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A new 7-nitrobenz-2-oxa-1,3-diazole (NBD) based colorimetric and fluorescence chemosensor for Zn>",
an ion involved in many biological processes, was designed and synthesized. The NBD-probe 1 displays
a red-to-yellow color change and an enhancement of fluorescent intensity in the presence of an aqueous
solution of Zn®>* ions (pH 7.2). Internal charge transfer (ICT) and photoinduced electron transfer (PET)
mechanisms are responsible for these changes. The practical use of this probe was demonstrated by its

application to the biologically relevant detection of Zn?* ions in pancreatic B-cells.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The ability to detect metal ions with high specificity under
physiological conditions is an important criterion that must be met
in the design of fluorescent chemosensors for biological and envi-
ronmental applications.! In particular, the development of a fluo-
rescent probe for zinc ion in the presence of a variety of other metal
ions has received great attention. These efforts are stimulated by
the fact that Zn®* is involved in a variety of physiological and
pathological processes. For example, Zn>* is an essential compo-
nent of many enzymes and it is involved in maintaining key
structural features of gene transcription proteins.? Interestingly, in
comparison with other tissues, high concentrations of Zn?* are
present in pancreatic islets, which play a critical role in insulin
biosynthesis, storage, and secretion.> A decrease in the concentra-
tion of Zn?* causes a reduction of the ability of the islet cells to
produce and secrete insulin.® It is also reported that zinc ion is
a potent killer of neurons via oxidative stress, the cause of neuro-
degenerative disorders.> Owing to the biological significance of
zing, a considerable effort has been devoted to the development of
efficient and selective methods to detect Zn?*.

Fluorescence based chemosensors have a key advantage over
those that rely on other detection techniques, such as atomic ab-
sorption, X-ray fluorescence, and radioisotopes, in that they can be
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used to readily detect intracellular ion levels without the need for
sophisticated instrumentation or time-consuming sample prepa-
ration."® Moreover, a dual colorimetric-fluorescent probe combines
the sensitivity of fluorescence with the convenience and esthetic
appeal of a colorimetric assay.”

Several fluorescent probes, such as Zinquin and 6-methoxy-
8-quinolyl-p-toluenesulfonamide (TSQ), have been designed for
the detection of intracellular zinc ions.%*® However, these probes
have relatively low selectivities for zinc ion in that they also re-
spond to calcium ions. Therefore, the search continues for a Zn?*
fluorescent probe that has improved selectivity. Additional criteria
applied in the design of these probes include ready synthesis, easy
detection, good water solubility, high cell permeability, and long
wavelength absorbance to avoid cell damage, and a high fluores-
cence background.

7-Nitrobenz-2-oxa-1,3-diazole (NBD) has been widely utilized
as a fluorophore in various fluorescent chemosensors owing to its
emission at long wavelengths and good cell permeability.® How-
ever, only one example of an NBD-based Zn?* fluorescent probe has
been described to date.® Although, not applied to monitor in-
tracellular zinc ions, this PET mechanism based chemosensor
shows a high selectivity and sensitivity for Zn?* in aqueous solution
with a significant ‘off-on’ fluorescence response.

Below, we describe the results of a study that has led to the
development of the NBD-based probe 1, which displays a red-to-
yellow color change and a selective fluorescent enhancement in
aqueous solutions (pH 7.2) containing Zn®>*. A combination of PET
(photoinduced electron transfer) and ICT (internal charge transfer)
processes are involved in promoting the color and fluorescence
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changes. By using NMR titration as well as cyclic voltammetry (CV)
experiments, we have demonstrated that a unique stepwise bind-
ing mechanism is involved in this system. Furthermore, we have
shown that 1 has excellent cell permeability. This conclusion comes
from the observation that zinc ions present in pancreatic $-cells can
be efficiently detected.

2. Results and discussion

The route used to synthesize 1 is initiated by coupling of
N,N'-bis(2-pyridylmethyl)-ethane-1,2-diamine (3)'© and NBD-Cl
(4) to produce 2 in 86% yield (Scheme 1). Reaction of 2 with
2-(bromomethyl)pyridine under basic conditions gives 1 in 92%
yield. The detailed procedures and spectroscopic characterization
of products are given in the Experimental section and Supple-
mentary data. By using this route, the complicated synthesis of the
Zn** chelator N-bis-pyridin-2-ylmethylethane-1,2-diamine is cir-
cumvented.® It is worth mentioning that synthetic pathway we
have developed can be applied to the preparation of diverse de-
rivatives of 1.
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Scheme 1. Synthesis of compound 1.
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Figure 1. Fluorescent responses of a probe 1 (10 uM) to various metal ions (30 uM) in
HEPES buffer (0.1 M, pH 7.2) (excitation wavelength: 470 nm, emission wavelength:
537 nm).
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Figure 2. Fluorescent emission spectra of 1 (10 uM) in the presence of different con-
centrations of Zn>* (0,1, 2, 3, 4, 5, 6, 7, 8,9, 10, 20, and 30 M) in HEPES buffer (0.1 M,
pH 7.2). Inset: a lot of the fluorescent intensity as a function of Zn** concentration.

The selectivity of the fluorescent response of 1 to zinc ion was
probed initially. The addition of Zn?>* (3 equiv) to 1 (10 uM) in 100%
aqueous solution (0.1 M HEPES, pH 7.2) causes a large CHEF (che-
lation enhanced fluorescence) (Fig. 1). In contrast, other metal ions
do not promote changes in the fluorescence of 1. More importantly,
this probe does not respond to Ca®*, a problem associated with
other Zn?* sensors. Fluorescence titration experiments show that
the dissociation constant (Kg) of 1 with Zn?* is 1.3+0.13 uM and
1-Zn?* adduct of 1:1 stoichiometry is formed (Fig. 2).I! Additional
studies showed that the binding of 1 to zinc ions is not affected by
even high concentrations of calcium ions (Fig. 3).

The ‘off-on’ enhancement and slight blue shift of the fluores-
cence of probe 1 caused by Zn®" is attributed to the operation of
a combination of PET (photoinduced electron transfer) and ICT
(internal charge transfer) processes.'? It is known that fluorophores
containing an electron-donating group (often an amino group) and
an electron-withdrawing group undergo ICT from the donor to the
acceptor following electronic excitation. Photoinduced ICT, in-
volving an electron-rich moiety of the fluorophore (e.g., an amino
group) involved in interaction with a cation, causes the formation
of a partial positive charge at a site adjacent to the cation. This
change can affect the electronic absorption properties of
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Figure 3. Effect of calcium ion on the binding of zinc ion to 1. Zinc ions (0-3 equiv)
were added to solutions of 1 (10 uM) containing a large excess of calcium ions
(1000 equiv) in 0.1 M HEPES buffer (pH 7.2).
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Figure 4. (a) Absorption spectra of 1 (100 uM) in the presence of different concentrations of Zn* (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, and 300 uM) in HEPES buffer (0.1 M,

PH 7.2). (b) Colorimetric change of 1 (100 uM) with Zn?* (300 uM) in HEPES buffer.

a fluorophore with an ICT excited state. Specifically, a cation-in-
duced blue shift in the absorption maximum is expected. Fluores-
cence emission properties are less affected by ICT in excited
states.” As a result, the fluorescence enhancement of 1 caused by
Zn®* is most likely associated with metal ion coordination to the
nitrogen donor, which blocks PET quenching of the singlet excited
state of the 7-nitrobenz-2-oxa-1,3-diazole moiety. Substantial
changes in the absorption spectra of 1 take place upon addition of

Zn**. The intensities of the absorption bands of 1 at 350 nm and
487 nm decrease upon addition of Zn?* with the concurrent
growth of a band at ca. 400 nm, corresponding to a colorimetric
change (from red to yellow) that is clearly observable (Fig. 4).
These observations indicate that the blue shift in the UV ab-
sorption spectra and the enhanced fluorescence of 1 promoted by
zinc ions are caused by the operation of a combination of ICT and
PET mechanisms resulting from coordination of chelating
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Figure 5. Partial 'H NMR spectra of 1 (1 mM) in the presence of a different amount of Zn?* in CD5CN.
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Scheme 2. Proposed mechanism of stepwise binding mode of 1 with Zn?*.

nitrogens to Zn?* (vide infra, electrochemical results). This pro-
posal gains support from the results of NMR titration experiments
(Fig. 5). Upon addition of 0.6 equiv of zinc, proton 2 in 1 un-
dergoes only a slight chemical shift change, while resonances for
protons 1 and 3-9 undergo significant changes. This finding is
attributed to the proposed stepwise binding of 1 with Zn?*, in-
volving an early stage in which the four nitrogens Np-N. co-
ordinate to Zn?* and a final stage where N, joins the receptor at
the expense of the interaction between Np and Zn?*. At this
point, PET from Ny to the NBD fluorophore is not blocked com-
pletely, explaining why the fluorescence enhancement of probe 1
is not large. The data in Figure 2 demonstrate that addition of
0.6 equiv Zn’>* induces a PET-blocked response associated with
a large and gradual fluorescence enhancement, and that addition
of the final 0.4 equiv Zn?>* promotes an ICT response that only
slightly affects the fluorescence enhancement and wavelength
shift.

The proposed mechanisms associated with zinc binding to 1
are shown in Scheme 2. When 1 interacts with Zn>*, the reso-
nance for proton 2 in 1 experiences a large downfield shift from
6.15 to 6.30 ppm due to the reduction of electron-donating
ability of N,, indicating the dynamic nature of the zinc sensing
process.

To gain additional support for the mechanisms proposed for the
binding process, changes in the electrochemical properties of 1
upon complexation with zinc were investigated by using cyclic
voltammetry (CV). The results are shown in Figure 6, where the
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Figure 6. Cyclic voltammograms of (a) 1 mM NBD-NH,, (b) 1, (c) 1+0.4 equiv Zn?*, (d)
1-+0.8 equiv Zn?*, and (e) 1+1.0 equiv Ca?* at a platinum disk electrode; in CH3CN
containing 0.1 M TBAPFg; v=0.1 V/s. The scale bar represents 10 pA.

potentials of the redox waves for scans in the positive and negative
directions are denoted as Eqy and E;eq, respectively. Comparing the
cyclic voltammograms of NBD-NH; with 1 shows that two new
oxidation waves of 1 at Eox of 1.03 V and 1.37 V can be ascribed to an
N,N’-bis(2-pyridylmethyl)-ethane-1,2-diamine moiety (Fig. 6a and
b). The results of the CV experiments demonstrate that the oxida-
tion peak at Eox of 1.03 V decreases dramatically upon addition of
0.4 equiv of Zn®>* without a decrease of the Eoy of 1.37 V (Fig. 6c).
The oxidation peak at Eox of 1.37 V nearly completely disappears
upon further addition of up to 0.8 equiv of Zn®* (Fig. 6d). In con-
trast, the two step change caused by Zn®* is not observed in the CV
of 1 with Ca?*, where the oxidation peak at Eox of 1.37 V remains
intact (Fig. 6e). It was also found that the differences in ‘Eqx—Ered’
values between 1 and ‘1+Zn?"" are large. The Eox of 1 is changed
from 1.03V to 1.72V and E;eq from —0.94V to —0.52 V upon ad-
dition of 1.0 equiv of Zn?*. This corresponds to a 0.27 eV increase in
the ‘Eqx—FEred’ value upon complexation of 1 with Zn®*. Since the Eqx
and E.eq values are known to be related to the HOMO and LUMO
energy levels, respectively,!? the results show that the HOMO-
LUMO energy gap in 1 is greatly altered upon binding of to zinc
ions. Overall, we believe that CV data provide firm support to the
operation of a combination of ICT and PET mechanisms in gov-
erning the colorimetric and fluorescence responses of 1 promoted
by Zn?*.

The ability of 1 to detect intracellular zinc ions was also ex-
amined in this study. For this purpose, Neuro-2a neuroblastoma
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% FBS at 37 °C. The cells were
incubated with 100 uM Zn** in culture media for 20 min at
37 °C. After washing with PBS to remove the remaining extra-
cellular zinc ions, the cells were incubated with 100 uM 1 in
culture media for 30 min at 37°C. Analysis of the emission
properties of the cells reveals that chemosensor 1 has cell per-
meability and that it fluorescently responds to intercellular zinc
ions (Fig. 7a).

Owing to these properties, 1 should be applicable to the de-
tection of biologically relevant intracellular zinc ions. Rat pan-
creatic B-cells (Rin-m) were used to test this proposal since they
are known to contain relatively high concentrations of intrinsic
zinc ions.> The cells were cultured in DMEM and then treated
with 100 uM 1 for 30 min without the addition of external zinc
ions. The results of fluorescence microscopy experiments dem-
onstrate that intracellular zinc ions in B-cells can be fluorescently
detected by using this method (Fig. 7c). In addition, the results
reveal that cells treated with both 1 (100 uM 1 for 30 min) and
external zinc ions (100 uM ZnCl, for 20 min) have a similar
fluorescence response as those treated with 1 only (Fig. 7d).
These findings clearly demonstrate that an NBD-based probe 1
can be used for the detection of biologically relevant zinc ions in
cells.
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Figure 7. Images of cells incubated with 100 uM 1 and 100 uM Zn?*. (a) Images of
Neuro-2a cells incubated with 1 in the absence (top) and presence (bottom) of external
Zn** (100 pM). (b) Images of pancreatic B-cells untreated with 1 and Zn?*. (c) Images
of pancreatic B-cells treated only with 1. (d) Images of pancreatic p-cells treated with
both 1 and ZnCl,.

3. Conclusion

In conclusion, this effort has led to the design and synthesis of
the new NBD-based fluorescent sensor 1 that can be used for the

detection of Zn®*. This displays a selective fluorescent enhance-
ment and colorimetric change with Zn®* ions in aqueous solution.
The binding mode of probe 1 with Zn?>* was probed by using NMR
and CV experiments. Furthermore, the practical use of this probe is
demonstrated by its application to the detection of Zn?* ions in
pancreatic B-cells. The findings summarized above should serve as
the foundation for design and fabrication of new chemosensors.

4. Experimental
4.1. General methods

Unless otherwise noted, materials were obtained from com-
mercial suppliers and were used without further purification. Flash
chromatography was carried out on silica gel 60 (230-400 mesh
ASTM; Merck). Thin layer chromatography (TLC) was carried out
using Merck 60 F,54 plates with a thickness of 0.25 mm. Preparative
TLC was performed using Merck 60 F,54 plates with a thickness of
1 mm. Melting points were measured using a Biichi 530 melting
point apparatus, and are uncorrected. '"H NMR and >C NMR spectra
were recorded using Bruker 250. Chemical shifts were expressed in
parts per million and coupling constants (J) in hertz. Mass spectra
were obtained using a JMS-HX 110A/110A Tandem Mass Spec-
trometer (JEOL). UV absorption spectra were obtained on UVIKON
933 Double Beam UV/VIS Spectrometer. Fluorescence emission
spectra were obtained using RF-5301/PC Spectrofluorophotometer
(Shimadzu).

4.2. Synthesis

4.2.1. Compound 3

Compound 3 was synthesized by using a modification of the
reported procedure (Ref. 10). To a solution of 2.6 mL of ethane-
1,2-diamine (38 mmol) in 20 mL of methanol was added 7.4 mL
(76 mmol) of 2-pyridinecarboxaldehyde. After stirring for 5h at
reflux, the solution was cooled to room temperature. NaBH4 (4 g,
106 mmol) in 10 mL of methanol was added and the resulting so-
lution was stirred at reflux overnight and concentrated in vacuo. An
aqueous solution of the residue was extracted with CHCls. Con-
centration of the CHCl3 extracts gave 10 g (86%) of 3 as an oil. 'H
NMR (CDCls, 250 MHz) 6 2.07 (s, 2H, NH), 2.79 (s, 4H), 3.88 (s, 4H),
711 (t, J=6.2 Hz, 2H), 7.28 (d, J=8.2 Hz, 2H), 7.59 (t, J=8.5 Hz, 2H),
8.50 (d, J=4.8 Hz, 2H). 13C NMR (CDCls, 62.5 MHz) 6 49.10, 55.21,
121.86, 122.21, 136.40, 149.26, 159.92.

4.2.2. Compound 2

To a solution of 450 mg (1.9 mmol) N,N’-bis(2-pyridylmethyl)-
ethane-1,2-diamine (3) in 20 mL dry THF was added slowly 200 mg
(1 mmol) NBD-CI (4). The mixture was stirred at room temperature
for 2 h. After the reaction was complete (monitored by TLC), the
solution was concentrated in vacuo giving a residue, which was
subjected to column chromatography (SiO;, CH,Cl,/MeOH, 25:1,
v/v) to give 405 mg (86%) 2 as a red semisolid. '"H NMR (CDCls,
250 MHz) 6 2.30 (s, 1H, NH), 3.06 (t, J=6.5 Hz, 2H), 3.87 (s, 2H), 4.23
(s,2H), 5.22 (s, 2H), 6.17 (d, J=9.0 Hz, 1H), 7.15 (m, 4H), 7.57 (m, 2H),
8.26 (d, J=9.0Hz, 1H), 8.44 (d, J=4.6 Hz, 1H). 13C NMR (CDCls,
62.5 MHz) ¢ 29.68, 46.92, 54.95, 58.82, 102.48, 121.35, 122.17,
122.26,122.74,122.96, 135.34, 136.59, 137.14, 144.54, 144.78,145.71,
149.32, 149.91, 154.92, 159.04. HRMS (ESI) calcd for CygH20N703
[MH™] 406.4179, found 406.4182.

4.2.3. Compound 1

To a solution of 210 mg (0.52 mmol) (2) in 15 mL dry acetonitrile
was added 116 mg (0.67 mmol) 2-(bromomethyl)pyridine hydro-
bromide and 280 mg K,COs3. The mixture was stirred at 60 °C for 2 h
under nitrogen. After the reaction was complete (monitored by
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TLC), the solution was concentrated in vacuo giving a residue,
which was subjected to alumina column chromatography
(CH,Clp/MeOH=20:1) to give 223 mg (92%) 1 as a brown solid. 'H
NMR (CDCl3, 250 MHz) ¢ 3.04 (t, J=6.5 Hz, 2H), 3.89 (s, 4H), 4.16 (s,
2H), 5.23 (s, 2H), 6.06 (d, J=9.0Hz, 1H), 715 (m, 4H), 7.36
(d, J=7.5 Hz, 2H), 7.58 (m, 3H), 8.24 (d, J=9.0 Hz, 1H), 8.44 (m, 3H).
13C NMR (CDCls, 62.5 MHz) ¢ 50.34, 52.38, 58.94, 60.82, 102.18,
121.23,122.29,122.43,122.89,123.35, 135.23, 136.49, 137.03, 144.30,
144.72, 145.27, 149.20, 149.94, 155.11, 158.47. HRMS (ESI) calcd for
C6H25Ng03 [M+H] 497.5285, found 497.5290.

4.3. Preparation of fluorometric metal ion titration solutions

Stock solutions (1 mM) of the perchlorate salts of Ag*, Ca®*,
cd?*, co?t, cst, cu®t, Fe?*, Fe**, Hg?*, K*, Lit, Mg?t, Mn?", Na™,
Ni2*, Pb%*, and Zn** jons in distilled water were prepared. Stock
solutions of host (0.01 mM) in DMSO were also prepared. Test so-
lutions were prepared by placing 4-40 pL of the probe stock solu-
tion into a test tube, adding an appropriate aliquot of each metal
stock, and diluting the solution to 4 mL with 0.1 M HEPES (pH 7.2).
For all measurements, excitation was at 356 nm. Both excitation
and emission slit widths were 3 nm or 5 nm.

4.4. Cyclic voltammetry (CV) measurements

CV experiments were carried out in CH3CN containing 1 mM
electroactive compound and 0.1 M tetrabutylammonium perchlo-
rate (TBAP) at room temperature using a BAS 100B electrochemical
analyzer. A platinum disk (#=1.6 mm), platinum wire, and
Ag|AgNOs3 (0.1 M) were used as the working, counter, and reference
electrodes, respectively. The potential values shown in this text
were calibrated versus the ferrocene/ferrocenium (Fc|Fc™) redox
couple, and then corrected to the saturated calomel electrode (SCE)
on the basis of Fc|Fct redox potential as 0.39 V versus SCE.

4.5. In vivo fluorescence experiment

Neuro-2a neuroblastoma cells (ATCC: American Type Culture
collection, Manassas, VA) were cultured in culture media (DMEM
supplemented with 10% FBS, 50 units/mL of penicillin and 50 pg/mL
of streptomycin) at 37 °C in a humidified incubator. The cells were
incubated with 100 uM ZnCl; in culture media for 20 min at 37 °C.
After washing with PBS to remove the remaining zinc ions, the
treated cells were incubated with 100 uM 1 in culture media for
30 min at 37 °C. The incubated cells were imaged by fluorescence
microscopy (Nikon Eclipse TE2000, FITC filter). Pancreatic B-cells
(Rin-m cells, ATCC: American Type Culture collection, Manassas,
VA) were cultured in culture media (DMEM supplemented with
10% FBS, 50 units/mL of penicillin and 50 pg/mL of streptomycin) at
37°C in a humidified incubator. The cells were incubated either
with or without 100 pM ZnCl; in culture media for 20 min at 37 °C.
After washing with PBS to remove the remaining zinc ions, the
treated cells were incubated with 100 uM 1 in culture media for

30 min at 37 °C. The incubated cells were imaged by fluorescence
microscopy.
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