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A highly fluorescent chemosensor for Zn?* and the
recognition research on distinguishing Zn?* from Cd?*+
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A new fluorescent sensor, 2-(2-oxo-2-(quinolin-8-ylamino)ethoxy)-N-(pyridine-2-ylmethyl) benzamide
(L), composed of a quinoline group as the fluorogenic unit and a pyridin-2-ylmethanamine as the binding
unit for metal ions has been synthesized. The sensor shows excellent selectivity and sensitivity with a flu-
orescence enhancement to Zn?* over other cations in acetonitrile aqueous solution. The X-ray crystal
structure analysis reveals that sensor L coordinates to Zn®* via a 1: 1 binding mode but to Cd®* viaa 2:1
binding mode, which lead to a different spatial arrangement of the fluorogenic unit in these complexes.
In addition, density functional theory calculations on L, and the Zn?*/L and Cd?*/L complexes also imply
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that the different structures of L significantly affect the molecular orbital energy levels and electron tran-
sition, which would result in the spectral changes to distinguish Zn?* from Cd?*. The absorption study
results may also suggest the Cd®* in the complex can be displaced by Zn®*. Furthermore, the fluor-
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Introduction

Fluorescent chemosensors have been developed to be useful
tools to sense in vitro and in vivo biologically important
species such as metal ions and anions because of the simpli-
city and high sensitivity of fluorescence assays." As the second-
most abundant transition metal following iron in the human
body, Zn>" plays diverse roles in biological processes such as
brain function, gene transcription, immune function, mam-
malian reproduction and others.” For example, over 90% of
the Zn*" found in the brain and the body is classified as static,
playing structural roles in transcription factors and related pro-
teins as well as structural and catalytic roles in enzymes.® In
addition, many pathological processes such as epilepsy,
ischemic stroke, Alzheimer’s disease (AD), amyotrophic lateral
sclerosis (ALS), Guam ALS-Parkinsonism-dementia Parkinson’s
disease and infantile diarrhea involve intracellular zinc ions.*
The growing contributions of zinc homeostasis in sustaining
life have prompted an interest in devising new ways to detect
Zn*" in biological samples.” Up to now, fluorescence detection
stands out as the most effective means to monitor Zn>" in
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escence imaging of Zn%*in living cells was obtained.

biological systems because it is spectroscopically or magneti-
cally silent due to its d'° electron configuration.®

In fact, much effort has been made to develop fluorescent
chemosensors to detect Zn>" in the past few years. However, it
is still a challenge to explain the reason for the selective fluo-
rescent change of the chemosensors to distinguish Zn** from
Ca**, Mg>" or Cd**, because the chelators for Zn>" usually show
a certain degree of affinity for others. In particular, Cd** is in
the same group of the periodic table and has similar properties
to Zn>*, which usually causes similar spectral changes after
coordinating with fluorescent sensors.” Therefore there is a
great requirement for developing and researching the recog-
nition mechanism of Zn**-selective sensors which can discrimi-
nate Zn** from Cd>" with a high sensitivity and selectivity.

Quinoline and its derivatives, particularly 8-hydroxyquino-
line and 8-aminoquinoline, are well-known fluorogenic agents
and potential binding units for quantitative chemical assays of
some metal ions, especially Zn>".® We have previously reported
some sensors that can exhibit a Zn**-specific fluorescent
response.”””® To improve the water solubility and selectivity
toward Zn®>*, we present a simple 8-aminoquinoline-based
fluorescence chemosensor L, combined with a salicylic spacer
with an appended quinoline group and a pyridin-2-ylmethana-
mine group for binding metal ions. Upon binding Zn**, L
shows excellent selectivity and sensitivity with a fluorescence
enhancement to Zn>" over other cations in acetonitrile
aqueous solution. The bright “switch-on” state is based on the
efficient inhibition for the PET process in HEPES buffer,
accompanied by increasing the coplanarity of the ligand and
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reducing the loss of energy via non-radiative transitions. But
Cd*" could cause L a distinct emission, which afforded the
neutral complex CdL,(NOj), characterized by single-crystal
X-ray structural determination. The difference in radius between
Cd*" (0.96 A) and Zn*' (0.74 A) could be responsible for the
alteration in the coordination structure and the extent of the
CHEF effect on the chromophores. Meanwhile, the spin-orbit
quenching mechanism associated with heavy metals and the
weaker Lewis acidity of Cd*" in comparison with Zn*" may also
account for the difference in the fluorescence intensity.'®
Additionally, the recognition mechanisms of L toward Zn>" and
Cd*>" were further attempted to explain by computational
results. The sensing properties of L toward Zn>" over other bio-
logically relevant metal ions were investigated in detail, and the
fluorescence imaging of Zn*>* in living cells was also conducted
to establish the capability in a practical application.

Experimental section
Material and methods

All chemicals for the synthesis were purchased from commer-
cial sources and used without further purification. All of the
solvents were of analytical reagent grade. The HEPES buffer
solutions (50 mM, 30 mM NaCl, pH = 7.40) were prepared in
CH;3CN-H,O (1:1, v/v). All pH measurements were made with
a pH-10C digital pH meter. "H NMR (400 MHz) and *C NMR
(100 MHz) spectra were taken on a BrukerDRX400 spectro-
meter in a CDCIl; solution with TMS as the internal standard.
The ESI-TOF mass spectrum was recorded on Mariner MS
spectrometer. The FT-IR spectra were recorded on a Nicolet
FT-170SX instrument using KBr discs in the 400-4000 cm™*
region. The melting point was measured on a Kofler apparatus.
The absorption spectra were performed on a Varian Cary 100
spectrophotometer equipped with quartz cells of 1.0 cm path
length. The fluorescence spectra were obtained using the Edin-
burgh Instrument FLS920 using quartz cuvettes of 1.0 cm path
length with a xenon lamp as the excitation source. The absol-
ute quantum yields were determined using an Edinburgh
Instrument FLSP920. All of the measurements were conducted
at room temperature unless otherwise stated.

Synthesis of L

The preparation of 2-(2-oxo-2-(quinolin-8-ylamino)ethoxy)-
N-(pyridine-2-ylmethyl)benzamide (L). Anhydrous potassium
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Scheme 1 Synthesis of L.
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carbonate (897 mg, 6.5 mmol) was added to a solution of
2-hydroxy-N-(pyridine-2-ylmethyl)benzamide (1.14 g, 5 mmol)**
in N,N-dimethylformamide (30 mL), and the mixture was
stirred and held at reflux. 2-Chloro-N-(quinol-8-yl)-acetamide
(1.1 g, 5 mmol)*” in 5 mL N,N-dimethylformamide was added
dropwise to the mixture an hour later. After further stirring at
reflux for another 24 hour, the mixture was cooled to room
temperature and removed by vacuum filtering. The filtrate was
successively extracted with dichloromethane, saturated salt
water and then dried with Na,SO,. The solvents were evapor-
ated to obtain a crude product, which was purified by a silica
gel column chromatography using petroleum-ethyl acetate
(10:1, viv). Yield: 70% (1.28 g). Mp: 160.8-161.7 °C. Anal.
caled for C,,H,,N,O;: C, 68.87; H, 4.377; N, 13.30. Found: C,
69.89; H, 4.89; N, 13.58. FT-IR (KBr pellet, cm™"): 3431 (br),
3254 (m), 1673 (m), 1648 (s), 1598 (m), 1540 (vs), 1487 (m),
1429 (m), 1325 (m), 1295 (w), 1248 (m), 1164 (w), 756 (m) (br,
broad; w, weak; m, medium; s, strong; vs, very strong); 'H
NMR (400 Hz, CDCl;, ppm): § 10.65(—NHCO, s, 1H), 8.96
(Q-NHCO, s, 1H), 8.72(dd, 1H), 8.68(dd, 1H), 8.23(m, 2H), 8.08
(dd, 1H), 7.50(m, 3H), 7.38(dd, 1H), 7.31(td, 1H), 7.18(t, 1H),
7.08(d, 1H), 7.03(d, 1H), 6.81(dd, 1H), 4.97(-COCH,, s, 2H),
4.80(-CONH-CH,, dd, 2H). *C NMR (100 Hz, CDCl;, ppm): &
165.65, 165.20, 156.13, 155.24, 148.48, 148.35, 138.26, 136.03,
135.93, 133.27, 132.72, 132.26, 127.67, 126.95, 123.31, 122.63,
122.19, 121.65, 121.53, 121.21, 116.64, 112.77, 68.69, 45.07.
ESI-MS: m/z 413.3 [M + 1)']. HRMS (ESI): m/z caled for
Cp4HoN,O5 + H': 413.1604; found 413.1608. (Scheme 1).

Synthesis of ZnL(NO;),(H,0). A 10 mL acetonitrile solution
of Zn(NO;),-6H,0 (0.0149 g, 0.05 mmol) was added to a stirred
5 mL methanol solution of the ligand L (0.0206 g, 0.05 mmol).
The reaction mixture was stirred in air for 4 h and filtered. The
filtrate was kept in air. After evaporation for 4 days, yellow
block single crystals of ZnL(NOj3),(H,0) suitable for X-ray crys-
tallography were obtained. Anal. caled for C,,H,,NgOq¢Zn: C,
46.045; H, 3.7025; N, 12.875. Found: C, 46.50; H, 3.58; N,
13.56. FT-IR (KBr pellet, cm™"): 3473 (br), 3263 (m), 1706 (m),
1611 (s), 1547 (vs), 1477 (vs), 1462 (vs), 1384 (m), 1308 (m),
1282 (s), 1025 (m), 814 (m), 615 (m).

Synthesis of CdL,(NO3),. This complex was prepared by the
same synthetic procedure as that of ZnL(NO3),(H,0) and color-
less block single crystals of CdL,(NO;), were obtained after
evaporation for a week. Anal. caled for C,gH,;0N;00,,Cd: C,
53.14; H, 3.946; N, 13.14. Found: C, 54.32; H, 3.80; N, 13.20.
FT-IR (KBr pellet, cm™): 3349(m), 3301(m), 1687(s), 1612(vs),
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1576(m), 1552(vs), 1488(s), 1440(s), 1422(s), 1297(s), 1241(m),
1232(m), 1159(m), 1029(m), 751(m), 613(m).

X-ray diffraction studies

Single-crystal X-ray diffraction measurements were performed
on a Bruker SMART 1000 CCD diffractometer operating at
50 kV and 30 mA using Mo Ka radiation (1 = 0.71073 A). The
crystal was mounted inside a Lindemann glass capillary for
data collection using SMART and SAINT software.'” An empiri-
cal absorption correction was applied using the SADABS
program.”® The structure was solved by direct methods and
refined by full-matrix least squares on F> using the
SHELXTL-97 program package.'* The crystallographic data and
details of the structure for ZnL(NOj3),(H,O) and CdL,(NO3),
are summarized in Tables S1 and S2 in the ESLf CCDC
numbers 942962 and 942963 contain the supplementary crys-
tallographic data for this paper.

Theoretical calculations

Theoretical investigations on L, L-Cd** and L-Zn>*" by the
GAUSSIAN 09 program suite'® were performed at the B3LYP
level and the LANL2DZ effective core potential was used for all
of the atoms.'® The optimized structures of the complexes
were very close to their single crystal X-ray diffraction
structures.

Results and discussion
Absorption study

To obtain an insight into the binding mechanism of L toward
metal ions, the UV-Vis spectra of L in an acetonitrile solution
was investigated and is shown in Fig. 1. The absorbance of L at
316 nm gradually decreases and a new absorption appears at
363 nm with the addition of Zn>'. The isosbestic point at
336 nm might be attributable to the coordination between L
and Zn”". The absorbance at 316 and 363 nm shows a linear
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Fig. 1 The absorption spectra of L in acetonitrile with the increase of
Zn(NOs),. Inset: the absorbance at 363 nm (O) and 316 nm (M) varied as
a function of [Zn®*] : [L]. [L] = 1.0 x 10™* M.
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change until the ratio of [Zn*"]: [L] reaches 1: 1, and no longer
changes with continuously titrated of Zn>". It is suggested that
the stoichiometry between L and Zn>" is 1: 1, which is consist-
ent with the results of the Job’s plot and the crystal structure.
On the other hand, the absorbance of L at 295 nm slightly
increased depending on the concentration of Cd*", and was
almost saturated after the addition of 0.5 equiv. Cd**
(Fig. S51). Furthermore, the introduction of Zn** to the L-Cd**
complex caused a new absorption at 363 nm (Fig. S6t). The
results may imply that the Cd*" in the complex can be dis-
placed by Zn**. To evaluate whether this property can be pre-
served in a CH;CN-H,O mixed solvent, we also carried out the
absorbance titration in HEPES buffer (50 mM, 30 mM NacCl,
pH = 7.40, CH;CN-H,O = 1: 1, v/v) as shown in Fig. S1.}

Fluorescence spectra and titration

L exhibited a weak fluorescence with quantum yield (@ =
0.0675) in acetonitrile, which was much lower than that (@ =
0.333) in the presence of Zn>". The titration of Zn>" in the solu-
tion of L resulted in a remarkable increase of emission at
498 nm and a more than 75-fold fluorescence enhancement
was observed (Fig. S7t). The fluorescence intensity was almost
proportional to the Zn®' concentration when the ratio of
[Zn**]:[L] was less than 1, supporting the 1:1 stoichiometry
as well.

When considering the practical application of the fluo-
rescent probe in aqueous solution, the fluorescence sensing
ability of L was examined in HEPES buffer (50 mM, 30 mM
NaCl, pH = 7.40, CH3;CN-H,O = 1:1, v/v). The addition of
water to the solvent led to the fluorescence quenching of the
complexes and L to a certain degree, but the fluorescence
change was also obvious when Zn*" was introduced. The fluo-
rescence intensity increased up to 46-fold in the presence of
5 equiv. Zn** (Fig. 2). The nonlinear-fitting analysis of the
change in the fluorescence intensity illustrated the binding
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Fig. 2 The fluorescence emission spectra of L upon the addition of Zn-

(NOs3), in HEPES buffer (50 mM, 30 mM NaCl, pH = 7.4, CH3zCN-H,0 =

1:1, v/v). 2 = 363 nm at room temperature ([L] = 0.10 mM.) (Inset) The

corresponding Zn(NOs), titration profile according to the fluorescence

intensity, indicating a 1: 1 stoichiometry for Zn?*: L.
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Fig. 3 (a) A change in the fluorescence intensity at 498 nm. The red
line is the nonlinear fitting curve obtained assuming a 1:1 association
between L and Zn?*. ZmaxeX = 363 nm, [L] = 0.1 mM. (b) The linear
dynamic response of L for Zn?* and the determination of the detection
limit (LOD) for Zn®* in HEPES buffer (50 mM, 30 mM NaCl, pH = 7.4,
CH3CN-H,O = 1:1, v/v). The LOD was calculated by multiplying the
standard derivation of 13 blank measurements by three and dividing by
the slope of the linear calibration curve at a lower concentration.

constant of 7.3 x 10> M~ for Zn** in aqueous solution (R* =
0.9937, Fig. 3a). The detection limit (LOD) was measured to be
4.9 x 107 M (30 per slope) (R> = 0.9996, Fig. 3b).

The selectivity of L was also evaluated in the HEPES buffer
(Fig. 4). The introduction of Na*, K', Li*, Mg*>", Ca*>", Mn>",
Hg>", Co>", Pb*", Ni**, cu®’, AI*", Cr** and Fe®" quenched the
emission to some extent. This phenomenon may be due to the
non-radiative energy transition in the process of electron or
energy transfer between the d orbital of the ions and the fluor-
ophore."” However, the addition of Cd** induced almost no
changes in the emission. These results indicated that L can
serve as a selective fluorescent chemosensor for Zn>" in
aqueous solutions as well.

Metal ion competition studies

The response of L to Zn** in the presence of other competing
ions was demonstrated in HEPES buffer (50 mM, 30 mM Nacl,
PH = 7.40, CH3CN-H,0 = 1: 1, v/v) to further assess the selecti-
vity of L for zn** (Fig. 5). The fluorescence intensity of the
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Fig. 4 (a) The fluorescence spectra of probe L in the absence and pres-
ence of different metal ions Li*, Na*, K*, Ca®*, Mg?*, Cr**, Mn?*, Fe**,
Co?*, Ni%*, Cu?*, Zn?*, Cd?*, Al®*, Pb%* and Hg?* (as their Cl™ or NO3~
salts) in HEPES buffer solutions (50 mM, 30 mM NaCl, pH = 7.4,
CH3zCN-H,O = 1:1, v/v). (b) The metal ion selectivity of probe L
(498 nm). (Inset) The color change of L in a HEPES buffer solution
(50 mM, 30 mM NaCl, pH = 7.4, CH;CN-H,O = 1:1, v/v) without and
with addition of Zn(NOs),. (c) The fluorescence changes excited by a UV
lamp (365 nm) and the color changes in probe L upon the addition of
various metal cations. lex = 363 nm. [L] = 0.1 mM, [M"*] = 0.5 mM.
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Fig. 5 The selectivity of L for Zn?* in the presence of other metal ions
in a HEPES buffer solution (50 mM, 30 mM NaCl, pH = 7.4, CH3zCN-H,O
=1:1, v/v). dex = 363 nm. The black bars represent the addition of an
excess of the appropriate metal ion (0.5 mM) to a 0.1 mM solution of
L. The red bars represent the subsequent addition of 0.5 mM Zn(NOs),
to the solution.

complex was hardly affected by other coexistent metal ions
except Cu”*, which often acts as a quencher via energy- or elec-
tron-transfer processes.'® The quenching of the emission may
be originated from the spin-orbit quenching mechanism
associated with heavy metals, or the displacement of Zn>" by
Cu*" from L-Zn>".° Additionally, the absorption titration of L
with Cu®* was conducted in HEPES buffer (50 mM, 30 mM
NacCl, pH = 7.40, CH;CN-H,O = 1:1, v/v), and it was similar to
that of L-Zn>" (Fig. S31). The stability constant of L-Cu®" was
1.6 x 10° M™" according to the nonlinear-fitting analysis of the
absorption titration spectra (R* = 0.9988, Fig. S4t), which is a
higher value than that of L-Zn**. The resulting plot confirms
our hypothesis that Cu®** could form complexes with L and
then quench the fluorescence. However, Cu®>* would have the
minimum interference with Zn>" in living cells considering

Dalton Trans., 2014, 43, 706-713 | 709
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Fig. 6 The fluorescence intensities of L and L-Zn?* at various pH
values at room temperature in a HEPES buffer solution (50 mM, 30 mM
NaCl, pH = 7.4, CH3CN-H,0 = 1:1, v/V). Aex = 363 nm. Red line, the flu-
orescence intensities at 498 nm of L-Zn?* at various pH values ([L] =
0.10 mM, [Zn?*] = 0.1 mM); black line, the fluorescence intensities of L
at various pH values ([L] = 0.10 mM).

that it exists at a very low concentration only about 1/20 of Zn**
in the human body.’****°

The effect of pH

The pH dependency of the fluorescence of the system was
determined by plotting the fluorescence intensity vs. the pH
value in the presence and absence of Zn*", respectively (Fig. 6).
The emission intensity of L-Zn>" increased dramatically from
pH ~ 2.5 to pH ~ 6.0, resulting from the competition between
the proton and the zinc ion.'>*' In particular, no significant
change in the fluorescence spectra was observed in the range
of pH 6-9 and it decreased under alkaline conditions. The
quenching at a higher pH could be well explained by the for-
mation of Zn(OH)~ or Zn(OH), and thus reducing the concen-
tration of Zn**-L.°* The effect of pH on L-Cd*" was also
investigated as shown in Fig. S11.7 It exhibited a stable fluo-
rescence intensity at a pH range from 6 to 9 in the presence of
Cd**, which is similar to that found in the L-Zn** system.

The crystal structure of ZnL(NO3),(H,0) and CdL,(NO3),

The structures of the neutral complexes Zn** and Cd*>" were
successfully characterized by X-ray crystallography as depicted
in Fig. 7. They were synthesized from the same solvent but
with different crystalline morphologies. The complex of Zn*",
crystallizing in the monoclinic system and space group P2,/c,
consists of one crystallographically independent Zn>* ion, one
ligand L, one coordinated water molecule and two nitrates.
Each Zn*" is surrounded by one carbonyl oxygen atom and one
pyridyl nitrogen atom coming from the ligand (N3, O3), three
nitrate oxygen atoms (04, O5, O7) and one oxygen atom (010)
from water. The Zn-O bond lengths vary from 1.978 (3) A to
2.229(4) A, and the bond length of Zn-N is 2.151(4) A
(Table S2t). However, the single-crystal X-ray analysis reveals
that the complex CdL, (NO;), crystallizes in the triclinic
system and space group P1. The Cd*>" adopts an octahedral
geometry and is six-coordinated by two carbonyl oxygen atoms

710 | Dalton Trans., 2014, 43, 706-713
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Fig. 7 The thermal ellipsoid (30% probability level) plot of (a) ZnL-
(NO3)2(H20) and (b) CdL,(NOs),. All hydrogen atoms were deleted for
clarity.

and two pyridyl nitrogen atoms from two different ligands and
two oxygen atoms from nitrate groups. The bond lengths
of Cd-N and the two Cd-O are 2.316(2) A, 2.348 (2) A and
2.3026 (17) A, respectively (Table S21). As a general trend, the
Cd**-N(O) distances is longer in comparison to the Zn>*
complex due to the larger ion radius of Cd*". The quinoline
ring inclines parallel to the phenyl ring with the dihedral
angle being 8.401° in the complex of Zn**, which is different
from that in the Cd*>" complex which is 20.336°. In addition,
the dihedral angle between the quinoline ring and the pyridyl
ring in ZnL(NOj3),(H,O) (62.750°) is smaller than that in
CdL,(NOs3), (80.365°). For sensor L, the chelating group would
grasp Zn”" in a suitable conformation, and the increased emis-
sion intensity of L might be ascribed to the “chelation
enhancement of fluorescence” (CHEF). Meanwhile, the chela-
tion of the ligand to Zn>" effectively increases the coplanarity
of the ligand and reduces the loss of energy via non-radiative
transitions, leading to a larger fluorescence enhancement
compared with Cd** and displaying the discriminating ability
for Zn** over Cd*".

In the FTIR spectra, the characteristic amide carbonyl
absorption at 1648 cm™" of L was shifted to 1611 cm™" for the
Zn>* compound and 1612 cm™" for the Cd*>" compound, imply-
ing that a strong binding of the carbonyl group occurs with
Zn>" and Cd*". The presence of the quinoline skeleton was
confirmed by the C=N stretching vibrations at ~1560 cm™".>**
The vibration bands at 1480 cm™, 1280 cm™, 1030 cm™" and
820 cm ™" of the complexes are attributed to NO;™. The signifi-
cant changes at 400 cm™", 600 cm™" and 1300 cm™" suggest
that the nitrogen atom coming from the pyridyl group is
bonded to Zn** and Cd>".** The results that the metal ions
were coordinated with the ligands are supported by the red-
shift of the C=O0 stretching band, the changes of the charac-
teristic absorption from the pyridyl group and the presence of
an absorption peak assigned to NO;™.

This journal is © The Royal Society of Chemistry 2014
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Moreover, the '"H NMR spectra of L-Cd*", L and L-Zn>"
were recorded. The proton signals for the b (CONH) and the a
(CH,) of the L-Zn*" and L-Cd*" systems all shift to a lower
field relative to those of the ligand L (Fig. 8). However, for the
b’ (CONH) and the a’ (CH,), no apparent changes in the proton
signals are seen after the addition of Zn>" and Cd*". This indi-
cates that the N atom in the pyridyl and O atom in the
b (CONH) but the quinoline ring participates in the coordi-
nation environment of this system. Therefore, the coordination
mode in solution is consistent with that in the solid state.

Computational studies

The hybrid density functional theory calculation was per-
formed to make clear the electronic properties of this PET
system. As we know, the analyte binding affects the energy
position of either the HOMO or LUMO and the electronic dis-
tributions to a different degree, resulting in a significant
change in the emission and absorption spectra.”® The orbital
energies of the system are presented in Fig. 9 for L,
CdL,(NO3),, and its Zn** ZnL(NO3),(H,0),
respectively.

As illustrated in Fig. 9, the n-electrons on the HOMO and
LUMO of L are both mainly focused on quinoline. When Cd**
is added, the energy level of both the LUMO and HOMO are
higher than those of L. The slight increasing of the HOMO-
LUMO gap indicates a shift in the absorption which correlates
well with the experimental results. The distribution of the
n-electrons on the HOMO and LUMO is similar to the L, locat-
ing at quinoline. This actually translates as little or no change
in the emission character as the HOMO-LUMO gap is moder-
ately affected.”* However, in the presence of Zn**, it shows a
significant change in the distribution of the n-electrons on the
HOMO and LUMO. The energies of the HOMO and LUMO of
the L-Zn** complex are much lower than those of L and
L-Cd*". More importantly, the decreasing energy in the LUMO
is more obvious than that of the HOMO. It suggests a smaller
HOMO-LUMO gap and a bathochromic shift compared with L
in absorption which may result from the increase of conju-
gation of the complex. These results strongly implied that the
electron transfer process was greatly suppressed through the

complex,

2’(CH,)
L a(CH,)
5 |
Leca | 4/
i

L+Zn? LL
r T T T T T T 1
10 9 8 7 6 5 ppm

Fig. 8 The *H NMR spectra of L upon the addition of 2 equiv. of Zn®*
and Cd?* in CDsCN.

This journal is © The Royal Society of Chemistry 2014

View Article Online

Paper

4.29eV 4 196V
3.92eV
HOMO
-6.09eV HOMO
; -6.46eV
". v LT, o
, A L J
, Yoswres @ ‘1.
f.\‘:u. : " t.‘ .al

Fig. 9 The HOMO-LUMO energy gaps for the respective compounds
and the interfacial plots of the orbitals: (a) L—Cd?* complex; (b) L; (c) L—
Zn?* complex. The grey, red and blue atoms of the molecular frame-
works indicate the C, O and N, respectively. The green and reddish
brown parts on the interfacial plots refer to the different phases of the
molecular wave functions, for which the isovalue is 0.02 au.

stabilization of the LUMO by the binding with Zn>" and led to
a larger fluorescence enhancement compared with Cd*".

Fluorescence imaging of Zn>" in living cells

Taking advantage of the excellent sensing properties for Zn>*
in vitro, the sensor was successfully used for the fluorescence
imaging of Zn>" in living cells. MCF-7 cells, one of the most
representative and also the most common human cells in bio-
logical experiments, were used as targets to test Zn>". The incu-
bation of the MCF-7 cells with 100 pM L alone in PBS buffer
for 20 min at 37 °C gave a very weak intracellular fluorescence
(Fig. 10c). However, when the cells were subsequently incu-
bated with Zn>" (300 uM) at 37 °C for another 30 min, a green
fluorescence was displayed (Fig. 10d). The results of the bright-
field measurements (Fig. 10a and 10b) suggested that the cells
were viable throughout the imaging experiments upon treat-
ment with L and Zn*", respectively. As depicted, the obvious
changes confirm the fluorescence enhancement with excellent
cell permeability. These results suggested that L is biocompati-
ble in nature and could be used for detecting Zn>* in living
cells rapidly.

Conclusions

In summary, an off-on fluorescent sensor that can give
different fluorescence responses to Zn>* and Cd*" was studied,
the sensing and binding properties of L were fully exploited.
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Fig. 10 Bright-field transmission images of MCF-7 cells incubated with
(a) 100 pM L for 20 min, (b) and then further incubated with 300 pM
Zn(NOs), for 30 min. (c), (d) Fluorescence images of MCF-7 cells in (a)
and (b). Scale bar: 100 pm.

The X-ray crystal structure analysis reveals that sensor L coordi-
nates to Zn>* via a 1:1 binding mode but to Cd** via a 2:1
binding mode, which leads to the different spatial arrange-
ment of the fluorogenic unit in these complexes. Additionally,
the recognition mechanisms of L toward Zn*" and Cd*" were
further attempted to explain by computational results. The
results establish that the chemosensor can serve as a highly
sensitive probe for distinguishing Zn®" from Cd*" by a
different binding mode, molecular orbital energy levels and
electron transitions. The utility of L was demonstrated in cell
bioimaging.
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