescence quantum yield of 0.63. All these
results suggested the excellent AIE fluorescence for Bis-TPE at
aggregated state. On the other hand, the fluorescence wavelength
appeared at 550-700 nm with red color, which exhibited huge red
shift than that of normal TPE derivatives (450-550 nm usually). This
phenomenon could be attributed to the favorable influence of the
conjugated electron effect of the structure of hydrazono-bridged
Bis-TPE. This characteristic is an obvious advantage for the probe
in living body, because the long wavelength emission benefits for
the deep tissue permeation, minimum self-absorption and low
background noise, etc. Moreover, Bis-TPE in THF-H,0 with f,, = 95%
had good fluorescence stability in 24 h under normal daylight lamp
(Fig. S7). As the highest fluorescence appeared in THF-H,O with
fw=95%, this solution system was chosen for the further investi-
gation on sensing guests.

3.3. The sensing abilities for metal ions

As a useful probe, it is essential to achieve a selective and sen-
sitive response to the target analytes. Therefore, the selective
response of Bis-TPE to different metal ions was investigated by UV-
vis spectra and fluorescence spectra. Figs. S8 and S9 displayed the
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Fig. 1. The emission spectra of Bis-TPE in THF/H,O solutions with different fractions of
H,0 (1 pM, Aex =360 nm).

UV-vis spectra of Bis-TPE with various ions and Zn?* at different
concentrations. Although these UV-vis spectra exhibited some
fluctuation at maximum absorption, no change for maximum ab-
sorption wavelength and no selectivity for ion were observed
obviously. As to the fluorescence behaviours of Bis-TPE (Fig. 2), the
fluorescence spectra with different metal ions (Ag*, Cd?*, Ccr3™,
Fe3*, Hg?*, K*, Nat, Pb%*, Sr>*, Mg?*, AP, Co®", Ni** and Ca’*)
fluctuated obviously. The maximum deviation percentages of
fluorescence intensities were —8.6% for Hg>* and +29% for Co®*.
One the other hand, the fluorescence spectra of Bis-TPE with Cu®*
and Zn?* exhibited dramatically changes. The fluorescence was
completely quenched by the addition of Cu®*". When Zn** was
added, the fluorescence enhanced remarkably and exhibited
obvious blue shift (from 626 nm to 602 nm), accompanying by the
color change from red to orange under ultraviolet lamp (as shown
in Fig. 2). These results suggested that Bis-TPE possessed the good
sensing ability for Cu?* and Zn®* simultaneously with the obvious
phenomena of fluorescence quenching and color change,
respectively.

34. Fluorescence titration for Cu** and Zn’*

In order to further investigate the sensing properties of Bis-TPE
for Cu®t and Zn**, the fluorescence titration experiments were
performed by varying the concentrations of Cu?>* and Zn?* ions
(0—3.0 equiv) in THF-H,0 (5:95) mixtures. As shown in Fig. 3a, with
the increase of the concentration of Cu?*, the intensities of the
emission of Bis-TPE gradually decreased and the fluorescence was
almost quenched completely when 2.0 equiv Cu?* added. In Fig. 3b,
with the increasing of concentrations of Zn®", the fluorescence
intensities increased gradually and the maximum fluorescence
wavelength exhibited blue shift. Based on these changes of fluo-
rescence spectra, the corresponding plot of fluorescence intensities
versus concentrations of metal ions was presented in Fig. S10. Both
Fig. S10a and S10b displayed a good linear relationship for the
systems with 0.0 to 1.0 equivalent concentrations of metal ions (as
shown in insetting part). According to the calculation formula
DL=K x Sb1/S (where K= 2 or 3, in this case the value =2, Sb1 is
the standard deviation of the blank solution, S is the value of the
slope of the regression line), the detection limits can be calculated
as DL=251x10"'M for Cu®’* and 4.85x107’'M for Zn?*
respectively. The linear relationships also indicated the 1:1 binding
stoichiometric ratios for Bis-TPE with Cu®>" and Zn?*, which were
further confirmed by the Job’s plots as shown in Figure S11. It can be

9000

6000

None Cu** Zn

2+

Intensity (a.u.)

3000

T T T T T T
500 600 700 800
Wavelength (nm)

Fig. 2. Fluorescence spectra of Bis-TPE (1 uM) with different metal ions (3 tM) in THF-
H,0 solution (5:95, V[V). Jex = 360 nm.
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Fig. 3. Fluorescence spectra of Bis-TPE (1 uM) upon gradual addition of increasing
amounts of (a) Cu?* (0—3.0 equiv), (b) Zn?* (0—3.0 equiv). Inset: Fluorescence images
of Bis-TPE without and with Cu 2+ and Zn?* (1 uM), respectively.

seen that the break points for the change of fluorescence intensities
were 0.5, implying strongly the 1:1 binding stoichiometric ratios of
Bis-TPE for Cu?* and Zn*".

3.5. Interference experiments

The sensing selectivity of Bis-TPE for Cu’* and Zn** were
further studied by competition experiments with other metal ions.
The results were shown in Figure S12. It can be seen that the values
of I/I, (indicating the changes of maximum fluorescence intensities
of Bis-TPE with Cu®>* before and after adding interfering metal ions)
were close to 1 (0.95—1.05, Figure 12a), suggesting the little influ-
ence of the competing metal ions on the sensing abilities of Bis-TPE
for Cu®*. These values suggested that the fluorescence of Bis-TPE
with Cu®* were almost not interfered by other ions. On the other
hand, as to Zn?*, the values of I/I, were near 1 in presence of all
kinds of metallic ions except Cu®* (I/I, = 0.068 for Cu®", Figure 12b),
implying that the fluorescence of Bis-TPE with Zn?* was quenched
by adding Cu®*. This phenomenon might indicate that the
complexation ability of Bis-TPE for Cu®>* was stronger than that for
Zn?*, resulting in the substitution of Zn?* by Cu?* after adding Cu®*
in Bis-TPE + Zn>* solution.

3.6. pH influence on sensing stabilities for Cu®>* and Zn**

The sensing stabilities under different pH are important for
evaluating sensor performance in practical application. Thus, the

sensing stabilities of Bis-TPE for Cu®* and Zn®>* were investigated at
different pH conditions. As shown in Fig. S13, Bis-TPE has good
fluorescence stability over a wide pH range of 4-10. As to Bis-TPE
with Cu®*, its fluorescence quenched remarkably and the good
fluorescence stabilities were observed between pH=4-10. The
fluorescence intensities of Bis-TPE with Zn?* increased obviously
and exhibited wider stable ranges at pH = 2-11. These data indi-
cated that Bis-TPE had good sensing stabilities for Cu>* and Zn?** in
wide ranges of pH values, which were favorable for the practical
application on analyzing samples.

3.7. The crystal data and sensing mechanism

A single crystal of Bis-TPE for X-ray diffraction analysis was
obtained by slowly evaporating in dichloromethane. As shown in
Fig. 4, tetraphenylethylene units adopted a highly distorted
conformation. The dihedral angles between the four phenyl moi-
eties of the TPE unit and the C=C double bond were 56.68°, 57.91°,
55.94° and 59.24°, respectively. The two phenyl moieties bridged
by hydrazono group were coplanar structure and the trans-struc-
ture was observed for C=N bonds.

The 'H NMR spectra of Bis-TPE with Cu®* and Zn** were
investigated as shown in Fig. 5. The protons of both OH and N=CH
displayed obvious shifts and no split appeared, suggesting that the
two OH groups and C=N groups were involved the sensing metal
ions equally. Fig. S14 illustrated the MS spectra of Bis-TPE with
excess Cu** and Zn?*, in which the 1:1 stoichiometric peaks at
811.266 for Cu** and 813.393 for Zn>* were observed and no other
stoichiometric peak was detected. These 1:1 stoichiometric ratios
were in accordance with the previous fluorescence Job’s plots in
Fig. S11. The fluorescence changes of Bis-TPE + Cu?*(1:1, 1 uM) at
25, 30, 35, 40 °C were investigated and the results were shown in
Figure S15. The fluorescence increased gradually with the increase
of the temperature. These phenomena also supported the forma-
tion of Bis-TPE + Cu®* complex since the higher temperature
resulted in the dissociation of weakly bound complexes. Thus,
based on the analyses of 'H NMR spectra and MS spectra, the
sensing mechanism of Bis-TPE for Cu** and Zn®>* was proposed as
Figure S16. The similar spectra changes for ligands with Cu®* and
Zn** was also observed in other fluorescence sensor system
[60,61]. The fluorescence quenching after adding Cu®** could be
ascribed to the chelation-enhanced quenching (CHEQ) derived
from the ligand-to-metal charge transfer (LMCT) based on its
strong paramagnetic property. The fluorescence enhancement after
adding Zn?* can be attributed to the chelation-enhanced fluores-
cence (CHEF) effect, which suppressed effectively the photoinduced
electron transfer (PET) process.

3.8. Off-on and allochroic-off-on responses for double detecting
of ATP

It had been confirmed that ATP has excellent binding abilities of

R

rece

Fig. 4. (a) The ORTEP crystal diagram of a Bis-TPE, (b) The unit cell of Bis-TPE (see
CCDC 1910867).
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Fig. 5. "H NMR spectral changes of Bis-TPE upon the addition of 1.0 equiv of Cu** and
Zn?*, respectively.

Cu®* based on the multiple complexed sites [53]. Thus, the sensing
systems of Bis-TPE for Cu®* and Zn>* were applied for further
sensing ATP. In a typical experiment, the solution of Bis-TPE (1 uM)

8000 o
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Fig. 6. (a) Fluorescence spectra of Bis-TPE (1uM) with Cu?* (2 M) upon gradual
addition of increasing amounts of ATP (0—3.0 equiv), (b) Fluorescence spectra of Bis-
TPE (1uM) with Zn?* (2 M) and Cu?* (2 uM) upon gradual addition of increasing
amounts of ATP (0—3.0 equiv).

with Cu®* (2 pM) or Bis-TPE (1 pM) with Zn?* (2 uM) and Cu®*
(2 uM) were prepared beforehand. Then ATP (0—3.0 equiv) was
added and the fluorescence changes were measured as shown in
Fig. 6. It could be seen that the quenched fluorescence in these two
systems were recovered gradually. The red fluorescence for system
of Bis-TPE with Cu®* (Fig. 6a) and the orange fluorescence for
system of Bis-TPE with Zn®** and Cu®" (Fig. 6b) were turned on
obviously with the increase of ATP. Moreover, based on Fig. 6, the
corresponding plot of fluorescence intensities versus concentra-
tions of ATP were displayed in Figure S17. Both Figure S17a and S17b
exhibited a good linear relationship for the systems with 0.0 to 2.0
equivalent concentrations of ATP. According to the calculation for-
mula DL =K x Sb1/S (where K= 2 or 3, the value =2 in this case,
Sb1 is the standard deviation of the blank solution, S is the value of
the slope of the regression line), the detection limits of ATP could be
counted as DL = 4.23 x 10~ M for system of Bis-TPE with Cu®* and
1.04 x 10~7 M for system of Bis-TPE with Zn?* and Cu®, respec-
tively, revealing the good application prospect for the quantitative
detection of ATP.

Based on the above fluorescence recovery of system of Bis-TPE
with Cu®* and Bis-TPE with Zn?>* and Cu®*, the multiple detecting

detecting Cu?* detecting ATP "off-on" response
DL=2.51x107M DL=4.23x107 M

Bis-TPE
(THF-H,0, 5:95)

detecting Zn2* Double detecting ATP

DL=4.85x107M

detecting ATP

detecting Cu?*
N DL=1.04x 107 M & "allochroic-off-on" response

Fig. 7. The processes of double response for detecting ATP.

None Ag* cd?t o3+ Fe3t  Hg

Fig. 8. Photographs of test slices with different ions under UV light (365 nm).

Fig. 9. Photographs of test slices of Bis-TPE for double detecting ATP with off-on and
allochroic-off-on response under UV light (365 nm).

Table 1

Determination of Cu?* and Zn?* in real samples using Bis-TPE and ICP-MS.
Sample Using Bis-TPE Using ICP-MS
Ccu?t 91 pg/L 88 ng/L
Zn?* 86 ug/L 88 ug/L
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process for Cu?*, Zn®>* and ATP could be summarized in Fig. 7. Bis-
TPE not only possessed the good sensing abilities for Cu®* and
Zn**, but also had the sensing abilities for ATP through double
detecting processes with the “off-on” fluorescence for system of
Bis-TPE + Cu®* and “allochroic-off-on” fluorescence for system of
Bis-TPE + Zn?*+Cu?*, respectively.

3.9. Application in test paper and real samples

Test strip is a convenient way to evaluate the real application
prospect for sensor. Therefore, the test paper of Bis-TPE was pre-
pared by immersing the neutral filter paper in a 0.1 mM solution of
Bis-TPE for 2 min. Then the dried filter paper was obtained by
volatilization at room temperature and was further customized as
round slices. Three drops of a solution containing 0.1 mM of
different metal ions (none, Ag*, Cd**, Cr>*, Fe®*, Hg?t, K*, Na™,

Pb%*, Cu®*, Sr**, Mg?*, Zn?*, A**, Co®*, Ni** and Ca®*) were added
to the test paper. Fig. 8 showed that no obvious color change was
observed for the photographs of the test papers with Ag®, Cd*™,
cr3t, Fe3t, Hg?*, K, Nat, Pb%*, sr?*, Mg?*, Al3*, Co®*, Ni** and
Ca?*. But the color of the test paper with Cu** was very faint and
that with Zn®* turned into yellow. These results were in accordance
with the fluorescence experiment in solution and indicated the
good prospect for detecting Cu®>* and Zn?* in practical applications.

Fig. 9 exhibited the colour changes of test slices after adding
sequentially Cu?*-ATP and Zn®>*-Cu®"-ATP for double detecting
ATP, respectively. It can be seen that the fluorescence of Bis-TPE
was quenched by Cu?* and then the red fluorescence was recov-
ered by the addition of ATP. On the other hand, the red fluorescence
of Bis-TPE turned to yellow by adding Zn>*. This yellow fluores-
cence was further quenched by adding Cu?* and was lightened
again by adding ATP with strong yellow fluorescence. These results

Fig. 10. Confocal fluorescence images of MCF-7 cells before and after incubated with Bis-TPE (1.0 x 10> M), metallic ions and ATP. (A)—(C) MCF-7 cells with Bis-TPE; (D)—(F) MCF-
7 cells with Bis-TPE and Zn?*; (G)—(I) MCF-7 cells with Bis-TPE, Zn>* and Cu®*; (J)—(L) MCF-7 cells with Bis-TPE, Zn>*, Cu?>* and ATP. Left images were bright field images, middle
images were fluorescence images, and right images were the merged images of fluorescence and bright field. (Aex = 405 nm). The same scale bar for all images (as shown for image

K).
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also supported that Bis-TPE possesses excellent off-on and
allochroic-off-on fluorescence response for double detecting ATP in
practical applications. On the other hand, the practical applications
of detecting Cu®* and Zn?* were also investigated (ATP detection in
practical samples was not performed because there is no ideal
method available on hand for detecting ATP in controlled trials).
Some Cu®* and Zn** were added in real water sample of Minjiang
River. Then these samples were analyzed by the fluorescence
method of this work and ICP-MS, respectively. The results were
summarized in Table 1. The obtained data of these two methods
were almost identical with a deviation of less than 3%, suggesting
again the potential of Bis-TPE for detecting practical samples.

3.10. Application in living cell imaging

Recently, the fluorescent probe exhibited the broad application
prospects for living cell imaging. Therefore, the sensing abilities of
Bis-TPE were used for the detecting Zn?*, Cu** and ATP in living
biologic cells by confocal laser scanning microscopy (CLSM). Usu-
ally, the AIE-active polymeric nanoparticles were used in biological
imaging to avoiding organic solvents [62-70]. In this work, DMSO/
H,0 system was chosen as solution due to the low toxicity of DMSO
and good solubility of DMSO for Bis-TPE. According to the pub-
lished method of metabolic activity with MTT assay, Bis-TPE dis-
played low biotoxicity with above 82% of the alive MCF-7 cell at
concentration of 1.0 x 10~>M for 24 h at 37 °C (Figure S18). Then,
Bis-TPE was tracked in MCF-7 cells by incubation for 1h. A red
fluorescence was seen in the cells (Fig. 10 B), indicating the good
living cell imaging performance of Bis-TPE. With the addition of
Zn** in Bis-TPE-MCF-7 system, the red fluorescence changed to
bright yellow, and was then quenched by adding Cu®*. After further
adding ATP, the yellow fluorescence was recovered again (Fig. 10).
Also, the red fluorescence in the cells with Bis-TPE was quenched
by adding Cu?* and recovered by further adding ATP (The fluo-
rescence images were similar with Fig. 10H and B). All these
experimental results suggested that Bis-TPE not only could sense
the Cu®* and Zn?* in living cell system with obviously fluorescence
changes, but also possessed the ability of double detecting ATP in
living cells by sequentially adding Cu?*-ATP with off-on red fluo-
rescence response and sequentially adding Zn?*-Cu®*-ATP with
allochroic-off-on red-yellow fluorescence response, respectively.
This kind of double detecting ATP based on organic sensor was
observed for the first time, which was obviously better than the
mode of single fluorescence response and might bring the more
extensive application prospects.

4. Conclusion

In summary, this paper prepared a hydrazono-bridged bis-tet-
raphenylethylene (Bis-TPE) in 82% yield with simple procedure.
Bis-TPE exhibited good AIE fluorescence at 550-700 nm based on
the large conjugated electron effect. It possessed outstanding se-
lective sensing abilities for Cu** by strong fluorescence quenching
and for Zn®* by blue shift of fluorescence wavelength among 16
kinds of tested metal ions. Furthermore, the strong red fluorescence
in Bis-TPE + Cu®* system could be recovered by adding ATP. On the
other hand, the orange fluorescence of Bis-TPE + Zn?* system
could be quenched by Cu?* and then was recovered again by adding
ATP. These results suggested that Bis-TPE possessed the double
detecting abilities of ATP with the off-on red fluorescence for sys-
tem of Bis-TPE + Cu®* and allochroic-off-on orange fluorescence
for Bis-TPE + Zn?*+Cu®" system. The 1:1 stoichiometric ratios of
Bis-TPE with Cu®* and Zn** were confirmed by 'H NMR and MS
spectra. Moreover, this sensor was also successfully used to detect
Cu®*, Zn?* and ATP in test paper and living cell imaging, exhibiting
good double detecting for ATP based on off-on and allochroic-off-

on fluorescence response.
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