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A 1,8-naphthalimide derivative (1) was intentionally designed and synthesized as a new turn-on fluores-
cent probe for the detection of zinc ion with high selectivity over other metal ions at pH 7.4 in aqueous
media (CH3CN/HEPES, V/V = 6:4). The reaction mechanism is attributed to the replacement of the protons
of the O-H groups by zinc ion at the binding site and production of fluorescence which is blocked in the
photo-induced electron transfer (PET) process. Remarkable enhancement of up to 13-fold in fluorescence
intensity with a 38 nm red-shift was achieved in the detection of zinc ion. Compound 1 was successfully

ﬁ?’g:ggg;ce robe applied to the fluorescence imaging of zinc ion, with a fluorescence emission color produced in the cell
Zinc ion P nucleus different from that produced in the cytoplasm, in A549, BEAS-2B, CHO, Hela, and HepG2 cells.

Furthermore, cytokinesis-block micronucleus (CBMN) assay was carried out in CHO cells using 1 and zinc
ion as the imaging agents, showing that the 1-Zn?* agent is a nucleic acid selective stain, which could be
applied in MN assays in different kinds of cell lines.

1,8-Naphthalimide
Imaging agents
Cytokinesis-block micronucleus

Crown Copyright © 2013 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Because of the high sensitivity, specificity, simplicity of imple-
mentation, and fast response time, fluorescent probes for detecting
metal ions possess innate advantages over other detection meth-
ods developed, such as high performance liquid chromatography'
and capillary electrophoresis.? Fluorescent probes also offer appli-
cations for both in vitro assays and in vivo imaging studies.? In par-
ticular, the development of a fluorescent probe for zinc ion in the
presence of a variety of other metal ions has received considerable
attention.*® Zn?" is involved in a variety of physiological and path-
ological processes, such as Alzheimer’s disease, epilepsy, ischemic
stroke, and infantile diarrhea.’ It is also reported that zinc ion is
a potent killer of neurons via oxidative stress.” A decrease in the
concentration of Zn?* can cause a reduction in the ability of the
islet cells of the pancreas to produce and secrete insulin.® Accord-
ingly, development of Zn?* selective fluorescent sensors and conve-
nient methods to detect intracellular Zn?* jon are certainly
important issues in recent years. The total concentration of Zn?*
in different cells varies from the nanomolar range up to about
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0.3 mM,° which means that optimized chemical probes are
required to monitor zinc concentration over that broad range.
Most of the fluorescence-based probes for Zn?* suffer from lim-
itations due to tight binding affinity or lack of sufficient selectivity
to detect intrinsic levels of Zn?* in pancreatic islets. Therefore, it
remains a challenge to develop efficient fluorescent probes with
high sensitivity and selectivity for the detection of metal ions in
biological applications. Recently, a rhodamine-based derivative
bearing a N-butyl-1,8-naphthalimide group was reported in our
work, in which it displayed a selective colorimetric and fluores-
cence change toward Cu?* based on the rhodamine ring-opening
approach.'® Meanwhile, some simple but efficient fluorescent sen-
sors based on Shift base, which displayed selective optical
responses, were reported.!! In order to further explore the sensing
mechanism of this series of 1,8-naphthalimide-based compounds
and their biological applications, the introduction of new ligands
with different binding points has attracted considerable interest.
Herein, we describe the synthesis and the photophysical prop-
erties of a new 1,8-naphthalimide-based chemosensor 1, which
has been designed for the sensitive and selective ‘turn-on’ fluores-
cence detection of Zn?" in aqueous solvents (CH3CN/HEPES, V/
V =6:4, 0.02 M HEPES buffer, pH 7.4) as well as in intracellular
media. As expected, upon addition of 20 equiv of various metal
ions, only Zn?* leads to a significant enhancement of up to 13-fold
in fluorescence intensity with a 38 nm red-shift, and no obvious
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Scheme 1. The synthetic route of compound 1.
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Figure 1. (a) Fluorescence emission spectra of 1 (2.0 x 107> M) in CH;CN-HEPES
buffer (0.02 M, pH 7.4) (V/V = 6:4) with 20 equiv of Na*, Co?*, Ni?*, Cu?*, Zn?*, Pb*",
Cd?*, Ag', Hg?*, Fe?*, Mg?*, and Cr**. (b) Fluorescence intensity of 1 (2.0 x 10~ M) at
556 nm after addition of 20 equiv of selected ions in CH;CN-HEPES buffer (0.02 M,
pH 7.4) (V|V = 6:4) (a: 1, b: Co**, c: Cd?*, d: Hg?", e: Cu?", f: Zn?", g: Na", h: Ag", i
Pb?*, j: Fe?*, k: Mg?*, I: Ni%*, m: Cr*").

fluorescence change was observed for other tested metal ions. Fur-
thermore, chemosensor 1 presents high sensitivity and selectivity
in the fluorescence imaging of Zn?* in A549, BEAS-2B, CHO, Hela,
and HepG2 cells. With differing binding capacities toward different
nucleic acids (DNA and RNA), not characteristic of most of other
imaging agents, 1 exhibits a fluorescence emission color in the cell
nucleus different from that in the cytoplasm. It provides a clear
fluorescence image of the tested cells. Cytokinesis-block
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Figure 2. (a) Fluorescence emission titration spectra of 1 (2.0 x 107> M) in the
presence of varying concentrations of Zn?* in CH3CN-HEPES buffer (0.02 M, pH 7.4)
(V|V = 6:4). Excitation wavelength was 410 nm. Inset: fluorescence intensity of 1
(2.0 x 107>M) at 556 nm as a function of varying concentrations of Zn?*. (b)
Fluorescence picture of compound 1 (left) and compound 1 upon the addition of
20 equiv of Zn?* (right).
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micronucleus (CBMN) assay was also successfully carried out in
CHO cells using 1 and zinc ion as the imaging agents. It showed
that 1-Zn?* agent is a nucleic acid selective stain, which is useful
for MN assays in different kinds of cell lines. The application of sen-
sor 1 for detecting Zn?" for in vitro assays and for in vivo imaging
studies broadens the opportunities for designing new fluorescent
chemodosimeters in the ion detection field.

2. Synthesis and photophysical properties of 1

As shown in Scheme 1 4-(5-ethynylsalicylaldehyde)-N-butyl-
1,8-naphthalimides (4) was synthesized according to our reported
procedure with an improved yield of 83%.!° Compound 5 was
synthesized by modifying the literature method with a high yield
of 90%.'> Compound 4 was then reacted with 5 in ethanol to give
the target compound 1 in 58% yield.!> The detailed experimental
procedures of the new compounds are described in Supplementary
data.

3. Detection of Zn?* ions

In order to clarify the interaction of 1 with metal ions, the
UV-vis absorption and fluorescence spectra of 1 were studied in

3355

CH5CN-HEPES buffer (0.02 M, pH 7.4) (V/V=6:4) solutions. Na*,
Co?*, Ni%*, Cu?*, Zn?*, Pb?*, Cd?*, Ag*, Hg?*, Fe?*, Mg?", and Cr>* were
used to measure the selectivity of probe 1, and fluorescence spec-
tra were recorded after three minutes upon addition of 20 equiv of
each of these ions. As shown in Fig. S1, in the absence of ions, the
maximum absorption wavelength of 1 is at about 397 nm. Upon
addition of different metal ions, obvious red shifts of the absorp-
tion maximum could be found in the presence of Zn?*, Cd?*, Cu®*,
Co?", Ni%*, Fe?*, and Pb?*, bringing dramatic color changes from
light yellow to saffron yellow. It revealed that 1 had no obvious
selectivity in the absorption toward the tested ions. However, in
the fluorescence tests, compared to other ions examined, only
Zn?* generated a significant “turn-on” fluorescence response at
556 nm with a 38 nm red-shift. The fluorescence of 1 was very
weak (@ =0.016), and a fluorescence enhancement of up to 13-fold
was found in the presence of Zn?* (Fig. 1a). No significant fluores-
cence change was observed in the presence of other ions. As shown
in Figure 1b, the obvious fluorescence enhancement, which is in-
duced by Zn?* is obvious to the naked eye.

To get further insight into the binding of Zn?>* with 1, the
fluorescence spectra of 1 upon titration with different equiv of
Zn** were recorded. As shown in Figure 2, 1 exhibited a very
weak fluorescence at 518 nm. Upon addition of increasing
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Figure 3. The proposed binding mechanism of compound 1 with Zn?>* and 'H NMR spectra of compound 1 (0.5 mM) with Zn?* in DMSO-ds; equivalents of Zn?* are related to

the concentration of compound 1.
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BEAS-2B

Figure 4. Confocal microscopy images of A549, BEAS-2B, CHO, Hela, and HepG2 cells treated with 1 (20 uM) and Zn** (400 uM). Cell images were obtained using B-2A Ex
450-490 (DM505, BA520) channel at a magnification of 200. The top panels are the fluorescence image of the corresponding tested cells. The bottom panels show the bright
image of the corresponding tested cells.

Figure 5. (a) Fluorescence microscopy images of representative binucleated (BN) CHO cell, 1 (20 pM) and Zn?* (400 uM) as imaging agent. (b) Bright fields of the BN CHO cell.
(c) Fluorescence microscopy images of representative binucleated (BN) cells with micronuclei (MN) using 1 (20 uM) and Zn?* (400 uM) as imaging agent. (d) Bright fields of
BN cells with micronuclei (MN). Cell images were obtained using B-2A Ex 450-490 (DM505, BA520) channels at a magnification of 200.
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amounts of Zn?*, the fluorescence band at 518 nm was gradually
red-shifted and replaced by a new band at 556 nm. An obvious
13-fold enhancement was observed and saturated with 20 equiv
of Zn** within 3 min. These results suggested that probe 1 dis-
played an excellent selectivity toward Zn?* by fluorescence
changes (Fig. 2).

To explore the possibility of using 1 as a Zn?* selective fluores-
cent chemosensor, comparision experiments were carried out. 1
(20 uM) was first mixed with 20 equiv of Zn?*, followed by adding
30 equiv of various metal ions including Na*, Co?*, Ni%*, Cu?*, Pb%*,
Cd?*, Ag*, Hg?", Fe?*, Mg?*, and Cr*>*. The comparison event was
monitored by the fluorescence emission changes. In the presence
of Co?*, Cu?", Fe**, and Ag", the fluorescence intensity at 556 nm
decreased little (Fig. S3), while in the presence of Na*, Ni**, Pb?*,
Cd?*, Hg?*, Mg?*, and Cr*", the emission spectra were almost iden-
tical to which was obtained in the presence of Zn?* alone. There-
fore, 1 was proved to be a promising selective fluorescent
detector for Zn" in the presence of most competing metal ions.

The linear dependence of the intensity ratio within the equiva-
lent range of Zn?* ion showed that 1 forms a 1:1 complex with
Zn?*, whose association constant (K,) was determined to be about
3.02 x 10> M~! from the titration experiments.'* Moreover, Job’s
plot (Fig. S4) confirmed 1:1 stoichiometry for the 1-Zn(II) complex,
which strongly supported the above conclusions. Mass-spectrom-
etry analysis of a product obtained from the reaction of 1 with
Zn(Cl0y), in CHCl; also supported the formation of a 1-Zn?* adduct
(Fig. S5). A peak at 578.34 corresponding to [1+Zn]** was clearly
observed. To investigate the detection limit of 1 for Zn?*, 1
(0.2 uM) was treated with various concentrations of Zn**
(0-4 uM). The fluorescence intensity at 556 nm was plotted as a
function of the Zn?* concentration. The fluorescence intensity of
1 is linearly proportional to Zn?* concentrations of 0-4 uM, and
detection limit as low as 1.03 x 107® M concentration of Zn?*
was established by using 1 with a signal-to-noise ratio of 3.

Further NMR spectroscopic analysis also provided evidence for
the replacement of protons at the binding sites in 1 (Fig. 3). With
addition of varying concentrations of Zn(ClO4), to 1 (0.5 mM) in
DMSO-d6, the peaks of Ha and Hc in the binding sites decreased
with increasing concentration of Zn(ClO,4), and eventually disap-
peared. Simultaneously, the other two peaks of Hb and Hd de-
creased sharply. All the results showed that the replacement of
protons resulted from the binding of Zn?* and confirmed the
formation of a cation-receptor complex.

4. Biological applications

To test the capability of 1-Zn?* for imaging cells, five ethanol-
fixed cell lines (A549, BEAS-2B, CHO, Hela, and HepG2 cells) were
imaged using 1-Zn?* as the imaging agent. As shown in Figure 4,
different fluorescence emission colors were observed in the cell
nucleus and in the cytoplasm. The cells exhibited deep-purple
fluorescence in the nuclei and bright-yellow fluorescence in the
cytoplasm, providing a clear fluorescence image of the tested cells,
and indicating that the 1-Zn?* agent showed different binding
capacities toward different nucleic acids (DNA and RNA) in the
cells tested (Fig. 4).

To detect whether the 1-Zn?* agent could be used in micronu-
cleus assay as imaging agent, cytokinesis-block micronucleus
(CBMN) assay was carried out in CHO cells using colchicine
(0.5 pg/ml) as micronuclei induced reagent (Fig. 5). Differential
staining of nuclear material and cytoplasm was also observed
clearly and easily, using the 1-Zn?>* agent as fluorescent dye.
Deduced from the above results, 1-Zn?* agent is a nucleic acid
selective stain, which could be applied in MN assays in different
kinds of cell lines.

5. Conclusions

This study examined the binding properties of a new 1,8-naph-
thalimide derivative (1) for various cations, and the results showed
that 1 is a new turn-on fluorescent probe for the detection of zinc
ion with high selectivity over other metal ions at pH 7.4 in aqueous
media (CH3CN/HEPES, V/V = 6:4). Remarkable enhancement of up
to 13-fold in fluorescence intensity with a 38 nm red-shift was
only observed in the presence of Zn?*. Compound 1 was success-
fully applied to the fluorescence imaging of zinc ion in different
cells and cytokinesis-block micronucleus (CBMN) assay. In A549,
BEAS-2B, CHO, Hela, and HepG2 cells, 1-Zn?* agent exhibited dif-
ferent fluorescence emission colors in the cell nucleus and in the
cytoplasm. A similar phenomenon was also observed in the stain-
ing of nuclear material and cytoplasm using the 1-Zn?* agent as
fluorescent dye in CBMN assay carried out in CHO cells, showing
that 1-Zn?* agent was a nucleic acid selective stain, which could
be applied in MN assays in different kinds of cell lines.
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