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Abstract

Smart and versatile salicylaldehyde Schiff’s bases have been proved their excellent performances including large shocks shift,
dual emission wavelengths and sensitive to environment for fluorescence analysis. Herein, a simple salicylaldehyde Schift’s base
molecular (PBAS) with aggregation-induced emission (AIE) and the excited-state intramolecular proton-transfer (ESIPT) effects
was constructed for detecting NoH,4 and C1O . The highly specific and sensitive response to N,H, was witnessed by the fast turn-
on of the strong blue fluorescence and to CIO ™ was observed by the rapid turn off of the weak green fluorescence simultaneous
decomposing of the probe. The results of mass spectrum analysis showed that probe PBAS decomposed under the influence of
N,Hy4, whereas probe PBAS can complex with CIO ™ and prevent effective ESIPT process. Benefiting from its high properties,
this fluorescence molecular provides an effective tool for probing N,H, and CIO ™ in live cells.
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Introduction

Hydrazine (N,H,) is an important industrial material, which has
a wide range of applications in synthetic catalyst, rocket fuel,
metal corrosion inhibitor, photographic developer, reducing
agent, foaming agent and pharmaceutical intermediate. [1-7]
However, N,H, and its aqueous solutions have been confirmed
to be highly toxic to humans and animals, which could cause a
range of injury to skin, eye, liver and nervous system because
of its causticity, acrimony and carcinogenic effect. [8§—10]
Hypochlorite (C10 ") is one of the very important species,
which plays a vital role in signaling transmission, body
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immunity and resist the virus infection in biological cells.
[11-13] Nevertheless, too high concentration of CIO can
cause oxidativestress in biological body, prompting a cascade
of diseases like inflammation, pulmonary disease, rheumatism,
liver damage, nephropathy, nerve injury and cancer. [14—18]
Besides, ClO  is widely used as decolorizer and disinfector in
our daily life, which could greatly increase the concentration of
ClO  in human living environment. Therefore, it is great im-
portant to develop convenient methods to investigate the con-
centrations of N,H, and CIO™ in biological system and in
environment.

Fluorescence probe technique has incomparable superiority
and competitiveness in the detection of metal ion, anion, pro-
tein, pH, viscosity and biochemical process on account of the
advantages including convenience, fast, visualization, reliabili-
ty, real-time imaging, high sensitivity and selectivity. [19]
Although a series of fluorescence probes for N,H, and CIO™
have been developed, most of them showed low sensitivity and
poor reliability because of the disturbance of aggregation-
caused quenching (ACQ). [20, 21] Best of all, AIE phenome-
non was found by Tang’s group, which solved effectively the
thorny ACQ problem. [22-27] It was found that some mole-
cules showed very weak fluorescence in decentralized state in
benign solvent, however, their fluorescence greatly improved in
aggregate states in poor solvent on account of the restriction of
intramolecular rotations process (RIR). [28] AIE molecules
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have been successfully used to prepare all kind of excellent
biosensors and fluorescence probes. [29]

Aggregation state materials based on ESIPT have a great
potential to be used in fluorescence probe and optoelectronic
devices because of their unique optical properties like spectral
sensitivity to the surrounding medium, dual emission and
large Stokes shift owing to the fast structural transform be-
tween ketone and enol forms in the excited state. [30-35]

Herein, an AIE luminogenic compound based on 4-(1-
pyrrolidinyl)-benzenamine salicylaldehyde (PBAS) was de-
veloped. PBAS molecule can be facilely prepared (Scheme
1). More importantly, it exhibit typical AIE and ESIPT prop-
erties and significant fluorescence response to N,H, and
CIO", which indicated its potential application prospect in
fluorescence probe for N,H4 and CIO ™ sensing.

Experimental
Instrumentation and Materials

NMR spectra were obtained on an AVANCE III HD spectrom-
eter. UV-vis spectra were taken from a Lambda 365 spectrom-
eter (PerkinElmer, America). Fluorescence spectra were ob-
tained by Cary Eclipse fluorescence spectrophotometer
(Varian, America). All experimental procedures were carried
out at ambient temperature. All reagents were purchased
from J&K Scientific as analytical grade, and used di-
rectly without secondary purification. Double-distilled
water was used to prepare solution throughout the ex-
periment. All of metal ions were prepared from their
nitrates. C1O0~, S,05*", H,PO,”, F~, CI", Br, ClO,,
NO,”, HCO;  and CO;>" were respectively prepared
from their inorganic salts (NaClO, Na,S,0;, NaH,POy,,
KF, NaClO,, NaNO,, NaHCO; and Na,CO3). O, ", 'O,
and ‘OH were prepared according the published litera-
tures. [36, 37] Phosphate buffer (PBS) was dissolved in
double-distilled water, and was adjusted pH 7.4 with a final
concentration at 10 mM.

Synthesis of Probe PBAS

0.70 g (5.0 mmol) of 5-fluorosalicylaldehyde and 0.81 g
(5.0 mmol) of 4-(pyrrolidin-1-yl)aniline were dissolved in
30 mL C,HsOH. Then the solution was refluxed for § h.

CoH 5OH
" reflux \NONG
OH

Scheme 1 Synthes1s of compound PBAS
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Fig. 1 The emission spectra of probe PBAS (30 M) in DMSO/H,0
mixture solution (Aey: 400 nm, slit width: 5 nm)

The orange precipitate was filtered out and washed one time
with cold C,HsOH. Yield: 1.19 g, 83.7%. 'H NMR
(600 MHz, DMSO-dg) & (ppm): 1.95-1.98 (m, 4H); 3.26—
3.28 (t, J=6.0 Hz, 4H); 6.59, 6.61 (d,J=12.0 Hz, 2H);
6.91, 6.93 (d, J=12.0 Hz, 1H); 7.17-7.20 (m, 1H); 7.34-
7.37 (dd, J=6.0 Hz, 2H); 7.40-7.42 (d, J=12.0 Hz, 1H);
8.88 (s, 1H); 13.42 (s, 1H). *C NMR (150 MHz, DMSO-
de) & (ppm): 25.46, 47.86, 112.43, 117.02, 118.06, 119.15,
120.45, 123.16, 135.42, 147.86, 154.57, 156.16, 156.68.
ESI-MS, m/z: 285.20 [M + H]".

General Procedures for the Spectral Measurements

2.5 mL 1.0x 10™* M probe in DMSO/PBS buffer solution
(1:9, v/v, pH 7.4) and 1.0 mL CIO or N,H, (dissolved in
DMSO/PBS buffer solution) with different concentrations
were added into a 25 mL measuring flask, then diluted with
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Fig. 2 Fluorescence peaks (violet line) and maximum emission
wavelengths (green line) at 570 nm versus f, for probe 1 (30 uM) (slit
width: 5 nm). Inset: probe 1 in the solution state and in the solid state
under UV light illumination
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Fig. 3 UV-vis absorption spectra of probe 1 (10 uM) in the absence and

presence of CIO™ (10 pM) and N,Hy (10 uM). Inset: Color changes of
probe 1 upon addition of CIO™ and N,H,

the mixture of DMSO/PBS solution (1:9, v/v, pH 7.4) to vol-
ume. After equilibrium of 5 min under RT condition, UV-Vis
and fluorescence spectra were acquired in quartz cells, respec-
tively. The excitation wavelength (A.,) of fluorescence spectra
was set at 400 nm.

Fluorescence Imaging

A549 cells were purchased from ATCC and were culti-
vated for 0.5 h with probe PBAS (10.0 uM) in DMEM
culture at 37 °C, and consequently stained with ClO™
(30.0 uM) or N,Hy; (30.0 uM) for 10 min under the
same conditions. Fluorescence images were performed
with an Olympus IX 71 with xenon lamp and
Olympus digital camera using blue channel and red channel,
respectively.

600

— 500 +

400 +

300 A

200+

probe and others

/

100

Fluorescence Intensity (a.u

T T v T v L.
500 550 600 650 700
Wavelength (nm)

v T
400 450
Fig. 4 Fluorescence changes of probe PBAS (10 uM) upon addition of

various species (40 uM). Inset: Fluorescence changes excited by a UV
lamp upon addition of CIO™ (40 uM) and N,H,4 (40 uM), respectively
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Fig. 5 Fluorescence response of probe PBAS (10 uM) in the presence of
N,H, (40 uM) and other interference species (40 pM). 1: probe, 2: NoHy 3:
$,047,4: H,PO,, 5: F, 6: CI', 7: Br, 8: ClO, , 9: H,0,, 10: NO5, 11:
SO5%, 12: NO, , 13: 0, , 14: 10, 15::0OH, 16: HCO; and 17: CO5>~

Results and Discussion
AIE Property

The AIE behavior of PBAS in water/DMSO mixture was
examined because that PBAS molecules tend to be distributed
in benign solvent DMSO but would tend to aggregate in
water/DMSO mixture with a high water fraction (f,, vol%).
As shown in Figs. 1 and 2, PBAS (30.0 uM) shows very weak
fluorescence when f,, is less than 60%. When f,, is greater
than 70%, fluorescence intensity of PBAS solution increased
evidently (red line in Fig. 2) and fluorescence peak shifted to
575 nm from 565 nm (green line in Fig. 3). The enhancement
of fluorescence can be ascribed to the formation of aggrega-
tion, which prevents the nonradiative decay of the molecular
energy in excited state by restricting the C=N isomerization
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Fig. 6 Fluorescence response of probe PBAS (10 uM) in the presence of
CIO™ (40 uM) and other different interferences (40 uM). 1: probe, 2:
ClO™ 3: 8,057, 4: H,PO,, 5: F, 6: CI', 7: Br, 8: ClO,4, 9: H,0,,
10:NO;s, 11: SO5*, 12:NO,, 13: 0,7, 14: '0,, 15:-OH, 16: HCO5 and
17: CO5>
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Fig. 7 Fluorescence response of probe PBAS (10 uM) upon addition of
different concentrations of N,Hy (040 uM). Inset: plots of emission
intensity (F470/Fs70) against the concentration of N,Hy

and phenyl group rotation. [38, 39] The red shift phenomena
of emission wavelength mainly because that molecular aggre-
gation activated the ESIPT process. [40, 41] The fluorescent
molecule based on ESIPT process can exhibit a large Stokes
shift caused by the tautomerization between the excited enol
form and the excited proton transferred keto form. When f, is
more 90%, fluorescence intensity shows a little decline by
reason of the formation of precipitation along with the degree
of aggregation increases. These results show that PBAS is a
typical AIE molecule with ESIPT process.

UV-Vis Absorption Spectra

The UV-vis spectral characteristics of PBAS (10 uM) with
N,H, and C1O™ were firstly examined in DMSO/PBS solution
(1:9, v/v, pH 7.4), respectively. As shown in Fig. 1, the absorp-
tion peak of PBAS at 365 nm disappeared and a new peak at
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Fig. 8 Fluorescence response of probe PBAS (10 uM) upon addition of
different concentrations of CIO™ (040 uM). Inset: plots of emission
intensity (Fs70) against the concentration of C10™
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Fig. 9 Time course curves of PBAS fluorescence intensity with addition
N,Hy4 (red line) and CIO ™ (blue line), respectively

400 nm appeared after addition of C10™ (10 uM), and the color
of PBAS solution changed to deep yellow from light yellow.
For another, upon treatment of 10 uM N,Hy, the absorption
peak of PBAS at 367 nm decreased and blue shifted to 360 nm.
Moreover, a significant color changed from yellow to colorless
was easily observed by the naked eye (Fig. 3 inset).

Selectivity of PBAS toward N,H, and CIO™

To investigate the specific selectivity of compound PBAS to-
wards N,H, and ClO ™, a group of competing species such as
S,05%", H,PO,, F, CI', Br, ClO, ", H,0,, NO5, SO5%,
NO, , O, , 102, ‘OH, HCO; and CO327 were chosen as the
competing species (40 uM) to perform fluorescence experi-
ments. It is found that PBAS (10 uM) solution shows strong
blue fluorescence with addition of N,H, (40 uM), and displays
very weak green fluorescence upon addition of C10™ (40 uM)
as shown in Fig. 4. However, none of the other competing
species (40 uM) caused any remarkable change in fluores-
cence emission under the same condition. The results demon-
strate that PBAS can be served as a selective fluorescent probe
for both N,H4 and ClO™ in the presence of other competing
species. Furthermore, the interference experiments were also
carried out by measuring the fluorescence intensity of PBAS
(10 uM) in the presence of other metal ions (40 M) in order to
verify the capacity of resisting disturbance of the probe PBAS.
It can be seen from Fig. 5 that the emission intensity enhance-
ment of PBAS is specific towards N,H, and is rarely affected
by the presence of other competing species (40 uM). And only
ClO™ can effectively cause fluorescence quenching even

W N
F\C[CHO . OD%F\Q\A\NO &F@N/@O/

OH HaN OH O---CI-0
Fig. 10 The proposed detection mechanism of PBAS toward N,H, and
ClO™
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when other competing species also exit at the same time
(Fig. 6).

Fluorescence Spectra of Probe PBAS Titrated
with N,H, and CIO™

The changes in fluorescence spectra of probe PBAS with a
series concentrations of NoHy (0, 2 uM, 4 uM, 6 uM, 8 uM,
10 uM, 12 uM, 14 uM, 16 uM, 18 uM, 20 uM, 23 uM,
26 UM, 29 uM, 32 uM, 35 uM, 38 uM and 40 uM) were
shown in Fig. 7. The fluorescence intensity at 570 nm de-
creases gradually and disappeared with the improvement of
N,H,4 Meanwhile, a new fluorescence peak at 470 nm comes
out and then grows into the maximum emission value. And it
is found that the ratios of fluorescence intensities (F47¢/Fs70)
change from 0.20 to 9.43 when the concentration of N,H,
increases from 0 to 40 uM. More importantly, the ratios of

the fluorescent intensities versus the concentration of N,H,
(from 0 to 20 uM) fit first order linear relation: y=0.21 +
0.24x (R*=0.9933) (F ig. 7 inset). Therefore, probe PBAS
can detect N,H, by ratiometric fluorescent measurement.
Ratiometric fluorescence probe possesses more accurately
and sensitively with minimization of the background signal
because that it is based on the ratio of two emission intensities
instead of the single intensity of one band. [42—45] The
detection limit of probe PBAS towards N,H,; can be
calculated as 0.41 uM. [46] The fluorescence changes
changes in fluorescence spectra of probe PBAS with
various amounts of ClIO™ (0, 3 uM, 6 uM, 9 uM,
12 uM, 15 uM, 18 uM, 21 uM, 24 uM, 27 uM, 30 uM,
33 uM, 36 uM, 40 uM) were displayed in Fig. 8. The fluo-
rescence intensity at 570 nm gradually weakened with the
rising of CIO™ concentration. The fluorescent intensities are
linearly proportional to the amount of CIO™ from 0 to 27 uM:

Table 1 The testing results of

N,H, and CIO™ concentration in Sample Sample Number Addition (M) Detection (1M) Recovery (%) RSD (%)
water samples (n=3)
N,H, 1 5 5.12 1024 3.16
2 10 9.88 98.8 2.74
3 15 15.23 101.5 2.67
Clo™ 1 5 5.31 106.2 4.08
2 10 10.22 102.2 3.11
3 15 14.62 97.5 3.62
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y=102.1-2.8x (R>=0.9979) (Fig. 8 inset). The detection lim-
it of probe PBAS for CIO™ was calculated to be about
0.39 puM. It is conclude that probe PBAS has high sensitivity
toward N,H,4 and C1O .

Effects of Response Time and pH

Response time is of great significance to verify performance
of fluorescent probe. As a consequence, the effect of the reac-
tion time on the response process of probe PBAS (10 uM) to
N,H; (40 uM) and CIO™ (40 uM) were also carried out as
shown in Fig. 9. The investigated results indicate that N,H,
interact with PBAS within 2 min and after this almost no
change in the fluorescence intensity was found along with
the time increase up to 10 min. The fluorescence intensity of
PBAS is closer to the maximum value after interaction with
CIlO within 4 min and then keeps on a steady value in the
fluorescence with increased time up to 10 min. This phenom-
enon provides a strong case that the interaction of PBAS with
N,H,4 and C1O™ can be performed directly and rapidly at room
temperature, which is important feature for real time
detection of N,H, and ClO . Moreover, the effect of
pH on the detection of N,H, and CIO were explored,
respectively (Fig. S3). The probe and the probe with
N,H4 or ClO™ did not show obvious changes of the
fluorescence maximum between pH 6.0 and 9.0, which indi-
cated that this probe might be applied to detect N,H4 and C1O™
in physiological pH conditions.

Proposed Detection Mechanism

The proposed detection mechanisms of probe PBAS to N,H,
and CIO were investigated by contrasting the mass spectra
before and after addition of N,H, and ClO, respectively.
Along with addition of N,H, in CH5CN, the molecular ion
peak at 285.20 ([M + H]") disappeared as shown in Fig. S4
and a new peak at 163.20 (Fig. S5) corresponding to [5-
fluorosalicylaldehyde+H]" appeared clearly, which demon-
strates that PBAS decomposed into 5-fluorosalicylaldehyde.
Additionally, after addition of C10™, two new peaks at 335.30
and 321.30 respectively corresponding to [PBAS + CIO] and
[PBAS + CI] were clearly observed (Fig. S6), which implied
the complex PBAS-CIO  formed. According to the mass anal-
yses, the proposed mechanism can be concluded as shown in
Fig. 10.

Fluorescence Imaging

To further demonstrate the potential of probe PBAS to image
N,H,4 and CIO ™ in living cells, we carried out the experiments
in living A549 cells. After the cells were incubated with probe
PBAS (10 uM) for 10 min, strong red fluorescence was ex-
hibited (Fig. 11). When the cells were incubated with N,H,4

@ Springer

(40 uM) and C1O™ (40 uM) for 30 min, respectively, and then
incubated with probe PBAS for another 5 min, red fluores-
cence (Fig. 11a) in living cells was completely replaced with
strong blue fluorescence (Fig. 1lc) and weak green
fluorescence (Fig. 11e). Hence, probe PBAS has a good
potential application in detection of N,H, and CIO™ using
different channels.

Determination of N,H, and CIO™ in Water Samples

In order to investigate the detection performance of PBAS to
N,H, and CIO ™, probe PBAS was firstly applied to detect
N,H, and CIO™ in tap water samples. The detection accuracy
and relative standard deviation (RSD) was examined by
adding a series of known concentrations of standard N,H,
and ClO to the sample and calculating its recovery. As shown
in Table 1, the values of recovery were found from 98.8% to
102.4% of probe PBAS to N,H,, and from 97.5% to 106.2%
of probe PBAS to CIO . The RSD of PBAS to N,H, and
ClO™ were from 2.67% to 3.16% and from 3.11% to 4.08%,
respectively. The results showed that this probe has a promis-
ing potential application for the determination of N,H, and
CIO  in practical application.

Conclusions

In summary, a 5-fluorosalicylaldehy Schiff’s base with AIE
and ESIPT effects is synthesized. On account of the advan-
tages of high selectivity, excellent sensitivity, ratio fluores-
cence change, fast response time, and simple construction,
PBAS can be considered as excellent fluorescence probe for
tracking of N,Hy and ClO ™. And it is also used for N,H,4 and
CIO imaging in live A549 cells.
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