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Zinc ion fluorescence sensing and the binding properties of 4-methyl-2,6-bis(((phenylmethyl)imino)methyl)phenol
(HL) have heen investigated. It displays high selectivity for Zn** and can be used as zinc ion-selective luminescent
probe for biological application under physiological conditions. The increase in emission in the presence of Zn?* is
accounted for by the formation of hexanuclear complex [Zne(L),(OH),(CHsCOQ)s] characterized by X-ray
crystallography. An approximately 6-fold Zn?*-selective chelation-enhanced fluorescence response in HEPES buffer
(pH 7.4) is attributed due to the strong coordination of Zn(ll) that would impose rigidity and hence decrease the
nonradiative decay of the excited state. By incubation of cultured living cells (B16F10 mouse melanoma and A375
human melanoma) with HL, intracellular Zn?* concentration could be monitored.

Introduction Its role in the catalytic site of enzymes is also well-kngtvn.
A topic of substantial current interest, however, stems out
fof the functionality of zinc in neurobiologyRecent studies
have shown that a fraction of Znhis found in free or
chelatable form in some organs, e.g., bf&ipancreadt and
spermatozo& A considerable amount of chelatable?Zn

Search for reagents which can efficiently act as fluores-
cence sensors for zinc(ll) has been an active area o
research: " The importance of zinc in the biological domain
primarily lies in the fact that it is an essential trace element
acting as a structural component of proteins and peptides.
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sequestered in the vesicles of presynaptic neurons is releasedn the benzene ring with a carboxylic acid group substitu-

from brain when the neurons become actitelowever, the
effective role of ZA" is poorly understood with neuronal
disorders?* An upper limit of estimate ranging to the low
millimolar*® concentration of Z#f within the neuronal

ent?6 Difficulty arising from the use of such probes lies in
their sparing solubility in neutral aqueous solution. Apart
from these type of sensors, use of synthetic peptides for
signaling zinc is also made which act by the way of

vesicles has been made, and the same in the synapse falls ditiorescence enhancemépt’ The aryl sulfonamide sensors

10—-30 uM.***5 Neuronal death can occur owing to uncon-
trolled Zre* released from the mossy fiber terminals after
traumatic brain injury, stock, or seizut€lt is also believed
that the ZA* homeostasis may have some bearing to the
pathology of Alzheimer’'s disease and other neurological
problems*1"The lack of appropriate detecting tools for over

can in general form 1:1 and 1:2 Zrligand complexes in
such a way that it is possible for a protein-bound zinc ion to
activate the change in the dye fluoresceticEhere are other
types of sensors which bind zinc to form either exclusively
1:1 complexe®212428or a mixture of 1:1 and 1:2 species
(abbreviated as ZP1 and ZP2) These can impart significant

a quite large concentration range causes a severe hindrancBiuorescence changes only when the firséZion is bound.

for further investigations of this spectroscopically inacces-
sible metal ion.

For imaging biological Z#", the use of several fluorescent
zinc chemisensors is in vogée!® The common probes are
aryl sulfonamide derivatives of 8-aminoquinoline, such as
6-methoxy-(8p-toluenesulfonamido)quinoline (TS8)nd
Zinquin as well as Zinbo-% the Zinpyr (ZP) familyih1i2+23
and the ZnAF molecule®d.The water solubility of TSQ poses

Although a variety of zinc sensors are reported, there remains
much to be done in this aspect. The most powerful approach
seems to design small and simple synthetic molecules that
combine a ZAt binding unit with a fluorophore. Significant
change in either fluorescence intensity or wavelength ¢f Zn
coordination occurs making it a suitable analytical tool.
Herein we explore the selective Znsensor property of a
simple and small molecule, 4-methyl-2,6-bis(((phenylmeth-

some problem which has been averted by the introduction yl)imino)methyl)phenol KiL), prepared by Schiff base

of carboxylic acid groups or ester groups to extend the
6-methoxy groufi?®> and replacement of the methyl group
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condensation of 4-methyl-2,6-diformylphenol and phenyl-
methylamine in HEPES buffer (pH 7.4) at 2Z%. The
investigations on the luminescent property in the working
buffer show that the emission intensity bfL increases
significantly upon addition of various concentrations ofZn
while the introduction of other transition metal ions and
biologically relevant metal ions (€5 Mg?*, Na', and K")
causes the intensity to be either unchanged or weakened.
The system shows selective chelation enhanced fluorescence
(CHEF) in the presence of Zn(ll) ion. The enhancement of
fluorescence is attributed due to the strong binding of Zn(ll)
evident from a large binding constant value (¥.3.0* M%)

that would impose rigidity and hence decrease the nonra-
diative decay of the excited state. The case impliestihat
could monitor or recognize 2h and be considered as a
selective luminescent probe. Reaction of zinc(Il) acetate and
HL affords the hexanuclear neutral complex §@n(OH),-
(CH;COOY}], (1) characterized by elemental analysis and
single-crystal X-ray structural determinatiodL exhibits
satisfactory ZA" sensing abilities in the physiological pH
range. We have examined the application of the sero) (

to cultured living cells (B16F10 mouse melanoma and A375
human melanoma) by fluorescence microscopy.

Experimental Section

Materials and Physical Methods.High-purity HEPES and zinc
acetate dihydrate were purchased from Sigma Aldrich and were
used as received. All other reagents were of analytical grade. Buffer
was prepared using deionized and sonicated triple distilled water.

(25) Mahadevan, I. B.; Kimber, M. C.; Lincoln, S. F.; Tiekink, E. R. T.;
Ward, A. D.; Betts, W. H.; Forbes, I. J.; Zalewski, P.Aust. J. Chem.

1996 49, 561.
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79, 347.
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125 10591.
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Scheme 1
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Solvents used for spectroscopic studies were purified and dried byphenol) (Scheme 1) is solid (yiekt 0.58 g, 85%). Data foHL

standard procedures before 48&T-IR spectra were obtained on

a Nicolet MAGNA-IR 750 spectrometer with samples prepared as
KBr pellets. Elemental analysis was carried out in a 2400 Series-lI|
CHN analyzer, Perkin-Elmer, Norwalk, CT. Absorption and
luminescence spectra were studied on a Shimadzu UV2106 UV
vis recording spectrophotometer and a Perkin-Elmer LS 55

Luminescence Spectrometer, respectively. The ESI-MS was re-

are as follow. Anal. Calcd for £H,N-O: C, 80.67; H, 6.48; N,
8.18. Found: C, 80.58; H, 6.42; N, 8.10. FT-IR (KBr phass) (
cm1): 1635, 1600:H NMR (300 MHz, CDC}; 8): 2.30 (s, 3H,
Ar—CHa), 4.83 (s, 4H, CH), 7.267.40 (m, 12H, A-CH), 8.67
(s, 2H, HG=N). HRMS [(M + H%)/z, (%)]: simulated for
Co3H23N,0, 343.1797 (100); found, 343.0690 (100).

Synthesis of [Zrg(L) 2(OH),(CH3COO)g] (1). A 10 mL aceto-

corded on Qtof Micro YA263 mass spectrometer. Fluorescence life nitrile solution of zinc(ll) acetate dihydrate (0.131 g, 0.6 mmol)

times were determined from time-resolved intensity decay by the

method of time-correlated single-photon counting using a picosec-

ond diode laser at 403 nm as light source.
Imaging System.The imaging system was comprised of an
inverted fluorescence microscope (IX-70, Olympus, Tokyo, Japan),

was added slowly to a magnetically stirred 10 mL acetonitrile
solution of the ligandKIL) (0.068 g, 0.2 mmol). The mixture was

stirred in air for 30 min whereby a yellow solution was formed. It
was filtered and kept in air. Pale yellow prismatic single crystals
of 1 suitable for X-ray crystallography were obtained on slow

digital compact camera (Olympus, model C-5060), and an image evaporation of the filtrate at ambient temperature within 3 days

processor (CAMEDIA Master, Olympus). The microscope was

(yield: 80%). Anal. Calcd for gzHggN4O20Zns: C, 47.09; H, 4.33;

equipped with a halogen lamp, a mercury burner, and objective N, 3.54. Found: C, 47.11; H, 4.30; N, 3.48. FT-IR (KBr phase)

lens [x40 (B16F10 and A375)].

Preparation of Cells. A375 human melanoma and B16F10
mouse melanoma cells procured from National Center for Cell
Science, Pune, India, were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco BRL) supplemented with 10% FBS (Gibco
BRL) and 1% antibiotic mixture containing penicillin, streptomycin,
and neomycin (PSN, Gibco BRL) at 3T in a humidified incubator
with 5% CQ,. For experimental study, cells were grown to-80
90% confluence, harvested with 0.025% trypsin (Gibco BRL) and
0.52 mM EDTA (Gibco BRL) in PBS (phosphate-buffered saline,
Sigma Diagnostics), plated in a six-well culture plate (NUNC,
Roskilde, Germany) at a density of&10° cells/mL, and allowed
to reequilibrate for 24 h before loading. Then the cells were rinsed
with PBS and incubated with PBS containing2d of HL for 30
min at 37°C. The cells were then washed with PBS thrice and
mounted on a microscope stage.

Synthesis of 4-Methyl-2,6-bis(((phenylmethyl)imino)methyl)-
phenol (HL). The compound was prepared by a slight modification
of the procedure described previouly-Methyl-2,6-diformylphe-
nol was synthesized starting fraorcresol by following a published
proceduré! To a solution of 4-methyl-2,6-diformylphenol (0.328
g, 2 mmol) in 25 mL of acetonitrile was added phenylmethylamine
(0.428 g, 4 mmol) in 10 mL of acetonitrile. The reaction mixture
was refluxed for 1 h. The solution was filtered, concentrated on a
rotaevaporator to dryness, and kept overnight & 4The resulting
Schiff baseHL (4-methyl-2,6-bis(((phenylmethyl)imino)methyl)-

(29) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of
Laboratory ChemicalsPergamon Press: Oxford, U.K., 1980.

(30) Grzybowski, J. J.; Urbach, F. lnorg. Chem.198Q 19, 2604.

(31) Gagne, R. R.; Spiro, C. L.; Smith, T. J.; Hamann, C. A.; Thies, W.
R.; Schiemke, A. KJ. Am. Chem. S0d.981, 103 4073.

(cm™1): 3433 br, 3215 br, 1647 vs, 1556 vs, 1452 m, 1323 m,
1238 w, 1113 vs, 625 s, 489 w (br, broad; w, weak; m, medium;
s, strong; vs, very strong).

X-ray Data Collection and Structure Determination. Crystal
data of 1 are summarized in Table 1. The diffraction experiment
was carried out on a Bruker SMART CCD area-detector diffrac-
tometer at 296 K. No crystal decay was observed, so that no time-
decay correction was needed. The collected frames were processed
with the software SAINT2and an empirical absorption correction
was applied (SADABS¥ to the collected reflections. The calcula-
tions were performed using the Personal Structure Determination
Packag® and the physical constants tabulated thefeifthe
structure was solved by direct methods (SHEL®Z)nd refined
by full-matrix least squares using all reflections and minimizing
the function=w(F,> — kF?)? (refinement onF?). All the non-
hydrogen atoms were refined with anisotropic thermal factors. The
15 hydrogen atoms of the 5 GHyroups were refined with an
isotropic thermal parameter. All the other hydrogen atoms were
placed in their ideal positions (€H or O—H = 0.97 A), with the
thermal parametdd 1.10 times that of the atom to which they are
attached, and not refined. In the final Fourier map the maximum
residual was 1.35(20) e & at 0.87 A from zn1.

CCDC 638646 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the

(32) SAINT Reference Manuya&iemens Energy and Automation: Madison,
WI, 1994-1996.

(33) Sheldrick, G. MSADABS, Empirical Absorption Correction Program
University of Gottingen: Gottingen, Germany, 1997.

(34) Frenz, B. AComput. Phys1988 2, 42.

(35) Crystallographic Computing;Zxford University Press: Oxford, U.K.,
1991; Chapter 11, p 126.

Inorganic Chemistry, Vol. 46, No. 16, 2007 6407



Table 1. Crystallographic Data fol

formula C‘ezHesNz;OzoZﬂe
M 1581.47
color pale yellow
cryst system triclinic
space group P1

alA 10.740(1)
b/A 12.927(1)
c/A 13.281(1)
o/deg 115.06(1)
pldeg 96.34(1)
yldeg 101.98(1)
VIA3 1592.5(2)

z 1

F(000) 808

Ddg cn3 1.649

TIK 296

2(Mo Ka)/A 0.71073
cryst dimens/mm 0.2% 0.35x 0.36
u(Mo Ka)/ecm™1 23.56

min and max transm factors 0.853.000
scan mode w

frame width/deg 0.30

time frame /s 20

no. of frames 2450
detector-sample dist/cm 6.00
6-range/deg 327
reciprocal space explored full sphere
no. of reflcns (tot., indpndt) 24 368, 8042
Rint 0.0185

final R; andRyy indices (F2, all reflcns) 0.055, 0.084
conventionaRy index [| > 20(1)] 0.034

reflens withl > 20(1) 5818

no. of variables 475
goodness of fit 1.065

AR, = [X(IF? — KF2I/EFe, Row = [SWI(F2 — kFR)ZSW(F?)? 2.
b [SW(F? — kFAY(No — Ny)]Y2, wherew = 4F 2lo(F )2, o(Fe?) = [ 0%(Fc?)
+ (PF?F Y2, N, is the number of observatiors, is the number of variables,
andp = 0.04.

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Results and Discussion

Fluorescence Property.The emission spectrum of the
sensor L) under physiological condition (100 mM HEPES
buffer at pH 7.4) excited at 400 nm exhibits the emission
maximum at 530 nm at 2%C with a quantum yield of only

Roy et al.

Figure 1. Emission spectra of 50M of HL in the presence of 0, 10, 30,

50, 75, 100, 150, 200, 400, 600, 800, and 1@®0 of free Zré*™ ions in

100 mM HEPES buffer at pH 7.4 at room temperature (excitation 400 nm,
emission 530 nm). Inset: Fluorescence enhancement versus concentration
of Zn?*.

unexpected (Figure 1), as one would expect the emission
band of the free ligand to be at higher energy related to that
of the complex because of its relatively high-energy excita-
tion band. This anomaly can be explained by the fact that
excited states resulting from complexes of Zare typically
ligand-centered (LC) in nature owing to the inability of the
d'® metal center to participate in low-energy charge transfer
for metal-centered transitiodéTherefore, the emission from
[Zne(L)2(OH)(CHsCOOQY)] (1) is believed to arise from an
excited-state centered adL which contains a phenolic
proton (Scheme 1). It is well-established that the emissive
organic phenol, 4-methyl-2,6-diformylphenol, undergoes a
blue shift of its own band (from 530 to 445 nm) upon
treatment with a base B (e.g., piperidine or triethylamine),
and this observation is believed to support the existence of
an equilibrium between undissociated phenol and a proton-
transferred species of phenol with the formation of phenoxide
anion and BH cation®® The same analogy can be extended
to the present system because the phenolic proton of the
ligand is deprotonated upon complexation with?Znand

this proton should be transferred to the acetate anion of the
precursor zinc(ll) acetate dihydrate in the solution. We

molecule in the presence of various concentrations éf Zn

presence of an added base, e.g., triethylamine, in aqueous

(0—1.0 mM concentration). The sensor showed changes insojytion and found that, on addition of triethylamine, a new
fluorescence intensity and a new peak appeared at 484 NnMpang appeared at around 458 nm. This indicates the existence

retaining 530 nm as a shoulder as suggested by unsym

“of an equilibrium between an undissociatéd and a proton-

fluorescence quantum yield(= 0.250) increased more than
6-fold. The fluorophore and the guest binding units were

Figure S1).
The electrospray mass spectrum of the comdlewxas

covalently integrated to modulate the photophysical responsesptained in aqueous solution. The spectrum shows peaks at

of the ligand,HL, by introducing a possible excited-state

m/z 1617.76 and 1322.73 that can be assigned to thg [Zn

electrqn—transfer_ process between the two. The system_show§|_) 2(OH),(CHsCOO)]-2H,0 and [Zn(L)(OH),(CHsCOO)-
selective chelation enhanced fluorescence (CHEF) in the(HgO)e] species, respectively. The isotopic distributions for

presence of Z&t ion. The experiment reveals that there is a
significant increase in fluorescence intensity fohe new
peak of emission band (484 nm) by the complexas
compared to that at 530 nm of the free ligand is quite

(36) Sheldrick, G. M.SHELXS 86. Program for the solution of crystal
structures University of Gottingen: Gottingen, Germany, 1985.
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the above molecular species obtained experimentally (see

(37) (a) Dollberg, C. L.; Turro, Clnorg. Chem.2001, 40, 2484. (b)
Roundhill, D. M. Photochemistry and Photophysics of Metal Com-
plexesFackler, J. P., Ed.; Modern Inorganic Chemistry Series; Plenum
Press: New York, 1994; pp 567.

(38) (a) Mukherjee, Sndian J. Chem1987, 26A 1002. (b) Das, R.; Mitra,

S.; Mukherjee, SBull. Chem. Soc. Jprl993 66, 2492.
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Figure 2. Binding constantK (£15%), value determined from the slope

of the plot as 1.5< 10* M™%, Figure 3. UV—vis spectral changes ¢fL. upon addition of ZA™ in 100

. . . mM HEPES buffer at pH 7.4 at room temperatutdl(] = 50 uM, [Zn2*]
Supporting Information, Figure S2) correspond to the =g, 10, 25, 50, 75, 100, 125, 150M).

simulated patterns. In this spectrum a peakn&t 1617.76

assigned to [Z&(L)2(OH)x(CH;COO)]-2H,0 and a peak at Upon gradual addition of Zf to a buffer solution ofL,

m/z 1322.73 that corresponds to the [ (OH)x(CHs- the fluorescence intensity of the 530 nm band is meagerly
COO)(H,0)s] species corroborate the presence of the changed along with the emergence of a new emission bend
complex entity in solutions. Job’s plot analysis revealed centered at 484 nm. It allows the ratiometric signaling when
maximum emission at 1:3 ratidd( :Zn?") (see Supporting  the ratio of the fluorescence output at two different wave-
Information, Figure S3). These data suggested that thelengths is plotted as a function of the concentration of'Zn
complex species in solution should form 1:3 complex with (see Supporting Information, Figure S5). As can be seen,
Zn?* which is clearly evident from the crystal structure of lss4dls30 increases with the concentration ofZrions in the
Zn?*—ligand complexi (see later). To observe the binding range studied.

interaction with Z@* in buffer medium, the binding constant Absorption Study. The mode of coordination dfiL with
value has been determined from the emission intensity datazn?* was investigated by spectrophotometric titration at 25
following the modified BenesiHildebrand equatiof®® °C in 100 mM HEPES buffer (pH 7.4). Figure 3 illustrates
UAF = 1AFmax + (LUK[C])(1/AFmay. HereAF = Fyx — Fo a typical UV—vis titration curve ofHL with added ZA".
andAFmax= Fw — Fo, WhereF,, Fy, andF., are the emission  As can be seen from Figure 3, the absorption intensity of
intensities ofHL considered in the absence ofZpat an HL at 234 nm gradually increases as the concentration of
intermediate ZA™ concentration, and at a concentration of Zn2* increases stepwise. Moreover, a new absorption peak
complete interaction, respectively, and whiéns the binding appears at 418 nm in the UWis spectrum of the HE
constant and [C] the 2 concentration. From the plot of ~ Zn2* system, and its intensity also gradually increases with
(Fo — Fo)/(Fx — Fo) against [C}* for HL (Figure 2), the  the addition of ZA*. This absorption peak is likely to be
value ofK (£15%) extracted from the slope is 1,5 10 due to the coordination dfiL with Zn2+.40

M~ We also studied the effect of Znaddition on the Metal lon Competition Studies. To enable further

fluorescence decay behavior ¢iL. The fluorescence  ynderstanding of this phenomenon, we have examined the
lifetime (z) of HL in the working buffer medium is 2.09 ns.  effects of various metal ion additives on the spectral features
The results of fluorescence lifetime measurements (seeof HL . Selectivity assays (Figure 4) were performed under
Supporting Information, Figure S4) indicate that changes in physiological condition (100 mM HEPES buffer at pH 7.4)
lifetime would be associated with any number of possible excited at 400 nm. Figure 4 illustrates the fluorescence
mechanisms for fluorescence enhancement and not only PETintensities oHL (50 x 1076 M) in presence of various metal
(photoinduced electron transfer). The time-resolved spectrumions. It is observed that, among the metal ions studied, only
appears to display at least two components. Since thezp2t significantly modulates the fluorescence spectriiiof
mechanism of fluorescence enhancement is a change inOther cations which exist at high concentrations in living
rigidity upon binding of zinc ion, a different mechanism other cg||s, e.g., C&#, Mg?*, Na*, and K*, do not enhance the
than PET may be of significance. According to the equatens  fluorescence intensity even at a high concentration (&50
7' =k + ki andk = @z, the radiative rate constakt 1076 M) as shown in Figure 4. These results are presumably
and total nonradiative rate constéptof HL andHL binding  due to the poor complexation of alkali metals or alkaline
with Zr?* were calculated and listed in Table S1. The data earth metals with the chelatoH( ), on the basis of the
suggest thakn, has just slightly changed but the factor that apsence of any obvious change of Ywisible spectrum
induces fluorescent enhancement is mainly ascribed to theypon addition of these cations. This also does not interfere
increase ok:. with the Zr?™-induced fluorescence enhancement. Emission
spectrum oHL (50 x 10°® M) was recorded upon addition

(39) (a) Mallick, A.; Chahattopadhyay, NPhotochem. PhotobioR005
81, 419. (b) Benesi, H. A.; Hildebrand, J. H.; Am. Chem. So2949
71, 2703. (c) Turro, N. J.Modern Molecular Photochemistry (40) Prabhakar, M.; Zacharias, P. S.; Das, Siitrg. Chem.2005 44,
Benjamin/Cummings Publishing Co., Inc.: Menlo Park, CA, 1978. 2585.
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Figure 6. Fluorescence intensities ¢fL in the absence (open circles)
and in the presence of Zh (closed circles) at various pH values at room
temperature (15@M Zn?" added to 5uM of HL).

Table 2. Selected Bond Lengths (A) and Bond Angles (deg)

Zn1-01 2.024(1) Zn2-05 2.118(2)
Figure 4. Relative fluorescence intensity change profileHif (50 xM) Zznnll_&ﬁ 22 (])-103((%)) er:‘i;_(,)\g %ggg((%
in the presence of various cations in 100 mM HEPES buffer at pH 7.4 at Zn1—010 2'044(1) Zn301 1'949(1)
room temperature (excitation 400 nm). Zn1—N1 2.'045(2) 7n3-06 1:956(2)
Zn2-01 2.006(1) Zn3-08 1.935(2)
Zn2—-02 2.077(1) Zn3-09 1.958(2)
Zn2-03 2.116(1)

01-Zn1-02 78.00(5) 0%Zn2-05 96.34(5)

01-Zn1-010 94.72(7) 022Zn2-05 95.26(7)

02-Zn1-N1 86.53(5) O0+Zn2-07 89.17(5)

010-Zn1-N1 91.42(7) 02-Zn2-07 86.28(6)

01-Zn1-04? 96.42(5) 0+Zn3—-06 106.28(7)

04%Zn1-010 104.85(8) 0%Zn3-08 121.71(6)

01-Zn2-02 79.06(5) 0%Zn3-09 108.24(7)

01-Zn2-03 88.65(5) 06-Zn3—-08 103.27(8)

02-Zn2—N2 90.66(7) 06-Zn3-09 105.43(9)

03-Zn2—N3 99.22(6) 08-Zn3-09 110.58(8)

aSymmetry codes: (@) ¥+ x, 1—-y,1—z

tive decay of the excited state. Thus,?Zrcan be distin-

guished from these heavy metal ions under physiological

conditions.

Crystal Structure of 1. Complex1 crystallizes in the

triclinic system, space groupl (No. 2) from acetonitrile
Figure 5. ORTEP drawing and atom numbering scheme fore(Z)p- solvent. A perspective view of [£(L)2(OH)(CHsCOO})]
(OH)(CHsCOOY)] (1). H atoms were omitted for clarity. The atoms are (1) with the atom-numbering scheme is shown in Figure 5.
represented by 50% probability thermal ellipsoids. Selected bond lengths and bond angles are given in Table
of 3 equiv (150x 10°® M) of various heawy metalons M (e B8 S8 SaEEe PR dontng
(M = Mn?t, Feét, CP*, Cot, Ni?t, CUi**, CPt). Among tridentate ligand (4- YT f A
: . . . gand (4-methyl-2,6-bis(((phenylmethyl)imino)
first-row transition metal cations, Cr, Mn, Fe, Co, Ni, and methyl)phenolate), onex-hydroxide, and four acetate ions.

Cu quench the emission, owing to an electron or energy Atom Zn1 is coordinated by @-phenoxo oxygen atom (O2)
transfer between the metal cation and fluorophore known as,,4 N1 atom of the ligandiL , aua-hydroxo oxygen atom

the fluorescence quenching mechani$im the presence of (O1), and twouz-acetato oxygen ator{O4 [(a) 1 — x, 1

3 equiv of C@", F€’*, or Mn?* together with ZA" (50 x —y, 1— 2) and 010. On the other hand, Zn2 is connected
107 M), HL has almost no effect on the emission intensities. by the u-phenoxo oxygen atom (02) and N2 atom of the
Cc?* induces a slight enhancement of the emission intensity. ligand, the sames-hydroxo oxygen atom, and three-
However, Cé" is rarely present in biological systems and gcetato oxygen atoms (O3, O5, and®0@” as above). As
would not cause any problem in biological applications. The a consequence, Zn1 and Zn2 display coordination numbers
enhancement of fluorescence is attributed to the introductions and 6, respectively, while Zn3 has the coordination number
of Zn?* and the strong complexation occurs with evident 4 and is linked by the sames-hydroxo oxygen atom and
from large binding constant value. The coordination of Zn- threeu,-acetato oxygen atoms (06, 08, and Q9). It is quite
(1) would impose rigidity and hence decrease the nonradia- evident from the crystal structure that the threé*Zions in

the asymmetric unit have three different environments in their
(41) Sarkar, M.; Banthia, S.; Samanta, Petrahedron Lett2006 47,7575. coordination spheres. Hexacoordinated Zn2 adopts a distorted

6410 Inorganic Chemistry, Vol. 46, No. 16, 2007



Selectve Fluorescence Zinc lon Sensing

Figure 7. Phase contrast and fluorescence respong¢Lofnduced by intracellular . B16F10 and A375 cells incubated with 20 HL for 45 min

at room temperature were washed with PBS, and fluorescence excited-st385m was measured at 30 s intervals. Cells were exposed to pyrithione (pyr,
100uM) in the presence of sequentially increased concentration of added extracellgtaaZimdicated by (a) (closed circles for BL6F10 and open circles
for A375). Return of intracellular Z to the resting level was achieved by addition of TPEN (260 indicated by the arrow). (b) Phase contrast image.
(c—f) Fluorescence images incubated witlh. (c, 2 min), with pyr and 5Q«tM Zn?* (d, 7 min), with 150uM Zn?* (e, 17 min), and with 200M TPEN

(f, 23 min). Top row: B16F10. Bottom row: A375.

octahedral geometry with cis angles ranging from 79.06(5) 7.0. As the local pH can drop below 6.5 in many cell
to 99.22(6y. The pentacoordinated zinc atom (Znl) is in a compartments and biofluids, the utility of this probe is
distorted square-pyramidal geometry, and the zinc ion is restricted.
displaced by 0.502(1) A from the best plane formed by atoms  Cell Studies. We examined the application diL to
N1, O1, 02, and O10. The axial ZrRD4*[(a) 1 — x, 1 — cultured living cells B16F10 mouse melanoma and A375
y, 1 — 2) distance is 2.019(%}. Zn3 is in a distorted  human melanoma by fluorescence microscopy (Figure 7).
tetrahedral geometry with the bond angles ranging from SinceHL can be excited with a relatively long excitation
103.27(8) to 110.58(8) wavelength, this compound is suitable for cellular application
Effect of pH. In addition to metal ion selectivity, we jn comparison to the previously reported ZZrselective
measured the fluorescence intensityHif at various pH  Juminescent sensofé After incubation with 2QuM sensor,
values in the presence and absence 6f Zfihe fluorescence  cells show weak fluorescence suggesting that the sensor
intensity of theHL decreases under acidic condition. This molecule can be used intracellularly. We further examined
property arises from protonation of the phenolic hydroxyl whether the difference of affinity is reflected in the fluores-
group of the ligand, whosela value has been determined cence microscopic imaging of intracellularZror not. The
to be 5.19% Interestingly,HL showed good fluorescence intracellular concentration of Zhwas controlled with a &t
sensing ability to Z#" over a wide range of pH values. As  jonophore, pyrithione (2-mercaptopyridifeoxide), which
shown in Figure 6HL shows no appreciable sensing ability brings the extracellular 2 into the cytoplasm. We added
to Zr?* at a pH below 6.3, which may be due to the various concentrations of Zh with pyrithione, and the
competition of H below pH 6.3, but exhibits satisfactory intracellular Z* concentration was measured by fluores-
Zr?* sensing abilities when the pH is increased to the range cence microscopy. With the increase of extracellula#"Zn
6.3-10. At pH ca. 7.4, theFu znay/FuL reached its  concentration, the fluorescence intensity of the compound
maximum value, indicating thatiL possessed the highest increases. Figure 7 shows the fluorescence response of the
sensing ability in an environment similar to serum (pH ca. sensor molecule. The fluorescence was measured at 30 s
7.3). The pH sensitivity of the sensor is reflected by the drop intervals for the different concentrations of zinc(ll) acetate.
of emission intensity by ca. 40% on going from pH 7.5t0 The fluorescence intensity was saturated with 1B@
Zn(OAc). Subsequent addition of the cell-permeable metal

(42) Yamami, M.; Furutachi, H.; Yokoyama, T.k@wa, H.Inorg. Chem.
1998 37, 6832.

(43) Albert, A.; Serjeant, E. FDetermination of lonization Constants. A (44) Hanaoka, K.; Kikuchi, K.; Kojima, H.; Urano, Y.; Nagano, J.Am.
Laboratary Manual 3rd ed.; Chapman and Hall: London, 1984. Chem. So0c2004 126, 12470.
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chelatorN,N,N',N'-tetrakis(2-pyridyl)ethylenediamine (TPEN) buffer (pH 7.4) is attributed to the strong coordination of
guenches the emission intensity consistent with the intrac- Zn(ll) that would impose rigidity and hence decrease the
ellular turn-on as a consequence of reversible zinc binding. nonradiative decay of the excited state. It has been demon-
These results suggested th#it can be used to monitor the  strated that this system in HEPES buffer is highly selective
changes of intracellular Zh and should, therefore, be useful  over other various metal ions. By the incubation of cultured
for clarifying the role of ZA* in biological processes in |iing cells (B16F10 mouse melanoma and A375 human

which the intracellular concentration of Znis important, melanoma) witrHL , intracellular Z&* concentration could
for example, cell death induced by ischerffia. be monitored.

Conclusion Acknowledgment. K.D. acknowledges the Council of

We have investigated the zinc ion fluorescence sensingScientific and Industrial Research, New Delhi, India, for
and binding properties of 4-methyl-2,6-bis(((phenylmethyl)- financial support. We appreciate the cooperation received

imino)methyl) phenolKiL ), which displays high selectivity  from professor Nitin Chattopadhyay, Department of Chem-
for Zn?" and can be used as zinc ion-selective luminescent;

- ' S A , =>~=istry, Jadavpur University, Jadavpur, India.
probe for biological application. The increase in emission
in the presence of Zn is accounted for by the formation of Supporting Information Available: Emission spectra dfiL
a metat-ligand complex {). The X-ray crystal structure  andHL with added base triethylamine, ESI-MS bf Job's plot,
reveals that thd is a discrete hexanuclear complex, {Zn  time-resolved fluorescence decay, Table S1, ratiometric signaling
(L)2(OH)(CH3COO)]. An approximately 6-fold Z#™- of fluorescence, and details of the crystallographic study (CIF). This
selective chelation-enhanced fluorescence response in HEPE®aterial is available free of charge via the Internet at http:/
pubs.acs.org.

(45) Koh, J.-Y.; Suh, S. W.; Gwag, B. J.; He, Y. Y.; Hsu, C.Y.; Choi, D.
W. Sciencel996,272, 1013. IC700420W

6412 Inorganic Chemistry, Vol. 46, No. 16, 2007





