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of the data. We examine here the development of a novel and . Lo
2

sensitive probe for the ratiometric detection of Zn(ll) utilizing time- -~ %° 4 S s8¢ &0 60 b 08 ot 1
resolved fluorescence (TRF) techniques that provide invaluable ~ Wavelength (nm)  Fauivalents of Zn™ Added
information about the system when multiple fluorescence-emitting F9ure 1. (A) Fluorescence enhancement bfas a function of Z#"

. . " > concentration. Spectra were acquired in aqueous solutions (0.1 MsKNO
components contribute to steady-state fluorescence intensities. Usingyg ny HEPES, pH 7.0, 25C). 1 (1 «M) was titrated with 0.1M aliquots
frequency domain techniques, the fluorescence lifetimes of chemo-of zn(CI0y),. (B) Fluorescence as a function of added Zn(Il) monitored at
sensors for metafsincluding Zn(Il) has been reportéddere, using 485 nm (molar raFio pl_ot). Inset: ORTEP representation of rghowing
ime domain TRF techniques, we demonsirate that a marked 5% ) ellees snd saeied ston lbel, Sohert mocues
|mpr9vement_ over steady-state quor_escence_ methods for the rat'o'd)a/lta gre listed in TabFe S3 of the Supporting Informatio%i. y grap
metric detection of Zn(ll) can be achieved using a novel compound
(2). Other biologically significant metal ions and first row transition

Compoundl resembles tripodal Nigands that we examined  metal ions (except Cti) had little effect (Supporting Information)
previously as chelation-enhanced fluorescent chemosensors forgn the fluorescence of [z
Zn?*19 The ligand is structurally related to tris(2-pyridylmethyl)- Time-resolved fluorescence spectroscopy has emerged as a
amine (TPA), which forms a highly stable 1:1 complex with Zthc.  valuable tool for imaging cellular componeifsFor example,
One arm of compound contains the elements of 8-hydroxyquinal- measurements of TRF decay profiles can differentiate between
dine (HQ), a well-known chromophore and an established analytical different populations of fluorescence-emitting fluorophores with
tool for zinc chelatiort? HQ forms a 2:12 or 3:1* complex with different lifetimes, whereas steady-state fluorescence measurements
most metal ions, but the highly chelating ligahevas designedto  merely reflect the unresolved contributions of each component to
display 1:1 binding stoichiometry and strong sensitivity for Zn(ll)  the overall fluorescence. Thus, lifetime-based measurements are
similar to or better than TPA. A strong enhancement in the rich in information and provide unique insights into the systems
fluorescence quantum yield was obtained by inclusion of two under investigatiof! In a simple two-state system, the fluorescent
dimethyl sulfonamide group$.The mechanism of enhancement probe has a lifetimes in the free state andy, in a complex with
is complex!® HQ compounds are poorly fluorescert & 2%) in a Zret ion, and the fluorescence intensity as a function of time,
part due to photoinduced electron transfer (PET) involving the lone |(t) (following excitation with a brief light pulse with a widtht
pair of the tertiary nitrogef and in part due to excited-state proton < ;, 7,,), is:
transfer (ESPT) caused by the phenolic proton and the nitrogen of
HQ.8 Upon complexation of Z, the lone pair of the tertiary I(t) = C[As exp(—t/ty) + Ay exp(—tit,,)] (1)
nitrogen is coordinated to the metal, thereby eliminating PET. In
addition, metal complexation results in loss of the phenolic proton, where A and Az, represent the relative contributions of each
eliminating ESPT. component tol(t = 0) at the observation wavelengtifhese

Compoundl shows excellent Zt chelation-enhanced steady- fractions are proportional texc; and €z,Czn, Wherec; and ¢z, are
state fluorescence properties. Figure 1 shows a titration of ligand the concentrations of free and Zn-bound molecules,caaddez,
1 with Zn** and an X-ray structure of the complex with 1:1 are the respective molar extinction coefficients. Furthernre;,
stoichiometry. Fluorescence enhancement was observed upomz, = 1.0, andC is a proportionality constant. If the emission
addition of 1 equiv of zinc perchlorate to the HEPES-buffered spectra of the two components are similar (Figure 1), and as long

Fluorescent probes for metal ions have found widespread use in
biological studies. For example, the fluorescent dyes TSQ and
Zinquin have facilitated the examination of Znhomeostasis by
fluorescence microscofVarious new dyes have been developed 081
more recentl$* and have allowed the study of important neurologi-
cal functions of zin® Ratiometric agents are highly desirable
because of the ability to visualize both ligand and metal concentra-
tion &7 Wavelength-ratiometric agents display different fluorescence
emission maxima of the ligand and its metal complex. The potential
advantage of this approach is the ready visualization by color, o2
although quantitation invariably requires digitization and processing
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aqueous solution df (® = 24.4% for [Zn()]). A series of metal aser ~ €7y, the ratioR(Zn) = Az/(As + Azn) represents the fraction

solutions indicated subpicomolar sensitivity. The detection limit of probe molecules complexed with Znions. Fitting eq 1 to the

of 1 was from 10 fM to 1 pM (logK; = 13.29)%° experimentally determined fluorescence decay curve yields values
of the parameterd\,, A, 77, and 1z, from which R(Zn) can be

TNew York University. . .
* University of Minnesota. estimated. Steady-state fluorescence measurements yield values that
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complex of (2-mercaptopyridinéy-oxide?® The slide with attached
cells was placed diagonally across a cuvette and exposed to laser
irradiation in the absence of solvent. The TRF spectrum obtained
by this method displayed the same elements present in Figure 2,
namely a short component corresponding to an uncomplexed ligand
and a long component corresponding to [Bii(

In conclusion, the selectivity df for Zn(ll) and the time-resolved
fluorescence data not only provide for the accurate detection of
this ion, but also can discriminate between other fluorescent forms
of the probe and its metal complex. In biological systems, TRF
may be useful for identifying the effects of localization of Zn(ll)
in different environments.
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Figure 2. Exponential fluorescence decays as a function 8f Zoncentra-

tion measured at 480 nm. Spectra were acquired in aqueous solutions (0'J1mprovement Grant Number CO6 RR-16572 from the NCRR/NIH

M KNO3;, 50 mM HEPES, pH 7.0, 25C). A 1 uM solution of 1 was
titrated with 0.1«M aliquots of Zn(ClQ),. Spectra shown contain no Zn
(lowest, blue curve) and increasing amounts (bottom to top) 8f Z0.2,
0.4, 0.6, 0.8, and kM). Inset: As (a) and Az, (M) as a function of ZA"

Supporting Information Available: Synthetic procedures and

characterization ol. Crystallographic data and CIF file for [ZL).
Effects of aggregation on TRF df and live cell fluorescence data.

concentration. The solid lines were calculated with the use of a standard Thjs material is available free of charge via the Internet at http://

guadratic equation describing the Zn1 Q [Zn(1)] equilibrium with a
binding constanK > 10° M~1 (Supporting Information).

pubs.acs.org.

are proportional to the sum of the mean contributions of the free
and Zn-bound probe components to the overall fluorescef(tg,

= A + Azntzn. The values ofl(t)Cat different Z&+ concentrations
depend on the relative values gfand tz,, and the steady-state

fluorescence measurements cannot ascertain whether the two-state

model is applicable. On the other hand, the contributions of each
componentAsrs andAzqtzn, can be determined separately by TRF
methods.
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