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Novel chemosensors based on excited state intramolecular proton transfer chemosensors (F1, F3, F5) and
reference dyes (F2, F4, F6) are presented in this work. Target dyes F1, F3 and F5 display high selectivity
and sensitivity toward Zn?* in solvents (such as EtOH, EtOH/PBS buffer) in the presence of competitive
ions (K+, Na+, Ni2+, Pb2+, Mn2+, Mg2-+, Hg2+, Cu2+,Cd2+, Cr3+, Fe3+). Sensing property for Zn>*
was studied by UV—Visible, fluorescence spectrophotometric analyses and Job's plot analyses. F1, F3 and
F5 for Zn?* detection revealed extremely low detection limit (67.2 nM), high anti-interference ability, and
the immediate response. Furthermore, inverted fluorescence microscopy imaging experiment were also
investigated, the results demonstrated that the probes have well cell membrane permeability and
hypotoxicity. Simultaneously, due to the ability to adapt a wider range of pH, the probes could also image
Zn®* in live cells with remarkable fluorescence variation and provide a new method to visualize
monitoring in live cells.

Cell imaging

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

In the last two decades, fluorescent probes or chemosensors for
selective recognition of metal ions have drawn considerable in-
terests due to its great application potentials in a variety of fields
including analytical chemistry, medicine, biology, environment
processes and so on, which is based on various superior advantages
of possessing high sensitivity, selectivity, simplicity and instanta-
neous response [1—5]. Zn?* is one of the important trace elements
in living organisms, and it is widely distributed in living organisms
[6]. It plays a vital role in physiological processes such as enzyme
catalysis [7], protein sequencing [8], and gene expression [9].
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Simultaneously, Zinc deficiency is one of the main causes of genetic
defects in children's growth period [ 10]. Hence, it is one of our main
concerns to development of artificial chemosensors for recognition
of Zn** ion in environmental as well as biological samples.
Recently, several zinc sensors have been developed based on
different fluorophores such as quinoline [11], fluorescein [12],
coumarin [13] and pyrene [14]. Fluorophores with excited state
intramolecular proton transfer (ESIPT) properties are a kind of
substance with good biological activity, such as the complex
formed by Schiff base and metal ion exhibits good biological ac-
tivity in bacteriostatic, bactericidal, antitumor and fluorescence
detection [15—18]. Photophysical properties of excited state intra-
molecular proton transfer (ESIPT) processes in fluorescence spec-
troscopy have generated considerable interest for both
fundamental investigations and applications of organic molecules
[19—23]. Therefore, the improvement or inhibition of the ESIPT
process may have a significant effect on the normal fluorescence
emission peak, especially the Schiff base containing a tri-
fluoromethylaryl group, which is widely used in the fields of
bioluminescence detection and medical analysis. Organic mole-
cules exhibiting ESIPT properties are one of the powerful potential


mailto:wxc198566@126.com
mailto:dingge1989cqu@126.com
mailto:1103361352@qq.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tet.2020.131108&domain=pdf
www.sciencedirect.com/science/journal/00404020
www.elsevier.com/locate/tet
https://doi.org/10.1016/j.tet.2020.131108
https://doi.org/10.1016/j.tet.2020.131108

2 X. Wang et al. / Tetrahedron 76 (2020) 131108

candidates as the fluorescent chemosensors due to the sensitive
decay in the excited singlet states, and ESIPT fluorophores have an
unusually large Stokes shift (~200 nm) when compared to tradi-
tional fluorophores (fluorescein, rhodamine, etc.). This helps avoid
unwanted self-reabsorption and inner-filter effects. Furthermore,
ESIPT compounds including N, O and S donor atoms are within the
oldest ligands in coordination chemistry, and they can form stable
complexes with some metal ions easily [24]. While so far, most
ESIPT chemosensors are limited to benzotriazole derivatives
[25—27], and very few ESIPT chemosensors contains tri-
fluoromethyl have been reported up to date [28,29]. Furthermore,
for Zn?* sensors, most of them have the drawback of inadequate
selectivity towards Zn>* due to special interference [30].

Taking into account concerns mentioned above, a series new
bis-Schiff base fluorescent chemosensors (F1/F3/F5 as the target
dyes and F2/F4/F6 as the reference dyes shown in Scheme 1) con-
tains trifluoromethyl groups and different ether backbone are
designed and synthesized, in which the pendant group -OH and-
C=N act as the recognition moiety.

It is demonstrated that the target compounds with ESIPT
properties show good photochromic properties and exhibit “naked-
eye” recognition and a notable fluorescence “turn-on” in the
presence of Zn2+ with high selectivity and sensitivity in many
solvents (such as Ethanol, Ethanol/PBS buffer, DMF, ACN). In
contrast, the reference dyes (F2/F4/F6) lack of -OH group only show
normal emission properties. Furthermore, fluorescence imaging for
Zn2+ in living SW620 cells proves its value of potential application
in biological systems.

2. Results and discussions

The UV—Vis absorption spectra and fluorescence spectra of the
target and reference molecules in various solvents are determined.
The typical absorption spectra of F3 and F4 in pure ethanol are
shown in Fig. 1 (a). The UV spectra show that F3 and F4 display a
little difference in spectral shape, while the absorption wavelength
maximum of F3 exhibits a red shift (22 nm, F3, 346 nm, F4, 324 nm)
comparing with F4. Furthermore, the absorbance intensity of F4 is
higher than that of F3 at range of 250—340 nm (also see Tables S1
and SI). Those phenomena shows that the red-shift in the absorp-
tion maximum of F3 with respect to that of F4 is attributed to the
presence of intramolecular H-bonding effect between O—H and
CH=N groups and increase in molecular conjugation in F3, the
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maximum absorption wavelength of the target dyes increase
gradually (F3>F1> F5) due to the increase in conjugation, and the
partners F1/F2 and F5/F6 also show the similar absorption spectral
properties as F3/F4 (typically shown in Fig. S1, also see Tables S1
and SI).

The different emission spectra between the target and the
reference dyes are presented in Fig. 1 (b). The target dyes F1/F3/F5
present well-separated dual emission peaks in various organic
solvents including the first emission band peaked around 400 nm
with the normal Stokes shift (approximate 50 nm in ethanol,
typically depicted in Fig. 1 (b)), and the second emission band
presents obvious red shift comparing to the first emission band
(such as F1, 169 nm, F3, 171 nm, in ethanol). By contrast, reference
dyes F2, F4 and F6 show only a single emission band peaked at
400 nm. The results suggest that the first emission bands of the
fluorescent chemosensors are ascribed to the normal enol emission
decay, while the second emission bands of F3 could be assigned to
keto tautomer produced by intramolecular proton transfer in the
excited state (ESIPT) through a representative four-level cycle
photo-process (Scheme S1, SI). The partners F1/F2 and F5/F6 also
show the similar fluorescence spectral properties as F3/F4 (typi-
cally shown in Fig. S2, also see Tables S1 and SI).

Spectral properties of the target molecules induced by various
metal ions in ethanol are measured at room temperature (Fig. 2,
Fig. S3 & Fig. S4, SI). Take F3 and the reference F4 as example, Fig. 2
(a/b) shows the UV—Vis absorption spectra and fluorescence
spectra of F3 respectively upon addition Zn2+ (C = 1 x 10-
7 mol.L—1) and various other metal ions (including K+, Na+, Ni2+,
Pb2+, Mn2+, Mg2+, Hg2+, Cu2+,Cd2+, Cr3+, Fe3+, C =1 x 10-
6 mol.L—1). It could be clearly seen that none of these metal ions led
to significant enhancement in the fluorescence intensity or obvi-
ously changes in the UV—Vis absorption spectrum of F3 except for
Zn2+, which result in a more than 40 folds (F3, 0.0032, in EtOH;
0.128, after Zn2+ addition) fluorescence enhancement and a
shoulder peaked at 410 nm of absorption spectrum. It must be
pointed out that with the addition of Zn2+, the ESIPT peak at
530 nm disappears in ethanol, and a new peak with significant
fluorescence enhancement appears at 500 nm, which may be due
to the chelation of Zn2+ with the target compound F3 and restrict
C=N isomerization mechanism. Comparing to other target dyes, it
also results in a almost 35 folds (F1, 0.0030, in EtOH; 0.105; F5,
0.0028, in EtOH; 0.1008, after Zn2+ addition) fluorescence
enhancement and a shoulder peaked at 408 nm of absorption

CF
H,4N, H,0
Pd/C

o’—() 4 \LN()2

Intermediate 1 F,C

00— Hne
C(Q B

Target molecular Fy, F3, Fj5

CF;
=
—NUO@—O
F3C

Reference molecular F2, F4, F6

O

F5, F6

Scheme 1. Chemical structures of the molecules studied in this work.
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Fig. 1. UV—Vis absorbance spectrum (a) and fluorescence emission spectrum (b) of F3 and F4 in ethanol (C = 5.0 x 10~%mol. L"), excitation wavelength, 320 nm.
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Fig. 2. (a) UV—Vis absorption spectrum and (b) Fluorescence emission spectrum changes of F3 induced by different metal ions in Ethanol (Cpz=5.0 x 10~%mol. L7,

Cions = 1.0 x 1077 mol. L"), excitation wavelength, 320 nm.

spectrum, which means that the bigger in molecular conjugation
the better in zinc recognition. At the same time, the spectral
properties of the reference molecule F4, F2 and F6 show no any
significant change in the addition of the above ions (Figure S5 &
Figure S6, SI). It is worth mentioning that the similar phenome-
non is also found in other organic solution (such as DMSO, CAN,
Ethanol/PBS buffer). Hence, it could be considered that the chela-
tion of Zn2+ ions does greatly suppress the occurrence of ESIPT.
In addition to the interference experiment in the presence of
different ions, we also analyzed whether the different pH value had
an effect on the identification of zinc ions for sensors. Take prober
F3 for example (Figure S7, SI), it could be seen clearly that UV—Vis
spectrum of F3 almost kept the same as in neutral environment
when zinc ions was added under the different pH environment
(value of pH from 2.0 to 10.0), this result proved an evidence that a
wide range of pH changes has no obvious effect on the basic
characteristics of probe sensing. Thus, this phenomenon opens up
the possibility for zinc ions detection in living cell or cell imaging.
It is acceptable that the Zn2+ ion has four sp3 hybrid orbitals
with a regular coordination tetrahedral geometry [31]. The target
probe molecule F3 has -C=N. -OH groups which containing lone
pairs of electrons can chelate with Zn2-+ to form a conjugated large
Pi bond, thereby the fluorescence intensity has a remarkable
enhancement. Other ions, such as Hg2+ ions, are characterized by
three coordinated sp2 hybrid orbitals with flat triangular chelation
geometry, so that the target compound cannot be effectively
complexed with Hg2+. It is worth noting that the target molecule
has a bis-Schiff base structure, so Zn2+ could coordinated with C=

N and -OH groups (Scheme 2) [32—34].

Chemical shifts of probe were identified by the TH-NMR titra-
tion analysis through addition Zn2+ and without Zn2+ (Fig. 3).
When probe F3 was added different concentration of Zn2+ ions
gradually (from 0 to 1.0 equiv.), the hydroxyl peak at 12.874 ppm
gradually decreased and totally disappeared on addition of 1.0
equiv. of Zn2+. Furthermore, small downfield shifts were found in
the aromatic region. These shifts clearly indicated that the F3-Zn2+
complex were formed successfully.

In order to further determine the higher selectivity of target
dyes to zinc ion, the competition experiments were also carried out
by monitoring the change in fluorescence emission intensity at
500 nm upon addition of Zn?* (1 x 107" mol. L™!) and different
metal ions (5 x 10~®mol. L") to a solution of target dyes in ethanol
solution, Zn?* could be recognized obviously through a dramati-
cally fluorescence emission enhancement in ethanol aqueous so-
lution, which could be observed distinctly through “naked-eye”
color change from colorless to bluish green due to OFF-ON process
under the UV lamp (typically shown in Fig. 4 (a)). It could be seen
that a slight or negligible variation could be observed as the addi-
tion of other metal ions aqueous solutions. At the same time, as the
conjugation extent of the target molecules (F3>F1>F5) increase,
the fluorescence emission intensity increases accordingly (also see
in Figure S8, SI). However, the reference molecules do not show any
significant changes under the UV lamp (Figure S9, SI). Further
investigation shows that the presence of the other interfered ions
does not exhibit remarkable influence on the sensing response of
the substrates to Zn>" in ethanol aqueous solution, which are
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shown in Fig. 4 (b) and Fig. S10 (SI). These results further indicate
that the target fluorescent probes can strongly coordinate with
Zn** and restricted the occurrence of C=N isomerization, which
blocks ESIPT reaction.

We further detected the fluorescence intensity of probes with
Zn** in different volume ratio of PBS/EtOH (from 0: 10 to 10: 0, v/v,
pH = 7.20) system and the fluorescence titration curve of target
dyes with Zn2+(Fig. 5, Fig. S11 & Fig. S12, SI) in pure ethanol and in
ethanol/PBS buffer (1/1, v/v, pH = 7.20) mixed solution, respec-
tively, take F3 for example. It can be clearly seen that the emission
peak generated by Zn2+ chelation at 500 nm with a sharp
enhancement in peak intensity as Zn2+ was gradually added
(1.0 x 10-7 mol. L—1 to 1.0 x 10-4 mol. L—1), and further increasing
the amount of Zn2+ only led to small changes in the fluorescence
intensity. Simultaneously, Fig. 5 and Fig. S11 & Fig. S12 (SI) indicated
that the fluorescence titration curve in pure ethanol and in ethanol/
buffer mixed solution all displayed the almost similar emission
variation. Meanwhile, as the PBS volume increased, the formed
Zn2+ complex can still maintain a strong fluorescence emission.

The coordination constant was determined by the measurement
of the fluorescence spectra changes according to Benesi-Hildebrand
equation. The equation is described as followings:

FO/(FO*F):FO/(FO*Fcomplex)+FO/(FO*Fcomplex)XI/KXI/[M}
(1)

wherein K represents the binding constant, FO is the integrated
fluorescence intensity of free ligand, F shows the observed inte-
grated fluorescence intensities, Fcomplex is the emission in-
tensities of the ligand-metal complex, and [M] shows the
concentration of Zn ions. The binding constant is given by the ratio
intercept/slope from the plot of FO/FO-F versus 1/[M]. The curve
fitting of the fluorescence intensity of F3 to the reciprocal of the
Zn2+ concentration further demonstrates the linear characteristics
of complex (Fig. 6). From the fluorescence titration data, sensor F3
for the detection of Zn?* revealed extremely low detection limit
(67.2 nM), the binding constants (Ka) of the probe-Zn** complex
were determined as 1.37 x 106 L/mol (F1), 1.42 x 106 L/mol (F3)
and 1.13 x 106 L/mol (F5), respectively (Fig. S13, SI). The larger
binding constant (Ka) means probe-Zn>*complex possesses much
more stabilities.

Job's plot analysis of the fluorescence data was shown that the
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Fig. 5. Fluorescence spectra of ligand F3 measured in ethanol upon addition Zn?** and
after the addition of increasing amounts of Zn*" (Cpz=5.0x10%mol. L7},
Clons =0—1.0 x 10~*mol. L)

stoichiometric ratio was 1: 1 for the probes (F1/F3/F5)-Zn** com-
plex (see Scheme 2, Fig. 7 & Fig. S14,SI). The fluorescence titration
test of probe under the existence of different Zn>* concentrations
was performed in EtOH solution. Keeping the total concentration of
the probe and Zn®* for 5.0 x 10-®mol/L, and the concentration
ratio of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2 and 9:1 between probe
and Zn?* was titrated.

To ensure F3 could be used for detecting Zn* in living cells,
toxicity assay was also performed by adding a series of concen-
trations (0, 2, 4, 25, 50, 100 pM) of probe F3 in living human colonic
cancer cells line (SW620), the cells survival rate higher than 96% in
every concentration gradient, which indicates that probe F3 has no
apparent toxicity to living SW620 cells. The hypotoxicity of probe
F3 clearly demonstrates that probe has low cytotoxicity to living
cells.

To further explore the potential biological application, the probe
was applied in SW620 cancer cells by fluorescence imaging
experiment shown in Fig. 8. Firstly, SW620 cells incubation with 1%
DMSO-containing F3 for 0.5 hat 37°C, and no obviously fluores-
cence can be observed under the fluorescence microscope (Fig. 8
(b)). However, the green fluorescence was observed under the
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Fig. 6. Fluorescence emission spectra of F3 (Cgz = 5.0 x 10-%mol. L") upon the titra-
tion of Zn?* (Cions = 0—1.0 x 10~*mol. L!) in EtOH solution.
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Fig. 8. Confocal fluorescence images of SW620 cells. (a—c) Cells cultured with F3 (1 x 10-® mol.L™") for 0.5 h; (d—f) Cells treated with F3 (1 x 10~® mol.L™!) and then incubated with
5 x 10~%mol.L~" Zn?* ions for another 0.5 h. Excitation wavelength, 320 nm, emission wavelength, 500 nm.

fluorescence microscope after incubation of the probe F3 treated
cells with Zn?* for another 0.5 h at the same conditions (Fig. 8 (e)).
The experiments indicated F3 could be served as an efficient
candidate for monitoring changes in the intracellular Zn?* under
biological conditions.

3. Experimental section
3.1. Material and characterization

The organic solvents were purchased by the Sigma-Aldrich
Corporation and were further processed by the standard labora-
tory method. The starting materials for the preparation of new
studied chemosensors in our own laboratory were supplied by the
Acros Corporation.

The 'H and 3C nuclear magnetic resonance (NMR) spectra of the
studied dyes molecules were measured by the Bruker apparatus
(400 MHz) in standard NMR tubes at the room temperature. The 'H
and 3C NMR peak chemical shifts of the target molecules were
calculated by an internal reference tetramethylsilane (TMS). A
Beijing Fukai melting point apparatus was employed to determine
the melting points of the samples. The elemental analysis of the
prepared dye molecules was acquired by a CE440 elemental anal-
ysis meter from Exeter Analytical Inc.

3.2. UV)visible absorption spectral determination and fluorescence
emission spectral measurement

The UV/visible absorption spectra and fluorescence emission
spectra of the samples were surveyed by using the spectral grade
solvents. A TU1901 spectrophotometer from Beijing PUXI General
Equipment Limited Corporation was employed to determine the
UV/visible absorption spectra of the samples. The spectro-
fluorophotonmeter (Cary eclipse) was used to determine the fluo-
rescence emission spectra of the samples. The fluorescence
quantum yields of the organic dyes in the solvents were measured
by using quinine sulfate in 0.5 mol/L H,SO4 (®, 0.546) as reference
[35].

3.3. Synthesis of the studied target dyes

The synthesis routes of the new studied dyes F1-F6 were pre-
sented in Scheme 1. The preparation details of these target dyes,

molecular structural characterization of the intermediates and the
final molecules were described in “supporting information (SI)”.

3.4. The determination of DL

The detection limit (DL) was determined according to formula
(2) by emission data of probes upon gradual addition of Zn>*.

DL=134/S (2)

where ¢ was the standard deviation of blank ample, S represented
the absolute value of the slope between fluorescence intensity and
Zn** concentration.

3.5. Bioimaging experiment

SW620 cells were cultured in DMEM (containing 10% FBS) in a
humidified incubator at 37 °C and 5% CO,. The cells were seeded
2.5 x 10° per well in six-well plates. After 18 h proliferation, the
compound F3 at the final concentration of 1 x 10~® mol/L (con-
taining 1% DMSO) were exposed to the cells and incubated for an
additional 30 min at 37 °C. Then, the medium was discarded, and
the cells were washed once with phosphate buffer saline (PBS).
After that, the Zn?* solution was added to the wells with a final
concentration of 5 x 10-®mol/L, and the cells were incubated at
37°C for another 0.5 h. The cells were washed with cold PBS for
three times and fixed with 4% of paraformaldehyde PBS solution at
4°C for 15 min, then PBS was used to rinse cells for three times.
Finally, the cells were observed with a confocal microscope.

4. Conclusions

In conclusion, a series of novel ‘naked-eye’ Bis-Schiff base
fluorescent chemosensors are successfully synthesized. The results
of ultraviolet visible absorption spectra and fluorescent emission
spectra indicate that the target compounds have a unique selec-
tivity and highly sensitivity for the ‘naked-eye’ detection of Zn>",
and the bigger in molecular conjugation the better in zinc recog-
nition. Furthermore, for the good acid-base adaptation, the bio-
imaging experiment has successfully conducted as a fluorescent
probe to detect the Zn?* in SW620 cells. This work provides a useful
design strategy for constructing fluorescent sensors for the recog-
nition of specific metal ions by rational structural design.
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