A single chemosensor for multiple analytes: fluorogenic and ratiometric

absorbance detection of Zn**, Mg*" and F’, and its cell imaging

LI Li® SHEN Yun?, ZHAO Yuan-Hui?, MU Lan? ZENG Xi*?, Carl Redshaw® WEI Gang**
@ Key Laboratory of Macrocyclic and Supramolecular Chemistry of Guizhou Province; School of Chemistry and Chemical

engineering, Guizhou University, Guiyang 550025, China
b Department of Chemistry, University of Hull, Hull HU6 7RX, U.K.

¢ CSIRO Manufacturing Flagship, PO Box 218, NSW 2070, Australia

Abstract: A simple coumarin based sensor 1 has been synthesized from the condensation reaction
of 7-hydroxycoumarin and ethylenediamine via the intermediate 7-hydroxy-8-aldehyde-coumarin.
As a multiple analysis sensor, 1 can monitor Zn®* with the fluorescence enhanced at 457 nm,
meanwhile formed absorption ratio at 290 nm, 350 nm and 420 nm in DMF/H,0 (1/4, v/v) medium.
Sensor 1 can also monitor Mg?* with the fluorescence enhanced at 430 nm, meanwhile formed
absorption ratio at 290 nm, 370 nm and 430 nm in DMF medium through the interaction of
chelation enhance fluorescence (CHEF) with metal ions. Furthermore, 1 also can monitor F with
the fluorescence enhanced at 460 nm, and formed absorption ratio at 290 nm and 390 nm in DMF
medium simultaneously via hydrogen bonding and deprotonation with F~ anion. Spectral titration,
isothermal titration calorimetry and mass spectrometry revealed that the sensor formed a 1:1
complex with Mg**, Zn®* or F, with stability constants of 4.5x10° 3.4x10° 8.0x10* M™
respectively. The complexation of the ions by 1 was an exothermic reaction driven by entropy
processes. Furthermore, the sensor exhibits good membrane-permeability and was capable of

monitoring at the intracellular Zn** level in living cells.
Keywords: Coumarin sensor; Fluorogenic and ratiometric absorbance; Multiple analysis;

Zn*IMg*/F; Cell imaging

© 2016, Elsevier. Licensed under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International http://creativecommons.org/licenses/by-nc-nd/4.0/



Introduction

Metals are indispensable for life, as they are involved in many fundamental biological processes,
including osmotic regulation, catalysis, metabolism, biomineralization, and signaling ™. Amongst
the biologically important metal ions, the Zn®** and Mg®" ions are known for their ability in
widespread applications. Zinc is the second most abundant transition metal in the human body, and
it plays a critical role in enzyme regulation structure and function, neural signal transmission, and
gene expression #°, The magnesium ion is one of the most abundant divalent cations in cells and
can play vital roles in enzyme-driven biochemical reactions, proliferation of cells, and stabilization
of DNA conformation . Numerous small anions, which play vital roles in human life, exist within
organisms and in the external environment ¥, Detection and quantification of metal ions and anion
found in biological systems and in the environment remains an active area of research, as these ions
can be either quite beneficial or toxic to human health ™ ' Therefore, the assessment and
understanding of metal ions and anions and their distribution in living systems could be crucial to
obtaining insight into metal homeostasis, as well as into related diseases 2.

Fluorescent sensors have been developed as a useful tool to sense in vitro and in vivo biologically
important ions because of their specific and sensitive monitoring with fast response time >, A
large number of fluorescent sensors for Zn®* have been reported, exhibiting high selectivity and
sensitivity over other biologically essential metal ions in specific ranges of concentration ¢!, Mg?*
is one of the most abundant divalent cations in cells and is closely connected with many cellular and
pathological processes . Until now, there are few reports relating to fluorescent sensors for the
determination of Mg®* 2%,

As the smallest anion, F~ has unique chemical properties; its recognition and detection have
received considerable attention because it is very important to measure the concentration of F~ for
human health and environment protection ® %1 In fact, numerous fluorescent and chromogenic
sensors have been reported to selectively detect F*, which contain receptors based on Lewis-acidic
boron as well as sensors utilizing hydrogen bonding 1621,

Recently, single sensor for multiple analytes have become very popular among analysts, due to
their good sensing performance, clear signaling mechanism, fast detection time and relative cost.
Finding new types of sensor possessing simple molecular structures for multifunction recognition is
a significant area of research. Examples of such sensors are Zn®*/F ) zn?*/Cd**/Co** I,

Zn* AP IR IFe® BY CN/F B4, Cu?*/Hg®* B, Our group has also recently reported a sensor for



AP*/F B,

Coumarins are well known fluorophores with high quantum vyields, high photo-stability and a
backbone which is readily modified. A number of excellent coumarin-based fluorescent sensors for
Cu?* 81 zn2* B A3 B nH B8 and thiols ! have been reported, but most of them were employed
in single target detection. Due to the close relationship between Zn?*, Mg** or F~ and human health
and the environment, it is crucial to develop multi-function and multi-analysis sensors.

Herein, we present a simple coumarin-based sensor, which is synthesized by the condensation
reaction from between 7-hydroxycoumarin and ethylenediamine, and which can conveniently and
highly selectively measure Mg?*, Zn?* and F in different solution media by fluorescence
enhancement. and ratiometrically absorbance, it can serve as one sensor for multiple analytes, and is
suitable for the preferential sensing of Mg*, Zn* and F in the presence of other biologically

relevant ions and is suitable for the monitoring of Zn?* ions in living cells.

2. Experimental

2.1. Materials and equipments

7-Hydroxycoumarin, ethanediamine, TFA (trifluoroacetic acid), dichloromethane, pyridine,
hexamethylene tetramine were purchased commercially (Aldrich and Alfa Aesar Chemical Co., Ltd.).
The solutions of the metal ions were prepared from their nitrate salts. All the anions used were as
tetra-n-butylammonium salts (Sigma-Aldrich Chemical Co.), and were stored in a desiccator under
vacuum containing self-indicating silica, and were then used without any further purification. Other
chemicals used in this work were of analytical grade and were used without further purification.
Double distilled water was used throughout.

All fluorescence measurements were made on a Cary Eclipse Fluorescence Spectrometer (Varian)
in a1 cm quartz cell. UV-Vis absorption spectra were recorded on a UV-1800 spectrophotometer
(Beijing General Instrument Co., China) in a 1 cm quartz cell. *H NMR spectra were measured on a
Nova-400 NMR spectrometer (Varian) and WNMR-1 500 MHz NMR (at the Wuhan Institute of
Physics and Mathematics, Chinese Academy of Sciences) spectrometer at room temperature using
TMS as an internal standard. ESI-MS spectra were recorded on a HPLC-MSD-Trap-VL
spectrometer (Agilent). IR spectra were obtained using a Vertex 70 FT-IR spectrometer (Bruker).

Isothermal titration calorimetry (ITC) experiments were performed using an isothermal titration



calorimeter a Nano ITC (TA); Fluorescence imaging was conducted on a Ti (Nikon) fluorescent

inverted phase contrast microscope.
2.2. Solution preparation

A stock solution of 0.1 mM sensor 1 was obtained by dissolving the requisite amount of 1 in
DMF solvent. A standard stock solution of 10 mM Zn** (Mg®*) was prepared by dissolving an
appropriate amount of zinc nitrate (magnesium nitrate) in water and adjusting the volume to 100
mL in a volumetric flask.

A standard stock solution of 10 mM F was prepared by dissolving an appropriate amount of
tetrabutylammonium salt in DMF and adjusting the volume to 100 mL in a volumetric flask.

The salts used in other stock solutions of metal ions were nitrate salts, and the anions were
tetrabutylammonium salts.

All the measurements were made according to the following procedure. To 10 mL volumetric
flask containing different amounts of metal ion or anion, requisite amounts of the solution of sensor
1 was added directly with micropipette, for Zn*, then diluted with DMF/H,O (1/4, v/v) mixed
solvent to 10 mL, for Mg**, diluted with DMF/H,O (49/1, v/v) to 10 mL, for F’, diluted with DMF
to 10 mL. Fluorescence and UV-vis spectra were measured after addition of the ions at room
temperature to equilibrium. Fluorescence measurements were carried out with excitation and
mission slit width of 10 and 10 nm.

The ITC experiment consisted of 25 consecutive injections (10 L) of ion in DMF solution (Mg?*,
F, 0.1 mM) into the microcalorimetric reaction cell (ImL) charged with a DMF solution of sensor 1
(10 uM) at 288.15 K. The heat of reaction was corrected for the heat of dilution of the ion solution
determined in the separate experiments. All solutions were degassed prior to titration experiment by
sonication. Computer simulations (curve fitting) were performed using the Nano ITC ananlyze
software.

Cell culture and fluorescence imaging

The PC3 cells were grown in Roswell Park Memorial Institute-1640 supplemented with 10 %
fetal bovine serum, 100 U/mL penicillin and 100 pg/mL streptomycin at 37 °C and 5% CO,. One
day before imaging, the cells were seeded in 6-well flat-bottomed plates. The next day, the PC3
cells were incubated with 10 uM 1 for 30 min at 37 °C in humidified environment of 5% CO, and
then washed with fresh culture medium three times to remove the remaining 1. Before incubating

with 50 uM Zn?* for another 30 min, cells were rinsed with fresh culture medium three times again,



then the fluorescence imaging of intracellular Zn?* was observed under inverted fluorescence
microscope excited with UV lamp. The PC3 cells only incubated with 10 uM 1 for 30 min at 37 °C

and 5% CO, were as a blank control.
2.3. Synthesis of sensors

The intermediate was synthesized from 7-hydroxycoumarin and acetic anhydride in
dichloromethane solvent, then using trifluoroacetic acid (TFA) as catalyst, reaction with
hexamethylenetetramine was conducted to afford 7-hydroxy-8-aldehyde coumarin, and then further

condensation to give sensor 1. The synthetic route was carried out as outlined in Scheme 1:
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Scheme 1 Synthesis of the sensor 1.

Synthesis of 7- acetic anhydride coumarin
To a solution of 7-hydroxycoumarin (9.3g, 57.3 mM) in dichlorormethane (120 mL) was added
acetic anhydride (11.7g, 114.6 mM) and pyridine (7-8 drops). The mixture was heated under reflux
for 12 h. Following removal of the solvent by evaporation, water (80 mL) was added to the mixture,
which was extracted with ethyl acetate (120 mLx3), the organic layer was washed with distilled
water (30 mLx2), and then was washed with saturated salt water 30 mL, and the organic layer was
dried with anhydrous sodium sulfate overnight. The organic layer was separated and the solvents
were evaporated. The crude product was purified by column chromatography over silica gel using
chloroform as the eluent to afford the white solid, 11.78 g, 95.4 %.
Synthesis of 8- formyl-7-hydroxy-coumarin
In an ice bath, to a solution of 7-hydroxycoumarin (15g, 73.51 mM) in trifluoroacetic acid
(TFA, 100 mL) was added hexamethylenetetramine (15g, 106.26 mM). The mixture was reacted at
0 °C for 1 h, and then the temperature was gradually raised to room temperature, and then heated
under reflux for 8 h. Following removal of the solvent by evaporation, water (150 mL) was added to
the mixture, and the mixture was heated under 60 °C for 0.5 h. Following filtration, the residue was

extracted with chloroform (150 mLx3), the organic layer was washed with distilled water (20



mLx2), and then was washed with saturated salt water 20 mL, and the organic layer was dried with
anhydrous sodium sulfate overnight. The organic layer was separated and the solvents were
evaporated. The crude product was purified by column chromatography over silica gel using
chloroform/ methanol (100/1, v/v) as the eluent to afford the milky solid, 2.61 g, 18.6 %.
Synthesis of sensor 1

To a solution of 8-formyl-7-hydroxy-coumarin (600 mg, 3.16 mM) in dry ethanol (70 mL) was
added dropwise ethanediamine (90mg, 1.58 mM) which had dissolved in ethanol (30 mL). The
mixture was filtered and was recrystallization from chloroform and methanol to afford a pale yellow
solid, 510 mg, 80.5 %. m.p. 300 °C; *H NMR (DMSO-ds, 400M Hz), & (ppm): 4.06 (s, 2H), 6.10 (d,
1H, J= 9.6 Hz), 6.55 (d, 1H, J=9.2 Hz), 7.52 (d, 1H, J= 8.8 Hz), 7.86 (d, 1H, J= 9.2 Hz), 8.93 (s,
1H), 14.39 (s, 1H); M/z (ESI): 427.0 ([M+Na]"), calcd for C,oH1N,O6= 404.37. IR (KBr, cm™) v:
3445, 2921, 1731, 1722, 1635, 1596, 1236, 1113, 784. (Figs. S1~S3)

3. Results and discussion
3.1 Spectra studies
3.1.1 Absorption spectra characteristics for ions

In DMF/H,O (1/4, viv) mixed solvent, the absorption spectrum of 1 showed three absorption
bands at 290 nm, 355 nm and 420 nm. Upon addition of Zn**, the absorbance peaks at around 290
nm and 420 nm of 1 significantly diminished, meanwhile the absorption band at around 350 nm
red-shifted and significantly increased (Fig. 1A). By contrast, the addition of 20 eq. of various other
metal ions, namely Mg, Li*, Na*, K*, Ca**, Hg?*, Ba**, Pb**, Cd**, Co**, Ni**, Sr**, Cr**, Cu?,
Ag’, AP or Fe*', resulted in only negligible changes to the absorption spectrum of 1. Such results
indicated that 1 has a good selectivity for Zn®*. Upon titration of 1 (10 uM) with Zn?* (0 ~ 20 pM),
the absorption bands at 290 nm, 420 nm gradually decreased in intensity, whereas the absorption
band at 347 nm increased and shifted to 355 nm with a shoulder at 370 nm, generating two
isosbestic points at 330 nm and 400 nm, which indicated the formation of a new complex between 1
and Zn** (Fig. 1B), present having a certain stoichiometric ratio between the 1 and Zn®* (Fig. 1B
inset). The formation of the new band at 355 nm is attributed to the interaction of Zn** ions with the
imino nitrogen atoms and hydroxyl oxygen atoms leading to intramolecular charge transfer (ICT)

from the comarine moiety to the imino group. The absorbance ratio (Asss/As20) showed a clear
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sigmoid dependence on the Zn*" concentration, and it is noteworthy that the ratiometric absorbance

change could be potentially useful for the quantitative determination of Zn*".
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Fig. 1 (A) Absorption spectrum of 1 (10 uM) upon the addition of 20 eq. metal ions in DMF/H,0 (1/4, viv); (B)
Absorbance spectrum for titration of 1 (10 uM) with Zn*". Inset shows variation of ratio absorbance against the

number of equivalents of ions; data and Job’s plot data. Asss nm/A420 nm

In contrast, in a DMF/H,0 (49/1, v/v) mixed solvent system, 1 (10 uM) exhibited ratiometric
behaviour with Mg®* (Fig. 2A), whilst other tested metal ions including Zn?* resulted in negligible
changes to the absorption spectrum of 1, indicated that 1 has a good selectivity for Mg?* in
DMF/H,0 (49/1, v/v) medium. The addition of increasing amounts of Mg?* ion (Fig. 2B) results in
a decrease in the absorption at 290 nm and 430 nm and the formation of a new intense red shifted
absorption band at 370 nm with a shoulder at 355nm, and well-defined isosbestic points at 335 nm
and 405 nm. This further demonstrated that a stable complex was present having a certain
stoichiometric ratio between the 1 and Mg** formed under these conditions (Fig. 2B inset). The
absorbance ratio (Aszo/Auzo) showed a clear sigmoid dependence on the Mg®* concentration, and it
is noteworthy that the ratiometric absorbance change could be potentially useful for the quantitative

determination of Mg*".
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Fig. 2 (A) Absorption spectra of 1 (10 uM) upon the addition of 20 eq. metal ions in DMF/H,0 (49/1, viv); (B)



Absorbance spectra titration of 1 (10 uM) with Mg?". Inset shows the variation of ratio absorbance against the

number of equivalents of ions; data and Job’s plot data. As7o nm/A430 nm

The fluorescence intensity of 1 (10 uM) in different volume fractions of water in a DMF/H,0
mixed solvent system were very low at 350 nm excitation wavelength, and was unaffected by the
volume fraction of water. However, the fluorescence intensity of 1 was affected in the presence of
20 eq. of Zn?* and Mg®* (Fig 3A). For example, in DMF/H,O (49/1, v/v) solvent, the intensity of 1
was significantly enhanced at 430 nm on addition of Mg**, whereas there was only a slight increase
of intensity on addition of Zn?* under the same conditions; the intensity of 1+Mg*" compared to
1+Zn*" was about 9 times greater. Upon an increase in the volume fraction of water in the mixed
solvent system, the intensity of 1+Zn?* increases gradually, whilst the intensity of 1+Mg** reduced
dramatically. The intensity of 1+Mg”" was almost the same compared to free 1 when the water
volume fraction was greater than 40%. By contrast, the intensity of 1+Zn?* was strong and stable;
the intensity of 1+Zn”*" compared to 1+Mg?* was about 22 times greater. On controlling the ratio of
the DMF/H,O mixed solvent system, 1 could identify Mg?* in a DMF/H,O (49/1, v/v) solvent
system, and could also identify Zn®* in a DMF/H,0 (1/4, v/v) solvent system. Similarly, the data for
the absorption spectra are shown in Fig. 3B. Clearly, by controlling the different media conditions, 1

can selectively respond to either Mg®* or Zn®* ions.
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Fig. 3 The fluorescence intensity (A) and absorbance (B) of 1 (10 uM) with 20 eq. of Zn**, Mg*" in DMF/H,0
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Moreover, in DMF solvent, 1 showed ratiometric behaviour towards F (Fig. 4A). Upon
addition of varying amounts of F ion lead to a decrease in the absorption at 290 nm, whilst the
absorption band at 347 nm increased and red shifted to 360 nm. In addition, the absorption band at

420 nm blue shifted to 390 nm, and a distinct isosbestic point at 348 nm was observed indicating a



chemical interaction between receptor 1 and F* (Fig. 4B). Both intensive bands were attributed to

H-bonding involving the phenolic O-H.
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Fig. 4 (A) Absorption spectra of 1 (10 uM) upon the addition of 20 eq. of anions in DMF; (B)Absorbance spectra
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The stoichiometry of the complex of Zn?*, Mg?* and F~ with 1 was determined by Job’s plot and
the molar ratio from the UV-vis absorption data (Figs. 1B, 2B and 4B inset). The plot revealed a 1:1
binding stoichiometry of 1 with ion. The association constants were estimated to be 6.9x10*
(1-Zn?"), 3.6x10* (1-Mg?®*) and 6.9x10* M™ (1-F) by using a Benesi-Hildebrand plot assuming a
1:1 stoichiometry, respectively (Figs. S4~S6). The limits of detection (LOD = 3c/slope) of 1 for
Zn**, Mg and F were 0.35, 0.21 and 0.36 uM, respectively (Figs. S7~S9).

In DMF/H,O (1/4, vIv) solution, the absorbance ratio (Asss/Asz) of 1 (10 uM) for 20 eq. of Zn?*
and the effect of 20 eq. of coexisting ions on 1-Zn”" revealed that the other competing metal ions
including Mg®* did not interfere with the detection of Zn?* (Fig. S10A). In DMF/H,0 (49/1, v/v)
solution, the absorbance ratio (As7o/Asz0) of 1 (10 pM) for 20 eq. of Mg®* and the effect of 20 eq. of
the coexisting ions on 1-Mg®" revealed that the other competing metal ions including Zn?* did not
interfere with the detection of Mg®* (Fig. S10B). In DMF solution, the absorbance ratio (Aseo/Azgo)
of 1 (10 uM) for 20 eq. of F and the effect of 20 eq. of coexisting ions on 1-F revealed that the
other competing anions did not interfere with the detection of F~ (Fig. S10C). Hence, these results
suggest that 1 could be a good ratiometric absorbance selective sensor for Zn?*, Mg?*, and F, in

particular, conveniently distinguishing Zn** from Mg and visa visor.

3.1.2 Fluorescence spectra characteristics for ions
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To obtain insight into the fluorescent properties of 1 toward different ions in different medium,
the emission changes were investigated with different ions. In DMF/H,0 (1/4, vi/v) solution, when
excited at 360 nm, 1 exhibited a weak fluorescence band (quantum yield, & = 0.02) at 440 nm (Fig.
5A). Upon addition of the above metal ions, it can be seen that there is a great enhancement in the
fluorescence intensity of Zn®* ions with 1, which could be clearly distinguished from the other
metal ions. The fluorescent signal of 1 at 458 nm increases significantly (&; = 0.37) with a red shift
to 458 nm observed, and prominent bright blue fluorescence was also observable under UV light
(Fig. 5A, inset). The other metal ions including Mg** induce only slight changes in the fluorescence
spectra. The weak fluorescence of 1 in the absence of Zn** can be attributed to rapid cis-trans
isomerization across the C=N bond. The chelation of Zn?* by 1 is not only responsible for chelation
enhanced fluorescence (CHEF) but also seems to affect the intramolecular charge transfer (ICT)
within the sensor [“* Y. The electron-donating ability of the hydroxyl group at one end and
electron-withdrawing ability of carbonyl group and imine at another end makes the sensor a
potential ICT probe. However the ICT of 1 was affected due to chelation of 1 with Zn**, which
ultimately resulted in a red shift of the emission spectrum of 1. A Job’s plot and the molar ratio of
the fluorescence titrations revealed a 1:1 binding stoichiometry (Fig. 5B, inset); the association
constant for Zn®* was estimated to be 6.3x10*M™ (Fig. S11), and the limit of detection was 53 nM

(Fig. S12).
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Fig. 5 (A) The fluorescence intensity of 1 (10 uM) with 20 eq. of metal ions in DMF/H,0 (1/4, v/v); Metal ions:
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Fluorescence spectra titration of 1 (10 uM) with Zn*. Inset shows variation of fluorescence intensity against the

number of equivalents of Zn* and Job’s plot data. In DMF/H,0 (1/4, VIV), Aex Ihem = 360 nm/458 nm.

In DMF/H,0 (49/1, v/v) solution, when excited at 350 nm, 1 also exhibited weak fluorescence



(&;= 0.02); only the addition of Mg?* led to a significant fluorescence enhancement (& = 0.39) at
430 nm, while the other metal ions including Zn*" induce only slight changes in the fluorescence
spectra, suggesting 1 can act as an efficient Mg?* selective fluorescence “turn-on” sensor based on
the PET mechanism (Fig. 6A). The prominent blue fluorescence was also observable under UV
light (Fig. 6A, inset). Coordination of Mg?" to the oxygen atoms of the phenolic and nitrogen atoms
of the imine moiety not only suppressed the photo-induced electron transfer (PET) from the imine
nitrogen atoms to the coumarin moiety quenching process, but also increased the rigidity of the
molecule by restricting free rotation of the single bond and thus resulting in a significant
enhancement of the fluorescence intensity which is known as chelation enhanced fluorescence
(CHEF) 2% A Job’s plot and the molar ratio of the fluorescence titrations revealed a 1:1 binding
stoichiometry (Fig. 6B, inset). The association constant for Mg?* was estimated to be 2.7x10* M™

(Fig. S13), and the limit of detection was determined to be 33 nM (Fig. S14).
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In DMF solvent, when the excitation was at 360 nm, in the absence or presence of anions (CI,
Br, I, NOs, AcO’, H,PO4, PFg, ClO,4, HSOy), it was shown that the fluorescence spectra of 1 did
not undergo any significant change except when in the presence of F ion. Addition of the F ion
results in enhanced fluorescence at 440 nm with a slightly bathochromic shift to 460 nm, exhibiting
an “off-on” fluorescence emission (Fig. 7A), and the bright blue fluorescence could be observed
under UV light (Fig. 7A, inset). Sensor 1 exhibits a higher affinity toward F* ions because the
hydroxyl groups of the two coumain units can participate in cooperative hydrogen bonding and then
undergo further deprotonation. The emission intensities became constant when the amount of F

added reached one equivalent (Fig. 7B). The Job’s plot and the molar ratio of the fluorescence



titrations revealed a 1:1 binding stoichiometry (Fig. 7B, inset); the association constant for F~ was

estimated to be 7.7x10* M™ (Fig. S15), and the limit of detection was found to be 17 nM (Fig. S16).
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Fig. 7 (A) The fluorescence intensity of 1 (10 uM) with 20 eq. of anions in DMF; (B) Fluorescence spectra
titration of 1 (10 uM) with F. Inset shows variation of fluorescence intensity against the number of equivalents of

F and Job’s plot data in DMF, Aey /Aem = 360 nm / 460 nm.

Many fluorescent sensors for Zn?*/ Mg?*/F" detection can only preform in solution, which limits
their applications under special circumstances such as on-site detection in situ. To demonstrate the
practical application, the filter paper of 1 was prepared. It was easily prepared by immersing a filter
paper into the solution of 1 (1 mM) in DMF/H,O (1/4, viv) for Zn?*, in DMF/H,O (49/1, viv) for
Mg**, in DMF for F, and then exposing it to air to evaporate the solvent. After immersing in the
Zn**/Mg®*/F solution for several seconds and drying in air, the fluorescence test strips showed an
increase in fluorescence intensity with the Zn**/Mg®*/F" concentration under the UV lamp (Fig. 8).

The detection limits of the papers were as low as 1 pM of Zn?*/F’, 100 uM of Mg?* ion

et 0 106 105 10° 10°(M) Mg 104 102(M) F 0 105 10° 10% 102 (M)

Fig. 8 Fluorescence changes of paper test strips for detecting Zn?*, Mg?*, F"ions in DMF/H,O or DMF solution

with different ion concentrations. The test papers were excited at 365 nm using a hand-held UV lamp.

To investigate the practical applicability of 1 as a multiple analyte selective fluorescent sensor,
competition experiments of 1 (10 uM) treated with 20 eq. of the detection ion in the presence of

other same concentration coexisting ions were carried out. In Fig. S17A, the other background



metal ions had little or no obvious interference with the detection of Zn®** ions in DMF/H,O (1/4,
vIv), except for Co?*, Cr**, Ni**, and Cu®*. In Fig. S17B, the other background metal ions had little
or no obvious interference with the detection of Mg ions in DMF/H,O (49/1, v/v), except for Hg?",
Pb%, Cd?*, Co?* and Cu?*. Hence, these results suggest that 1 could be a good fluorescence
enhancement sensor for Zn** and Mg?®*. In particular, 1 can distinguish Zn®** from Mg** or Mg**
from Zn*", despite both having many common properties. In Fig. S17C, the other background
anions had little or no obvious interference with the detection of F ions in DMF. Hence, these

results suggest that 1 could be a fluorescence enhancement selective sensor for Zn**, Mg**, and F".

3.2 The complex characteristics of 1 with ions
3.2.1 Characteristics of isothermal titration calorimetry

Isothermal titration calorimetry can provide complete thermodynamic parameters of the binding
enthalpy change (AH), entropy change (AS), binding constant (K), and stoichiometry (n) from a
single titration, and offers a direct means of characterizing the thermodynamic properties of
molecule and ion interactions. The binding of 1 with Mg** or F was investigated by ITC in DMF
solution at 288.15 K. The 1-ion titration is shown in Figs. S18A and 18C together with the
integrated heats per mole of injectant (Figs. 18B, 18D). When the ion concentration increases, the
bonding process is exothermic, and then tended to saturate; the thermodynamic parameters are
listed in Table S1. This indicated that the complexation of 1 with Mg?** or with F~ was driven by
both enthalpy and entropy. The values of AG® (Mg?*: AG= - (149.71 + 1.08) kI-M*, F: AG®= -
(33.93 + 1.33) kJ-M™) are less than zero, which indicates that the binding processes are spontaneous.
The stoichiometry for the sensor bound to the ion was about 1:1, and the binding constant (K) was
up to 10° M™ and 10* M, respectively. The ITC experimental results are consistent with those of

the fluorescence and UV/vis spectra.

3.2.2 Characteristics of the complex of 1 with ions

To confirm the stoichiometry between the 1 and the zZn**, Mg®* ion, an API-ES mass
examinations were conducted (Fig. S19). Mass peaks at m/z 469.17 (calculated value 469.48) and
428.64 (calculated value 428.41) corresponding to [1+Zn]" and [1+Mg]" were clearly observed,
which provided evidence for the formation of a 1:1 complex, and the results are consistent with the

spectral data vide infra.



The IR spectra of 1, 1-Zn** or 1-Mg®* were measured in DMF medium (Figs. S20A and Fig.
S20B). Comparison with the IR spectra of 1 before and after the addition of Zn?* or Mg?*, reveals
that some IR peak were shifted. Specifically, the C-N peak of 1 at 1112 cm™, N-zZn** at 623 cm™,
N-Mg?* at 627 cm™, C=N peak of 1 at 1622 cm™ changed on adding either Zn®** or Mg?*, which
indicated the participation of the imino and hydroxyl in the complexation of the sensor with the ion.
In Fig. S20C, comparison with the IR spectra of 1 before and after adding F in DMF, revealed that
the C=N peak of 1 at 1622 cm™, C-N at 1 622 cm™, and -OH at 3427 cm™ had all changed on
adding the F ion, which indicated the participation of the hydroxyl in the complexation of the
sensor with the ion.

To explore the sensing mechanism of 1 with the ions, *H NMR titrations were conducted. Fig. 9
is the 'H NMR titration of 1 with Zn?* in DMF-d;/D,0O (4/1, v/v). On complexation of 1 with Zn**,
the proton peaks of the imine shifted to lower field due to the reduction of electron density upon
coordination to the metal ion. All protons of the coumarin moieties were shifted upfield from Ad
0.042 ppm to 0.083 ppm. The *H NMR data demonstrated that the phenolic hydroxyl oxygen atom

of the coumarin and the nitrogen atoms of imine are the binding sites.
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Fig. 9 *H NMR spectra in the absence and presence of Zn** for 1.

The partial *"H NMR spectra of 1 upon the addition of various amounts of Mg?* in DMF are
illustrated in the supporting information. On addition of 10 eq. of Mg** ion, no significant change
was observed. After addition of 30 eq. of Mg®*, the proton of hydroxyl group at 14.767 ppm
disappeared. At the same time, the imine C-H peak at 9.16 ppm moved to 8.97 ppm, whilst the
protons of the coumarin rings’ all shifted to the upfield region (Ad = 0.172 ppm ~ 0.567 ppm) as



shown in Fig. S21, which support the notion that the two nitrogens atoms of the imine, as well as
two phenolic oxygens, can participate in binding with Mg?*.

To examine the interaction between 1 and F, *H NMR titrations of 1 were investigated in the
absence and the presence of F* in DMSO-dg (Fig. 10). Upon addition of 1 eq. of F, the proton of
hydroxyl group shifted downfield from 8.96 ppm to 10.16 ppm, whilst the proton of the imine
revealed no change, but the protons of the coumarin moiety were shifted upfield (Ad = 0.307 ppm ~
0.505 ppm). These results indicated the formation of hydrogen bonding between the fluoride and
hydroxyl groups. On increasing the fluoride concentration to 5 eq., the proton of the hydroxyl group
at 10.16 ppm disappeared and a new triplet at 16.06 ppm appeared, indicating the formation of a
[HF,] species [““**. This deprotonation also caused the protons of the coumarin moiety to undergo
upfield shifts of A6 0.059 ppm to 0.137 ppm, but the proton of imine shifted downfield by 0.342
ppm. The reorganization of the F included two steps: the first was the formation of a 1:1
stoichiometry complex through hydrogen bonding; the second was the deprotonation of the sensor
with the formation of the HF,™ anion. These results revealed the “off-on” optical switching mode of

1 with Zn**, Mg?* and F", as shown in Scheme 2.
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Fig. 10 'H NMR spectra in the absence and presence of F for 1.
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Scheme 2 Graphic of the proposed mechanism of the sensing of ions.



3.3 Fluorescence imaging of intercellular Zn**

The fluorescence imaging of 1 as a Zn?* sensor in living cells was examined. Incubation of PC3
cells with 10 uM of | for 30 min at 37 °C gave almost no intracellular fluorescence as monitored by
fluorescence microscopy. Figs. 11A and 11B show bright-field and fluorescence measurements.
This was consistent with the incubation of the cells with 10 uM of 1. When PC3 cells were
incubated with growth medium containing 10 uM of 1 for 30 min, the same treatment with 50 uM
of Zn®" generated remarkable intracellular fluorescence (Fig. 11C). The fluorescence imaging
measurements after treatment with 1 and Zn®* confirmed that the cells were viable throughout the
imaging experiments. The results suggested that 1 can penetrate the cell membrane in a short time

and can be used to monitor intracellular Zn?* in PC3 cells by vitro imaging and potentially in vivo.

Fig. 11 Fluorescence images of intracellular Zn?* in PC3 cells. (A) Bright-field images of PC3 cells incubated
with 1 (10 uM) at 37 °C for 30 min; (B) Fluorescence images of (A); (C) Fluorescence images of PC3 cells

incubated with 1 and subsequent incubated with Zn?* (50 uM) for 30 min.

4. Conclusion

With the aim of assaying metal ions and anions, a simple and multifunctional Schiff base
fluorescence sensor 1 was synthesized. It is an excellent sensor exhibiting solvent-dependent,
ion-tunable selectivity for Zn®*, Mg®* and F in different media. The outstanding selectivity of 1
allowed for the efficient detection and quantification of Zn?* in DMF/H,O (1/4, v/v) solution, Mg®*
in DMF/H,0 (49/1, viv), F" in DMF solution and these were not disrupted by common metal ions or
anion ions. The presence of the o-hydroxy groups and the nature of the solvent play a crucial role in
the selectivity for the metal ions and the switch of selectivity from Zn** to Mg®** or F. The
luminescence mechanism is as follows: the formation of a rigid framework between Schiff bases
and Zn?* inhibits the C=N isomerization, leading to fluorescence enhancement. Simultaneously, the

chelation between the metal ion and the sensor causes a large CHEF combined with an ICT effect,



which induces the increase of fluorescence intensity and the wavelength red-shift. However, in
DMF/H,0 (49/1, viv) solution, various metal ions also have no interfere with the selectivity of 1 for
Mg?*, the recognition model is formation of a rigid framework between Schiff bases and Zn®*
which inhibits the PET procedure, leading to fluorescence enhancement. Furthermore, in DMF
solution, 1 showed high selectivity for F by formation of multiple hydrogen-bonds and
deprotonation resulting in fluorescence enhancement. Moreover, fluorescence microscopy
confirmed that 1 can be used for monitoring Zn** in living PC3 cells with general fluorescence
methods. These results provide a useful sensing strategy for the concept of a single chemosensor for
multiple analytes. The present sensor is less expensive as it involves a facile step reaction with
commercially available cheap chemicals. Also, derivatives of coumarin appear extremely useful for
in vivo imaging applications and further exploration of these systems are currently underway in our

laboratory.
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