Inorganic Chemistry

pubs.acs.org/IC

Fluorescent Zinc Sensor with Minimized Proton-Induced
Interferences: Photophysical Mechanism for Fluorescence Turn-On
Response and Detection of Endogenous Free Zinc lons

Ji Eon Kwon, " Sumin Lee,”" Youn
Shunichi Fukuzumi,® el Injae Shin,*

§min You,** Kyung-Hwa Baek,® Kei Ohkubo,|| Jaeheung Cho,*
Soo Young Park,""T and Wonwoo Nam®**

-‘-Department of Materials Science & Engineering, Seoul National University, San 56-1, Sillim 9-dong, Gwanak-gu, Seoul 151-744,

Korea

J:Department of Bioinspired Science, Ewha Womans University, Daehyun-dong, Seodaemun-gu, Seoul 120-750, Korea

§Department of Chemistry, Yonsei University, Sinchon-dong, Seodaemun-gu, Seoul 120-749, Korea

”Department of Material and Life Science, Graduate School of Engineering, Osaka University, ALCA, Japan Science and Technology

Agency (JST), Suita, Osaka 565-0871, Japan

© Supporting Information

ABSTRACT: A new fluorescent zinc sensor (HNBO—DPA)

consisting of 2-(2"-hydroxy-3"-naphthyl)benzoxazole (HNBO)

chromophore and a di(2-picolyl)amine (DPA) metal chelator

has been prepared and examined for zinc bioimaging. The

probe exhibits zinc-induced fluorescence turn-on without any -
spectral shifts. Its crystal structure reveals that HNBO—DPA [y Jm-“
binds a zinc ion in a pentacoordinative fashion through the
DPA and HNBO moieties. Steady-state photophysical studies
establish zinc-induced deprotonation of the HNBO group.
Nanosecond and femtosecond laser flash photolysis and electrochemical measurements provide evidence for zinc-induced
modulation of photoinduced electron transfer (PeT) from DPA to HNBO. Thus, the zinc-responsive fluorescence turn-on is
attributed to suppression of PeT exerted by deprotonation of HNBO and occupation of the electron pair of DPA, a conclusion
that is further supported by density functional theory and time-dependent density functional theory (DFT/TD-DFT)
calculations. Under physiological conditions (pH 7.0), the probe displays a 44-fold fluorescence turn-on in response to zinc ions
with a K4 value of 12 pM. The fluorescent response of the probe to zinc ions is conserved over a broad pH range with its
excellent selectivity for zinc ions among biologically relevant metal ions. In particular, its sensing ability is not altered by divalent
transition metal ions such as Fe(Il), Cu(II), Cd(II), and Hg(II). Cell experiments using HNBO—DPA show its suitability for
monitoring intracellular zinc ions. We have also demonstrated applicability of the probe to visualize intact zinc ions released from
cells that undergo apoptosis. More interestingly, zinc-rich pools in zebrafish embryos are traced with HNBO—DPA during early
developmental stages. The results obtained from the in vitro and in vivo imaging studies demonstrate the practical usefulness of

-

the probe to detect zinc ions.

I. INTRODUCTION

Zinc ion is the second abundant transition metal ion in the
human body (2—3 g in total), and it plays diverse roles in
human physiopathology.' > While total zinc concentrations are
high, concentrations of free zinc ions that are loosely bound to
proteins are relatively low®™® and tightly regulated.””'* Recent
studies have associated failures in homeostasis of free zinc ions
with neurological diseases such as Alzheimer’s disease,
amyotrophic lateral sclerosis (ALS), Parkinson’s disease,
ischemia, and epilepsy.">™"” In addition, free zinc ions are
also involved in regulation of programmed cell death (ie.,
apoptosis)."*>° Thus, a sensitive and noninvasive technique to
trace and visualize free zinc ions would be highly demanded.
Since the zinc ion itself is spectroscopically silent due to its 3d"°
electron configuration, the development of highly sensitive and

- ACS Publications  © 2012 American Chemical Society

8760

selective fluorescent sensors for zinc ions is therefore of critical
importance.*' 7>

Much effort has been devoted to the development of
fluorescent zinc sensors to detect endogenous free zinc
ions.”* > A typical structure of a fluorescent zinc sensor is a
conjugate composed of a fluorophore and a zinc-specific
receptor such as di(2-picolyl)amine (DPA), N,N-di(2-picolyl)-
ethylenediamine (DPEN), tris(2-picolyl)amine (TPA), or
N,N,N"tris(2-picolyl)ethylenediamine (TRPEN).*" In the
zinc-free form, these receptors transfer their electron to the
adjacent fluorophores in the excited state, partially quenching

the fluorescence emission, whereas the nonradiative electron
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Scheme 1. Synthesis of the Fluorescent Zinc Sensor HNBO—DPA
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transfer is suppressed when a zinc ion is coordinated and the
emission is consequently strong. This modulation in photo-
induced electron transfer (PeT) thus allows zinc detection by
means of fluorescence turn-on. The success of PeT-based
sensors has promoted extensive variations of molecular
structures,”’ which aim at improved zinc selectivity and
optimized dissociation constant (Ky).>*~*® Structural changes
in receptors, however, always perturb oxidation potentials,
affecting the modulation of the PeT process. Moreover,
protonation of the zinc receptors produces false positive
signals.”®> Fluorescent sensors based on intramolecular charge
transfer (ICT) also suffer from pH dependence.*"** Thus, the
capability of fluorescent detection by the modulation of
electron transfer is limited. To circumvent this problem,
approaches taking advantage of a variety of signaling
mechanisms other than electron transfer have been developed,
such as twisted intramolecular charge transfer (TICT), +
ﬂuorescence resonance energy transfer (FRET),* and excimer
formation.*® These mechanisms are, however, governed by
intramolecular torsional or intermolecular translational motions
which are indirect consequences of zinc coordination.

Excited-state intramolecular proton transfer (ESIPT)
characteristic of molecules that possess an intramolecular
hydrogen bond between a proton—donor moiety (i.e, —OH)
and a proton—acceptor moiety (i.e, —N=) in a five- or a six-
membered ring, with tautomerization occurring upon photo-
excitation. The photoinduced tautomerization transiently
generates a keto form (i.e, =O and —NH—), which typically
produces fluorescence with a large Stokes shift (6000—12 000
cm™"). Reverse proton transfer in the ground state from the
keto form (K) to the enol form (E) completes a four-level
cyclic proton transfer reaction (E — E* — K* — K — E).***
Suppression of ESIPT results in enol fluorescence that is
hypsochromically shifted compared to the keto fluores-
cence.*® %" Fluorescence ratiometric sensing can be therefore
accomplished because metal coordination prohibits ESIPT.
This attractive sensing mechanism indeed promoted develop-
ment of a number of fluorescent zinc sensors, but most of them
were studied only in organic solutions.>' >

The ESIPT process is, however, inhibited in aqueous
solution due to strong hydrogen bonding interactions with
water, and normal enol fluorescence thus dominates. In
addition, the proton undergoing ESIPT is lost at high pH or
in the presence of competing Lewis acids such as biological
metal jons. Fahrni and co-workers established the aqueous
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solution properties of 2-(sulfoamidophenyl)benzimidazole
derivatives and reported convincing evidence that zinc displaces
the ESIPT amido proton.’**” To the best of our knowledge,
there is only one report on zinc bioimaging using an ESIPT-
based sensor. O’Halloran and co-workers achieved two-photon
fluorescence zinc imaging using a sensor (Zinbo-S) based on an
ESIPT chromophore, 2-(2-hydroxyphenyl)benzoxazole.>®
However, mechanistic investigations of its fluorescent response
to zinc ions remain elusive. Despite the limited studies to date,
metal sensors based on ESIPT chromophores are attractive
because the direct interaction of a metal ion with an ESIPT
center should allow for facile controls in fluorescence
properties. Moreover, well-established photophysics and a
large structural library can contribute to a significantly
broadened class of bioimaging probes. It is notable that
ESIPT platforms have a striking structural analogy to clioquinol
that inhibits f- amylold accumulatlon during the development
of Alzheimer’s disease.’® Therefore, study on elucidation of
photophysical processes and biological utilities of ESIPT
platforms is of great importance for biomedical studies.

Herein, we report a new fluorescent zinc sensor (HNBO—
DPA) that is constructed based on an ESIPT fluorophore, 2-
(2"-hydroxy-3’ naphthyl)benzoxazole (HNBO). A zinc-selective
di(2-picolyl)amino (DPA) receptor® % is tethered to HNBO
through a methylene linker. Fluorescence turn-on response to
zinc ions is rationalized through extensive mechanistic studies,
including quantum chemical calculations, electrochemical
measurements, steady-state spectroscopy, and femtosecond
and nanosecond laser flash photolysis experiments. The studies
establish a novel fluorescence turn-on principle that is free from
detrimental proton-induced background interferences. The zinc
sensing capability has been thoroughly assessed under
physiological conditions and has been shown to be excellent
for detection of biological free zinc ions. It has been
demonstrated that the probe can be used to visualize
endogenous zinc ions of apoptotic cells and zebrafish embryos.
It is expected that the complete research reported in this paper
will provide important guidance to future development of
ESIPT-based probes for bioimaging applications.

Il. RESULTS AND DISCUSSION

Synthesis of the Zinc Sensor. The fluorescent zinc sensor
(HNBO—DPA) consists of two functional units, a zinc-specific
di(2-picolyl)amino (DPA) receptor and a chromophoric unit
(HNBO) featuring ESIPT fluorescence (Scheme 1). The
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Figure 1. Zinc titration of HNBO—DPA (10 M in CH;CN, room temperature). (a) UV—vis absorption spectral change with the continuous
addition of Zn(ClO,), (0—1.2 equiv). (b) Fluorescence spectral change with the continuous addition of Zn(ClO,), (0—5 equiv). 4., = 360 nm.
(inset) Normalized fluorescence spectra in the absence (dashed line) and presence (solid line) of zinc ions (S equiv). Refer to the Supporting

Information for corresponding titration isotherms.

structure is reminiscent of Zinbo-5 established by O’Halloran
and co-workers,*® but red-shifted fluorescence is expected due
to increased conjugation by naphthol. We anticipated tight zinc
binding by the cooperative chelation of naphthol and
benzoxazole of HNBO as well as the DPA unit. HNBO—
DPA was prepared in five steps with an overall yield of 7%, as
shown in Scheme 1. Acid-catalyzed condensation between 2-
amino-m-cresol and 2-hydroxy-3-naphthoic acid yielded the
ESIPT unit (3, HNBO), followed by protection of the naphthol
group by conversion to a methoxymethylether (MOM). The
methyl group of the MOM-protected HNBO (4) was
brominated with N-bromosuccinimide (NBS) and azobisbutyr-
onitrile (AIBN) to benzyl bromide, which was then substituted
by DPA in the presence of sodium carbonate. Finally, the
MOM group was deprotected by p-toluenesulfonic acid
(TsOH). HNBO—DPA exhibited excellent solubility in various
organic solvents and aqueous buffer solutions (pH 7.0).
HNBO-DPA and newly synthesized compounds were
characterized by standard analytical methods and proved to
be identical with the anticipated structures (see Experimental
Section).

Fluorescent Zinc Response. Addition of Zn(ClO,), to an
CH,CN solution of HNBO—DPA (10 pM) immediately
turned the colorless solution to yellow due to a new absorption
band at 443 nm. A similar observation was reported for the zinc
binding of 2-(sulfoamidophenyl)benzimidazole.’® UV—vis
absorption spectra were acquired with continuous addition of
zinc ions, and isosbestic points were observed at 261, 297, 327,
336, 355, and 392 nm (Figure 1a). Titration isotherms plotting
absorbance at 364 and 443 nm as a function of amount of
added zinc ions (0—1.2 equiv) indicate a 1:1 binding
stoichiometry (Supporting Information (SI), Figure Sla).
Acquisition of photoluminescence spectra (1., = 360 nm) of
an CH;CN solution of HNBO—DPA (10 uM) with continuous
addition of Zn(ClO,), (0—5 equiv) revealed a 37-fold
fluorescence turn-on without a spectral shift (Figure 1b).
Actually, normalized photoluminescence spectra of zinc-free
and -bound forms are identical (inset of Figure 1b). The lack of
a spectral shift is indicative of a fluorescence transition from an
identical excited state regardless of the presence of zinc ions,
which seems to contradict to the ratiometric change in the
UV—vis absorption spectra (Figure 1a). A titration isotherm
constructed by total fluorescence intensity as a function of the
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amount of added zinc ions confirms the 1:1 complexation (S,

Figure S1b).

Table 1. Photophysical and Electrochemical Data of
HNBO-DPA in the Absence and Presence of Zinc Ions”

zinc-bound

290 (4.55), 330 (4.4S),
346 (4.43), 443 (3.67)

zinc-free

318 (4.50), 332 (4.42),

A (nm, log €)
365 (3.56), 379 (3.51)

Aems (nm)® 550 542
Dy (%) 0.59 16
brigl'&t)ne)ss (€340 nm 106 3040
X @

Tops (n8)€ 20 22

k. (/107 sH4 0.00295 0.727
k. (/107 s7H)¢ 4.97 3.82
E, (Ox)f 111, 1.62 1.50

“10 yM HNBO—DPA in CH,CN. A, = 340 nm. “Ay,, = 540 nm. %k,
= Op /T, ko = (1 — Dpy)/ 74, "Determined by cyclic voltammetry
(vs SCE); Pt wire working and counter electrodes; An Ag/AgNO;
pseudoreference electrode; 0.1 M Bu/NPF; 1 mM HNBO—-DPA;
scan rate = 100 mV/s.

In order to elucidate the zinc binding mode of HNBO—DPA,
crystals were grown by layering an CH;CN solution of 1 mM
Zn(ClO,), on top of an CH;CN solution of 1 mM HNBO—
DPA (crystallographic data are summarized in SI, Table S1). As
shown in Figure 2, the crystal structure reveals that a zinc ion is
pentacoordinatively bound to HNBO—DPA through the
interactions with the DPA and the ESIPT moiety of HNBO.
Thus, the coordination structure around the zinc center is a
distorted trigonal bipyramidal. Therefore, it is likely that the
tight zinc binding leads to direct alteration of fluorescence
properties of HNBO, which is beneficial for detection of trace
amount of free zinc ions.

It is worth noting that the photoluminescence response of
HNBO-DPA is different from the usual scheme of the ESIPT
process that contains the enol to keto tautomerization. This
observation is rather in sharp contrast to previous ESIPT
sensors that display ratiometric responses.”>””! In previous
cases, zinc ion displaces proton and suppresses the ESIPT
process. Hypsochromically shifted fluorescence is therefore
observed,”””"* producing ratiometric signals. The zinc-induced
fluorescence enhancement and lack of the fluorescence
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Figure 2. X-ray crystal structure of [Zn(HNBO-DPA)]** with
thermal ellipsoids drawn at the S0% probability level. Hydrogen atoms
except H33 are omitted for clarity. H33 atom is found from Fourier
difference map. Selected bond distances: Zn1—01, 2.1877(12) A;
Znl-N1, 2.1800(14) A; Zn1-N2, 1.9932(14) A; Znl-N3,
2.0169(14) A; Zn1—-N4, 2.0214(15) A. A list of metric parameters
is summarized in SI, Table S2.

ratiometric response observed in our case is, thus, quite
unusual. We notice that, despite their ambitious and broad
prospects for bioimaging applications, photophysical and
electrochemical interactions between a metal-chelating unit
and an ESIPT chromophore have been poorly understood to
date. This prompted us to elucidate the photophysical origin of
the fluorescence response of HNBO—DPA.

Steady-State Photophysics. Fluorescence spectra of
HNBO and HNBO—-DPA were acquired in various solvents
with different polarities. Fluorescence spectra of HNBO are
characterized by dual emission that consists of enol (420 nm;
Stokes shift = 5600 cm™) and keto (~650 nm; Stokes shift =
ca. 14000 cm™) fluorescence (Figure 3a). The enol
fluorescence displays a negligible shift by solvent polarity in
contrast to the keto fluorescence that shows strong positive
solvatochromism.”® The fluorescence intensity ratio between
keto vs enol emission decreases upon increasing solvent
polarity. Nevertheless, the dual (enol and keto) fluorescence
was observed in all cases. In sharp contrast, HNBO—DPA has
an additional emission band (519—554 nm; Stokes shift = 11
000—10000 cm™') that occurs between enol and keto
fluorescence, producing peculiar triple emission (Figure 3b).
Fluorescence intensity of this new emission is the strongest
among the three emission bands in most organic solvents, and
its peak wavelength is significantly affected by solvent polarity.
Actually, a bathochromic shift is observed with increasing
solvent polarity. This positive solvatochromism is further
confirmed by a negative slope (—7662 cm™') in a Lippert—
Mataga plot shown in Figure 3c. Charge-transfer is therefore
involved appreciably in the fluorescence transition. Collectively,
the spectral position and strong solvatochromism reveal that an
origin of the new fluorescence emission is neither enol nor keto
state.

Addition of an aqueous sodium hydroxide solution (50
equiv) to CH;CN solutions containing either HNBO or
HNBO—-DPA (10 uM) produces a new absorption band at 425
nm (HNBO; Figure 4a) or 433 nm (HNBO—DPA; Figure 4c),
respectively. It should be noted that these absorption bands are
similar to the case produced by zinc coordination of HNBO—
DPA (Figure la). The absorption change accompanies a
concurrent increase in fluorescence intensity at 560 and 554 nm
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Figure 3. Measurements of fluorescence spectra of HNBO (a) and
HNBO-DPA (b) with differing solvent polarities. (c) Lippert-Mataga
plot constructed for enol fluorescence of HNBO (~420 nm; open
circles) and HNBO—DPA (~420 nm; filled circles) and the new
fluorescence band (~540 nm) of HNBO—DPA (filled triangles).
Solvent polarity parameter (f) is defined by f= (¢ — 1)/(2e + 1) — (n?
— 1)/(2n* + 1), where € and n are dielectric constant and refractive
index of solvent, respectively. f values: CHCl;, 0.1481; EtOAc, 0.1998;
CH,Cl,, 0.2184; DMF, 0.2746; CH,CN, 0.3055.

for HNBO (a 30-fold increase) and HNBO—DPA (a 42-fold
increase), respectively. Figure 4b reveals that the increased
fluorescence band (560 nm) of HNBO is neither enol (416
nm) nor keto fluorescence (650 nm) but identical to the
fluorescence spectrum of HNBO—DPA (Figures 1b and 4d). A
similar behavior was previously reported by Jen and co-workers
for bis(2-hydroxyphenylbenzoxazole) fluorophores.”® Since the
base-induced optical responses are identical to those observed
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Figure 4. UV—vis absorption and photoluminescence spectral change
of HNBO (a and b) and HNBO—DPA (c and d) upon the addition of
base (aqueous sodium hydroxide, SO equiv) to CH;CN solutions
containing either HNBO or HNBO—DPA (10 uM): (dashed lines)
before the addition of base; (solid lines) after the addition of base. The
dashed line in b is magnified by 10-fold (dotted line) to indicate enol
and keto emission bands. Arrows indicate direction of spectral
changes. A 340 nm excitation beam was provided to CH;CN solutions.

for zinc complexation, the results provide strong evidence that
zinc coordination provokes deprotonation of HNBO—DPA in
solution state.

Transient Absorption and Electrochemical Measure-
ments. To gain further information on the photophysical
origin for the zinc response, we performed nanosecond and
femtosecond laser flash photolysis experiments with Ar-
saturated CH3CN solutions containing HNBO—DPA in the
absence and presence of zinc ions (O.D. = 0.1 at 355 and 420
nm for zinc-free and -bound forms, respectively). The transient
absorption spectrum of the zinc-free form at 4 us delay features
distinct bands at 420, 470, and 700 nm under nanosecond laser
excitation (Figure Sa). The 420 nm transient absorption band
was previously assigned to be keto form for 2-(2"-
hydroxyphenyl)benzoxazole (HBO).”””® We assign 470 and
700 nm absorption bands as radical anion of HNBO (ie,
HNBO*") and radical cation of DPA (i.e., DPA*"), respectively.
The radical cation of HNBO—DPA (HNBO-DPA®*) was
independently generated by electron transfer from HNBO-—
DPA to the electron-transfer state of 9-mesityl-10-methylacri-
dinium ion (Acr®—Mes**), which was produced upon nano-
second laser excitation of Acr'—Mes,”” exhibiting the
absorption bands at 460 and 700 nm (SI, Figure S2). The
470 nm absorption band due to HNBO®™ was also observed in
the spectroelectrochemical measurements (SI, Figure S3) of
HNBO (—2.2 V) and HNBO—-DPA (—2.0 V). Interestingly,
the absorption bands at 470 and 700 nm are long-lived with
decay time constants of 38 us (Figures Sc and d). Their
identical decay time constants are indicative of an intra-
molecular radical ion pair. Addition of zinc ions quenches the
transient absorption bands at 470 and 700 nm (delay time = 4
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us; Figure Sb), as expected for zinc-induced suppression of
photoinduced electron transfer (PeT).

Femtosecond transient absorption spectra of a zinc-free form
in Figure Se show the conversion of the singlet excited state of
HNBO (A = 640 nm) to DPA*" (4,,,, ~ 700 nm), which is
also observed in nanosecond transient absorption spectrum
(Figure Sa). The transient absorption at 470 nm due to
HNBO®™ is not detected because of the limitation of the
detection of absorption shorter than 490 nm. Addition of zinc
ions suppresses formation of DPA** (4., = 700 nm) as shown
in Figure 5f. Taken together, the results obtained by
nanosecond and femtosecond laser flash photolysis reveal
occurrence of intramolecular PeT from DPA to HNBO in the
zinc-free state. Since PeT is generally considered to generate a
nonemissive charge-separated state (CS; ie, HNBO®* —
DPA*®*), suppression of PeT by zinc coordination is responsible
for the fluorescence turn-on of HNBO—DPA.

Cyclic voltammograms shown in Figure 6 also suggest zinc-
induced modulation in PeT. HNBO—DPA possesses peaks at
1.11 and 1.62 V (vs SCE) which correspond to oxidation of
DPA and HNBO, respectively. These oxidation peaks are also
observed in differential pulse voltammetry (SI, Figure S4).
Inserting the experimental values (i.e, E,(DPA/DPA®") = 1.11
V; E_(HNBO/HNBO®") = —0.75 V (SI, Figure S5); AEy, =
3.59 eV) into the Rehm—Weller equation®” yields a positive
driving force for PeT (—AGp,r = 1.73 €V).**** Although the
value of the driving force includes an experimental error of
+0.1 eV because the irreversible oxidation and reduction of
HNBO—-DPA, the PeT process is highly exergonic. As
expected, addition of zinc ions (S equiv) suppresses the
oxidation of the free DPA moiety at 1.11 V (Figure 6), whereas
only HNBO oxidation is observed before the solvent oxidation.
An ability of DPA for a photoinduced electron donor is
therefore lost by the zinc coordination, leading to the
fluorescence turn-on.

DFT/TD-DFT Calculations. The steady-state and transient
photophysical measurements and electrochemical character-
izations establish the PeT mechanism for the zinc-induced
fluorescence turn-on. To gain additional structural insight into
the mechanism, DFT/TD-DFT calculations (B3LYP/6-31+G-
(d,p)//uB3LYP/6-31+G(d,p)) were carried out. TD-DFT
calculations with uB3LYP/6-31+G(d,p) were previously
employed to predict influence of zinc binding in fluorescent
sensors.”> Figure 7 depicts calculated geometry of neutral and
deprotonated forms of HNBO and HNBO-DPA, and a
deprotonated zinc complex of HNBO—DPA ([Zn(HNBO—
DPA)]*). Crystal structure geometry of [Zn(HNBO—DPA)]*
is shown for comparison. It should be noted that while the
crystal structure of [Zn(HNBO—DPA)]** maintains proton of
naphthol, steady-state photophysical results strongly suggest
deprotonation in solution state (vide supra).

Molecular orbitals participating in the lowest energy singlet
transition are displayed, and electronic transitions calculated by
TD-DFT methods are summarized in Table 2. Transition
energies calculated for the singlet excited state (S;) are 327 nm
for neutral forms of HNBO and HNBO-DPA, but their
transition characters are markedly different. The S, state of an
enol form of HNBO is constructed by 7—z* transition of the
HNBO unit (LC), whereas a DPA-to-HNBO charge-transfer
(LpLyCT) transition and an intramolecular charge-transfer
(IzCT) transition at the HNBO part are responsible for S, state
of HNBO—DPA. Meanwhile, zinc coordination to HNBO—
DPA ([Zn(HNBO-DPA)]**) suppresses this contribution of

dx.doi.org/10.1021/ic300476e | Inorg. Chem. 2012, 51, 8760—8774
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Figure S. Transient absorption spectra of CH;CN solutions containing HNBO—DPA measured at 4 ys after nanosecond laser excitation at 4., = 355
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DPA (LpLyCT), resulting in -orbitals of HNBO being
dominant for the occupied orbital (HOMO). Thus, a
significant difference in the transition character (ie., a 7—z*
transition of the HNBO (LyC) and a HNBO-to-DPA charge
transfer transition (LyLpCT)) is identified for the singlet
transition of [Zn(HNBO—DPA)]*". Despite the slight red shift
compared to those (327 nm) of HNBO and HNBO—DPA,
transition energy (388 nm) of [Zn(HNBO—DPA)]** is still
higher than that experimentally observed (Figure 1).
Deprotonation of naphthol destabilizes molecular orbitals,
among which, HOMO occurring at naphtholate is preferentially
affected (Figure 7). Corresponding S, state energy decreases in
all cases: 553, 552, and 537 nm for deprotonated forms of
HNBO (HNBO-), HNBO—DPA (HNBO—DPA"), and a zinc
complex of HNBO-DPA ([Zn(HNBO—DPA)]*), respec-
tively. This prediction is in accordance with the observation
for zinc- (Figure 1) and base-induced (Figure 4) spectral
changes. In particular, the deprotonated species including
[Zn(HNBO—DPA)]" possess a charge-transfer transition (i.e.,
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intramolecular naphtholate to the whole HNBO unit charge-
transfer transition, IyCT) that may account for the
distinguished solvatochromism (Figure 3c).

Fluorescence Turn-On Mechanism. Taking the results
into account, the following conclusions can be drawn:

(1) A deprotonated form of HNBO, 2-(2"-benzoxazolyl)-3-
naphtholate, is responsible for the fluorescence enhance-
ment and the new band in the UV-—vis absorption
spectrum.

Intramolecular PeT from DPA to HNBO occurs to
generate a nonemissive charge—separated (CS) state.
The deprotonation is facilitated by zinc coordination.

)

©)
(4) The intramolecular PeT is suppressed by zinc
coordination.

The most plausible mechanism that accounts for the zinc-
induced fluorescence turn-on is depicted in Figure 8. In the
absence of zinc, complete or partial photoinduced excited-state
electron transfer from DPA to HNBO occurs to generate a
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Figure 6. Cyclic voltammograms of HNBO, DPA, HNBO—DPA, and
zinc complex of HNBO—DPA. Measurement conditions are described
in the Experimental Section, and peak potentials are summarized in
Table 1.

nonemissive charge-separated (CS) state. In contrast, zinc
coordination to DPA suppresses the electron transfer to
prohibit the generation of the CS state. At the same time, zinc
coordination promotes deprotonation of the naphthol group. In
deprotonated state, photoinduced electron transfer from DPA
to HNBO becomes thermodynamically unfavorable due to
decreased reduction potential of HNBO~ (i.e.,
—AGp(HNBO™—DPA — HNBO>* —DPA**) < 0). Collec-
tively, zinc binding effectively suppresses occurrence of PeT by
combined influences of deprotonation (decreasing reduction
potential of the electron acceptor, HNBO) and the

Table 2. Summary of TD-DFT Calculation Results for
Neutral and Deprotonated Forms of HNBO, HNBO—DPA,
and Zinc Complex of HNBO—DPA

transition transition

state  energy (nm)  participating MO character”
HNBO” S, 327 (0.7258)° HOMO — 1 — LyC
LUMO (0.67)¢
HNBO~* S, 553(0.1918) HOMO — LUMO I,CT
(0.71)
HNBO-DPA” S, 327 (0.6669) HOMO — 2 — LpLyCT +
LUMO (0.67) 1I,CT
HNBO— S, 552(0.1273) HOMO — LUMO [ICT +
DPA~Y (0.70) LyLpCT
[Zn(HNBO- S, 388 (0.1291) HOMO — LUMO LyC +
DPA)** € +1(0.59) LyL,CT
[Zn(HNBO- S, 537 (0.0028) HOMO — LUMO LyL,CT
DPA)]*? (0.70)
S, 490 (0.0262) HOMO — LUMO I,CT +
+2 (0.70) LyL,CT
S, 387 (00127) HOMO -1 — LyLpCT
LUMO (0.70)

“LyC (HNBO-centered z—z* transition), I[;CT (intramolecular
charge-transfer transition of HNBO), LpLyCT (DPA-to-HNBO
charge-transfer transition), and LyL,CT (HNBO-to-DPA charge-
transfer transition). bOdptimized geometry (B3LYP/6-31+G(d,p)).
“Oscillator strength. “Expansion coefficient. °Crystal structure
geometry.

coordination to DPA (increasing oxidation potential of the
electron donor, DPA), leading to fluorescence turn-on.

Zinc Sensing in pH 7.0 Buffers. The zinc sensing
capability of HNBO—DPA has been examined in pH 7.0
buffers (25 mM PIPES). UV—vis absorption spectrum of a
buffer solution containing a zinc-bound form of HNBO—DPA

LUMO (1.39) »="
——————  HOMO (-1.25) —_—
LUMO (-2.10) LUMO (-2.07)
| HOMO-2 (-6.20)

HOMO-1 (-6.26)

Energy (eV)

HNBO HNBO™ HNBO-DPA

S5

LUMO (1.14)

HOMO (-1.52)

foxis

HNBO-DPA™

LUMO+2 (-4.41)
E , LUMO (-4.68)
LUMO+1 (-7.40)

HOMO (-7.40)

&

HOMO (11,09 ot

2

[Zn(HNBO-DPA)?* [Zn(HNBO-DPA‘)]'

Figure 7. Isosurface (0.020 electron bohr™>) of molecular orbitals participating in the lowest energy singlet states for the neutral and deprotonated
forms for HNBO, HNBO—DPA, and a zinc complex of HNBO—DPA ([Zn(HNBO—DPA)]**).
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(10 uM, 1 equiv of ZnCl,) is identical to that observed in
CH;CN (Figures la and 9a), which indicates zinc-induced
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Figure 9. (a) UV—vis absorption spectrum of HNBO—DPA (10 M)
in the presence of ZnCl, (1 equiv). (b) Fluorescence spectral change
(Aex = 340 nm) of HNBO—DPA with the continuous addition of
ZnCl, (0—2 equiv). (c) A titration isotherm plotting fluorescence
intensity of HNBO—DPA as a function of free zinc concentration.
Zinc-buffered solutions of pH = 7.4 were used for measurements. (d)
Fluorescence competitive assay (1., = S00 nm) of a zinc complex of
ZP1 solution (10 uM; [ZnCl,],44.a/[ZP1] = 2) by the addition of
HNBO-DPA (0—S5 equiv). pH 7.0 buffer solutions (25 mM PIPES)
were used for measurements except c.

deprotonation of naphthol. Response of the probe to zinc ions
results in a 44-fold fluorescence increase without a spectral shift
(Figure 9b; A, = S35 nm). A binding titration isotherm
plotting integrated fluorescence intensity as a function of total
zinc concentration reveals 1:1 binding (SI, Figure S6a). A Job’s
plot confirms this binding stoichiometry (SI, Figure S6b). A
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dissociation constant (Kj) for zinc binding was determined by
employing zinc-buffered solutions (100 mM HEPES, 100 mM
NaNO;, 10 mM HEDTA, and 0.59—10 mM total ZnCl,; pH
7.4). Using a mathematical model for a 1:1 equilibrium,86 a Ky
value was determined to be 12 pM (Figure 9c). Such a tight
zinc binding property can be rationalized by the pentacoordi-
nate chelate structure (Figure 2). Validity of the Ky value was
further assessed by a fluorescence competitive assay. In this
study, HNBO—DPA (0—S5 equiv) was continuously added to a
pH 7.0 buffer solution (25 mM PIPES) containing ZnCl, (2
equiv) and a fluorescence turn-on zinc sensor, Zinpyr-1 (ZP1),
which was established by Lippard and co-workers (10 xM).*’
The solution containing probes was excited at S00 nm where
HNBO-DPA and its zinc complex do not absorb but ZP1 and
its complex do. K4 values of ZP1 were previously determined to
be 0.04 pM and 12 nM (Scheme 2).*® Since the zinc
dissociation constant of HNBO—DPA is 12 pM, free HNBO—
DPA can take out a more weakly bound zinc ion (Ky = 1.2 nM)
that is coordinated to ZP1. As expected, addition of HNBO—
DPA to the mixture decreases the fluorescence intensity of a
zinc complex of ZP1, but the fluorescence intensity of the
mixture was not restored to that of a zinc-free form of ZP1
(Figure 9d) because a more tightly bound zinc ion (K; = 0.04
pM) is still bound to ZP1. The fluorescent limit of detection of
HNBO-DPA for zinc is 2.3 pM as determined by the three
sigma method.

Most interestingly, the fluorescent zinc sensing ability of
HNBO-DPA is not affected by pH changes between 3 and 10
(Figure 10a). The huge fluorescence turn-on is conserved in
buffer solutions at various pH (Figure 10b; pH 7.0, 100 mM
PIPES; pH 8.0, 100 mM HEPES (N-(2-hydroxyethyl)-
piperazine-N'"-(2-ethanesulfonic acid)); pH 9.5, 100 mM
CHES (2-(cyclohexylamino)ethanesulfonic acid); pH 11, 100
mM CAPS (3-(cyclohexylamino)-1-propanesulfonic acid)).
Since prominent proton-induced fluorescence turn-on is
typically observed for fluorescent sensors relying on PeT, lack
of the proton-induced interferences of HNBO—DPA is of great
importance. This favorable feature is, however, in contrast to
the case observed in acetonitrile (Figures 4b and d). According
to the photophysical mechanism (Figure 8), deprotonation of
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Scheme 2. Fluorescence Competitive Assay of HNBO—DPA
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Figure 10. (a) pH titration of HNBO—DPA and its zinc complex. A 10 M portion of HNBO—DPA was dissolved in milli-Q water containing 100
mM KCl, and pH was adjusted by using KOH and HCl standard solutions. (b) Fluorescence zinc (S equiv) response of HNBO—DPA (10 M) in
buffered solutions: pH 7.0, 100 mM PIPES; pH 8.0, 100 mM HEPES; pH 9.5, 100 mM CHES; pH 11, 100 mM CAPS.

Scheme 3. pH Effect on the Fluorescence of HNBO—DPA
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HNBO moiety should produce fluorescence turn-on, which is
clearly not the case for aqueous solutions.

These considerations lead us to suggest that PeT is not solely
responsible for the fluorescent zinc response in aqueous
solutions. It is speculated that nonradiative twisted intra-
molecular charge transfer (TICT) occurs in the deprotonated
form. TICT deactivation of fluorescence emission was observed
in protic solvents for deprotonated form of ESIPT-active 2-(2"-
hydroxyphenyl)benzimidazole®* and its derivatives.”® In
addition, TICT is supported by our DFT and TD-DFT
calculations which predict dihedral distortion for the deproto-

8768

nated state of HNBO—DPA (S], Figure S7). By contrast, TICT
would be completely prohibited in the zinc-bound form. The
observation that neither protonation to DPA (at low pH) nor
deprotonation of naphthol (at high pH) affects fluorescence
intensity of HNBO—DPA indicates the minimized proton
interference. That is, fluorescence of the deprotonated species
is quenched by TICT at high pH, while nonradiative PeT
occurs to quench the emission at low pH. The overall effect is
weak fluorescence emission over the wide pH range (Scheme
3). This is in sharp contrast to the zinc case, wherein zinc
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coordination suppresses PeT and TICT, producing bright
fluorescence emission.

HNBO—DPA shows exclusive fluorescence response to zinc
ions among biologically relevant metal ions (Figure 11); Na*,

1.2

[ metal-free
I + metal
I + zinc =

08} L
06} i 1
04} d

02 -

Integrated fluorescence intensity (a.u.)

0.0

Na Mg K Ca Mn Fe Co Ni Cu Cd Hg

Figure 11. Fluorescent zinc ion selectivity of HNBO—DPA (10 uM):
light gray bar, fluorescence intensity of the zinc-free form; gray bar,
fluorescence intensity in the presence of metal ion (Na*, Mg*, K%,
Ca" ions, 100 equiv; other metal ions, 1 equiv to HNBO—DPA);
black bar, fluorescence intensity after subsequent addition of zinc ion
(1 equiv) to the mixture. pH 7.0 buffer solutions (25 mM PIPES) were
used for measurements.

Mg*, K¥, Ca**, Mn*", Co*", and Ni** ions do not interfere the
fluorescent zinc response. To our surprise, the sensor
discriminates zinc ions in the presence of tightly binding
transition metal ions. Actually, HNBO—DPA exhibits fluo-
rescent zinc response over divalent Cu**, Fe?*, Cd**, and Hg*"
ions, which are known to bind stronger than zinc according to
the Irving—Williams series. The pentacoordinated chelate
disposition of HNBO—DPA may account for the improved
zinc selectivity (Figure 2).

Fluorescent Detection of Intracellular Zinc lons. We
have shown above the ability of HNBO—DPA in detecting zinc
ions. To evaluate in vivo zinc bioimaging utilities, HNBO—
DPA (S uM) was incubated with live AS49 (human lung
carcinoma) and HeLa (human cervix adenocarcinoma) cells
that were supplied with exogenous zinc ions (5 yM) by means
of sodium pyrithione as a zinc carrier. It is found that while cells
incubated with HNBO—DPA alone display very weak back-
ground fluorescence, zinc-treated cells exhibit strong fluo-
rescence (Figure 12). As expected for a zinc-responsive sensor,
incubation with a membrane-permeable zinc ion chelator,
TPEN (N,N,N',N"-tetrakis(2-picolyl)ethylenediamine),”" re-
duces fluorescence intensity, indicating that the fluorescence
signals are consequence of the response to intracellular zinc
ions. The results obtained from cell experiments show that
HNBO—-DPA is cell-permeable and can monitor intracellular
zinc ions effectively.

Encouraged by the fluorescent imaging of intracellular zinc
ions, HNBO—DPA was applied to monitor intact zinc ions
released from cells that undergo apoptosis. It has been known
that free zinc ions are released from intracellular metal-
loproteins during apoptosis and can be detected with
fluorescent probes for zinc ions.”***** A549 and Hela cells
were exposed to H,O, (100 #M)* or apoptozole (10 uM)**
for 24 h, which are known to induce apoptosis, and
subsequently incubated with HNBO—DPA for 1 h. The results
of microscopic analysis show typical morphology of apoptotic
cells (SI, Figure $8)°° and display bright fluorescence signals
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5 M HNBO-DPA + 5 iM ZnClz/NaPT

+ 50 M TPEN

(a) A549

(b) HelLa

Figure 12. Detection of zinc ions in live mammalian cells with
HNBO-DPA. Fluorescence microscope images of AS49 (a) and HeLa
(b) cells. Cells were incubated with S uM HNBO—DPA for 1 h in the
absence (left) and presence (middle) of S uM ZnCl,/sodium
pyrithione. Cells pretreated with 50 uM TPEN were incubated with
S uM HNBO-DPA and S uM ZnCl,/sodium pyrithione (right). Scale
bars = 25 um.

(Figure 13). To confirm that fluorescence turn-on was due to
response of HNBO—DPA to released zinc ions, cells exposed
to H,0, (100 M) or apoptozole (10 uM) for 24 h were
treated with TPEN (50 uM) for 1 h before treatment with the
probe. Indeed, TPEN remarkably attenuates the bright
HNBO-DPA fluorescence (Figure 13), indicating that the
probe detects free zinc ions released during apoptosis.
Fluorescent Detection of Endogenous Zinc lons in
Zebrafish. Zebrafish have been widely used as an animal
model to demonstrate detection of a variety of biological ions
and molecules using fluorescent probes due to permeability to
exogenously supplied comgounds and suitability to fluores-
cence microscopy.*"?*?71% We therefore employed HNBO—
DPA to trace the distribution of endogenous zinc ions in live
zebrafish. Zebrafish embryos were incubated with 5 uM
HNBO-DPA at various time points during early development.
At 18 h post fertilization (hpf) of the embryo, a green-spotted
band was seen in the bottom of the venter (Figure 14a).*0101
During development, the necklace-like green-spotted band was
brighter and moved to the top of the venter until 48 hpf
(Figures 14b and c). After 60 hpf, scattered bright spots were
distributed around the pericardial sac (Figures 14d and e).
However, the treatment of 48 h-old zebrafish with 100 yM
TPEN resulted in the disappearance of the green spots (yellow
boxes in Figures 14f and g), suggesting that the green
fluorescent band may result from endogenous zinc pools in
fish. This observation is quite similar with results obtained
previously.*'®" Abnormal developmental defects were not
observed in zebrafish treated with HNBO—DPA, showing that
the zinc probe is biologically orthogonal. Results obtained from
animal studies demonstrate the usefulness of HNBO—DPA for
detecting biologically relevant ions in living organisms.

lll. EXPERIMENTAL SECTION

Materials and Synthesis. Materials obtained from commercial
suppliers were used without further purification unless otherwise
stated. All glassware, syringes, magnetic stirring bars, and needles were
thoroughly dried in a convection oven. Reactions were monitored
using thin layer chromatography (TLC) with commercial TLC plates
(silica gel 60 F,g,, Merck Co.). Silica gel column chromatography was
performed with silica gel 60 (particle size 0.063—0.200 mm, Merck
Co.). 'H and *C NMR spectra were recorded on a Bruker Avance 300
spectrometer. High resolution mass spectra were acquired by
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+100 uM H202
+ 50 uM TPEN

5 M HNBO-DPA  +100 pM Hz02

+10 uM apoptozole

+10 pM apoptozole  + 50 uM TPEN

(a) A549

(b) HelLa

Figure 13. Detection of endogenous zinc ions released during apoptosis using HNBO—DPA. Fluorescence microscope images of AS49 (a) and
HeLa (b) cells. Cells were exposed to 100 uM H,0, or 10 uM apoptozole for 24 h to induce apoptosis. Then, cells were incubated with 5 yM
HNBO-—DPA for visualization. Cells were additionally treated with 50 #M TPEN to confirm specific zinc response of HNBO—DPA. Scale bars = 25

pm.

Figure 14. Detection of endogenous zinc ions in zebrafish with HNBO—DPA. Fluorescence microscope images of (a) 18, (b) 24, (c) 48, (d) 60, and
(e) 72 h-old zebrafish incubated with HNBO—DPA for 1 h: (top panels) bright field images; (bottom panels) fluorescence microscope images.
Yellow boxes show magnified images. Fluorescence microscope images of 48 h-old zebrafish incubated with HNBO—DPA for 1 h in the absence (f)

and presence (g) of 100 uM TPEN. Scale bar = 250 ym.

employing a JEOL JMS-600W/JMS-700GC and an Applied
Biosystems Tempo nano HPLC/QSTAR Elite spectrometers.
Elemental analyses were performed on a CE Instrument EA1110
instrument. ZP1 was prepared according to the established method.®”

2-(2’-Hydroxy-3’-naphthyl)-4-methylbenzoxazole (HNBO,
3). 3-Hydroxy-2-naphthoic acid (2.00 g, 10.6 mmol) and 2-amino-
m-cresol (1.31 g, 10.6 mmol) were suspended in polyphosphoric acid
(10.0 g) and heated overnight at 160 °C. The reaction mixture was
cooled to room temperature and poured onto 300 mL of water. After
neutralization, the mixture was filtered and washed with water. Silica
gel column purification with ethyl acetate:n-hexane (1:50, v/v) and
subsequent recrystallization in ethyl acetate gave 1.04 g of orange
needles (35%). 'H NMR (300 MHz, CDCl,) &: 2.66 (s, 3H), 7.20 (d,
1H, ] = 3.8 Hz), 7.28—7.37 (m, 2H), 7.45—7.51 (m, 3H), 7.72 (d, 1H,
J=4.1Hz),7.87 (d, 1H, ] = 4.1 Hz), 8.61 (s, 1H), 11.39 (s, 1H). °C
NMR (75 MHz, CDCL,) &: 16.7, 108.2, 111.8, 113.0, 124.2, 125.8,
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125.9, 1267, 127.7, 128.6, 128.7, 1289, 1304, 136.8, 139.6, 149.3,
154.5, 162.0. HRMS (EI, positive) caled for C;sH;NO, (M),
275.0946; found, 275.0944. Anal. calcd for C;gH 3NO,: C, 78.53; H,
4.76; N, 5.09. Found: C, 78.51; H, 4.74; N, S.11.
2-(2’-Methoxymethyloxy-3’-naphthyl)-4-methylbenzoxa-
zole (4). Chloromethyl methyl ether (2.1 mL, 27 mmol) was added to
a CH,Cl, solution (100 mL) containing 3 (1.0 g, 3.6 mmol) and
diisopropylethylamine (4.7 mL, 27 mmol) at 0 °C. The mixture was
refluxed overnight. Water was poured into the solution and the
product was recovered with CH,Cl, (100 mL, three times). The
extracted organic layer was dried over anhydrous MgSO, and
evaporated to afford 0.95 g of the desired product (82%). '"H NMR
(300 MHz, CDCl,) &: 2.72 (s, 3H), 3.61 (s, 3H), 5.44 (s, 2H), 7.17 (4,
1H, J = 3.8 Hz), 7.27 (t, 1H, ] = 7.8 Hz), 7.40—7.46 (m, 2H), 7.53 (t,
1H, J = 7.9 Hz), 7.57 (s, 1H), 7.79 (d, 1H, J = 4.1 Hz), 7.90 (d, 1H, ] =
3.8 Hz), 8.62 (s, 1H). *C NMR (75 MHz, CDCL,) 6: 16.9, 56.7, 95.6,
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108.1, 1119, 119.1, 125.0, 125.1, 1252, 127.1, 128.3, 128.8, 129.0,
131.0, 132.7, 135.7, 141.5, 150.9, 152.9, 161.3. HRMS (ESI, positive)
caled for CogH,NO; ([M + HJ?), 320.1287; found, 320.1277.

4-Bromomethyl-2-(2’-methoxymethyloxy-3'-naphthyl)-
benzoxazole (5). A CCl, solution (100 mL) of 4 (0.94 g, 2.9 mmol),
N-bromosuccinimide (0.53 g, 2.9 mmol), and azobisisobutyronitrile
(0.024 g, 0.15 mmol) was refluxed overnight under an Ar atmosphere.
The reaction mixture was cooled to 0 °C and resulting precipitates
were removed by filtration. The filtrate was concentrated under
vacuum and reprecipitated in methanol (100 mL) to afford 0.84 g of
white powder (72%). "H NMR (300 MHz, CDCL,) &: 3.63 (s, 3H),
4.99 (s, 2H), 545 (s, 2H), 7.36 (t, 1H, J = 7.5 Hz), 7.38—7.46 (m,
2H), 7.52—7.58 (m, 3H), 7.79 (d, 1H, ] = 4.1 Hz), 7.92 (d, 1H, ] = 4.0
Hz), 8.67 (s, 1H). *C NMR (75 MHz, CDCl,) &: 28.0, 56.8, 95.7,
111.0, 112.0, 118.6, 125.3, 125.5, 127.1, 128.5, 128.8, 129.0, 130.0,
133.0, 135.9, 141.0, 151.1, 152.9, 162.3. HRMS (ESI, positive) calcd
for C,0H,,BrNO; ([M + H]"), 398.0392; found, 398.0391.

4-(Di(2-picolyl)aminomethyl)-2-(2’-methoxymethyloxy-3’-
naphthyl)benzoxazole (6). A THF solution (100 mL) of 5 (0.84 g,
2.1 mmol), di(2-picolyl)amine (1.2 mL, 6.4 mmol), and Na,CO; (2.2
g, 21 mmol) was stirred overnight at room temperature. The reaction
mixture was concentrated under vacuum and poured into water. The
organic compounds were extracted with CH,Cl, (100 mL, three
times), which was dried over anhydrous MgSO, and concentrated.
Silica gel column purification with CH,Cl,:methanol (12:1, v/v) gave
0.79 g of yellowish oil (72%). '"H NMR (300 MHz, CDCl,) §&: 3.58 (s,
3H), 3.96 (s, 4H), 4.26 (s, 2H), 5.43 (s, 2H), 7.13 (t, 2H, ] = 5.7 Hz),
7.34—7.46 (m, 2H), 7.50—7.59 (m, 4H), 7.66 (td, 2H, ] = 7.8, 0.8 Hz),
7.74—7.80 (m, 3H), 7.91 (d, 1H, ] = 4.1 Hz), 8.52 (d, 2H, ] = 2.2 Hz),
8.64 (s, 1H). '*C NMR (75 MHz, CDCl,) 8: $3.5, 56.7, 60.5, 95.6,
109.3, 1119, 119.0, 122.1, 123.0, 1247, 125.1, 1252, 127.1, 1283,
1287, 129.0, 131.3, 132.7, 135.8, 136.6, 141.7, 149.2, 151.0, 153.0,
160.3, 161.6. HRMS (ESI, positive) caled for C3,H,0N,O; ([M +
HJ*), 517.2240; found, 517.2238.

4-(Di(2-picolyl)aminomethyl)-2-(2’-hydroxy-3'-naphthyl)-
benzoxazole (HNBO-DPA, 7). 6 (0.79 g 1.5 mmol) and p-
toluenesulfonic acid monohydrate (1.3 g, 6.7 mmol) were dissolved in
methanol (100 mL) and stirred overnight at room temperature. The
reaction mixture was concentrated under vacuum and then poured
into water. The solution was neutralized by K,CO;. The organic
compounds were extracted with CH,Cl, (100 mL, three times), dried
over anhydrous MgSO,, and concentrated. Silica gel column
purification with CH,Cl,:methanol (12:1, v/v) gave 0.35 g of white
powder (49%). "H NMR (300 MHz, CDCl,) &: 3.91 (s, 4H), 4.16 (s,
2H), 7.15 (t, 2H, ] = 5.7 Hz), 7.34—7.42 (m, 2H), 7.47—7.57 (m, 4H),
7.65—7.76 (m, SH), 7.89 (d, 1H, J = 42 Hz), 8.53 (d, 2H, J = 2.4 Hz),
8.64 (s, 1H), 11.27 (s, 1H). *C NMR (75 MHz, CDCl,) §: 53.9, 60.5,
109.6, 111.8, 112.9, 122.2, 123.0, 1242, 125.8, 1262, 126.7, 127.7,
128.6, 128.8, 128.9, 130.7, 136.8, 136.9, 139.7, 149.3, 149.5, 154.5,
159.8, 162.4. HRMS (FAB, positive) caled for C3,H,sN,0, ([M +
H]*), 473.1978; found, 473.1982. Anal. caled for C;H,,N,O,: C,
76.25; H, 5.12; N, 11.86. Found: C, 76.24; H, 5.12; N, 11.85.

X-ray Crystallography. A single crystal of [Zn(HNBO—DPA)]-
(ClO,),"CH;CN was picked from an CH,CN solution and mounted
on a goniometer head. Data collections were carried out on a Bruker
SMART AXS diffractometer equipped with a monochromator in the
Mo Ka (4 = 071073 A) incident beam. The CCD data were
integrated and scaled using a Bruker-SAINT software package, and the
structure was solved and refined using SHEXTL V 6.12."%% All non-
hydrogen atoms were refined with anisotropic thermal parameters.
Hydrogen atoms were located in the calculated positions except for
H33, which was found from the Fourier difference map. Crystal data
for [Zn(HNBO—DPA)](CIO,),-CH;CN: Cy,H,,Cl,N.O,,Zn, Mono-
clinic, P2(1)/c, Z = 4, a = 10.9325(2), b = 16.4960(3), c = 18.1446(3)
A, p=107.2770(10)°, V = 3124.60(10) A3, u = 1.027 mm™, pq =
1.654 g/cm’, R, = 0.0296, wR, = 0.1069, GOF = 0.951 for 7180
unique reflections and 456 variables. The crystallographic data for
[Zn(HNBO-DPA)](ClO,),"CH,CN are listed in Table S1 of the
Supporting Information, and Table S2 of the Supporting Information
lists the selected bond distances and angles. CCDC-831430 for

8771

[Zn(HNBO—DPA)](ClO,),-CH;CN contains the supplementary
crystallographic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/data_request/cif (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge
CB2 1EZ, UK; fax (+44) 1223—336—033 or deposit@ccdc.cam.ac.uk).

Spectroscopic Measurements. Milli-Q grade water (18.2
MQ-cm) was used to prepare solutions for spectroscopic measure-
ments. PIPES (piperazine-N,N"-bis(2-ethanesulfonic acid), >99%) was
purchased from Aldrich. A pH 7.0 buffer solution was prepared by
dissolving PIPES (25 mM) in milli-Q water and adjusting the pH with
a standard KOH solution (45 wt %, Aldrich) or an HCl solution (1 N,
Aldrich). The buffer solution was further treated with Chelex100 resin
(BIO-RAD) to remove trace metal ions and filtered through a
membrane (pore size = 0.45 um). pH of the buffer solution was
reexamined before use. Fresh metal stock solutions (typically, 0.1 or
0.01 M) were prepared in milli-Q water using the corresponding
chloride salts: NaCl (>99.5%, Aldrich), KCI (puratonic grade,
Calbiochem), MgCl, (99.99%, Aldrich), CaCl, (99.99%, Aldrich),
MnCl, (99.99%, Aldrich), FeCl, (99.99%, Aldrich), CoCl, (99.9%,
Aldrich), NiCl, (99.99%, Aldrich), ZnCl, (99.999%, Aldrich), CuCl,
(99.999%, Aldrich), CdCl, (99.999%, Aldrich), and HgCl, (99.999%,
Aldrich). A TPEN solution was prepared by dissolving N,N,N',N'-
tetrakis(2-picolyl)ethylenediamine (>99%, Sigma) in DMSO (99.9%,
Aldrich). Zn(ClO,),-6H,0 (Aldrich) was dissolved in CH,CN
(spectrophotometric grade, Aldrich) to 1 mM and 10 mM
concentration. The sensor for aqueous solutions was dissolved in
DMSO to a concentration of 10 mM. The sensor solution was
partitioned into Eppendorf centrifuge tubes and stored frozen. For
spectroscopic measurements, the sensor solution was thawed just
before experiments. Typically, 3 mL of pH 7.0 PIPES buffer and 3 yL
of the sensor solution (10 mM) were mixed to give a 10 #M solution.
CH,CN solutions (spectrophotometric grade, Aldrich) of the sensor
(10 uM) were freshly prepared before measurements. A 1 cm X 1 cm
fluorimeter cell (Hellma) was used for steady-state optical measure-
ments. UV—vis absorption spectra were collected on a Varian Cary 50
spectrophotometer and a Shimadzu UV-1650PC spectrophotometer at
room temperature. Fluorescence spectra were obtained by using a
Varian Cary Eclipse fluorescence spectrophotometer and a Quanta
Master 40 scanning spectrofluorimeter at room temperature. The
solutions were excited by using an excitation beam at 340 nm
throughout fluorescence measurements unless otherwise indicated. A 3
uL portion of a 1 mM ZnCl, or Zn(ClO,), solution was added per
each titration step. pH titrations of fluorescence intensity were
conducted with KOH solutions (milli-Q water, pH = 12) containing
KCl (100 mM) and the sensor (10 M) by the addition of aqueous
HCI solutions (6, 2, 1, 0.5, 0.1, or 0.05 M). The photoluminescence
quantum yield (®g;) was determined through an absolute method by
employing an integrated sphere. Ar-saturated CH3;CN solutions
containing HNBO—DPA (125 M) with or without zinc ion (2
equiv) were excited by a 420 nm beam and the total emission was
collected for integration. All solutions for photoluminescence
measurements were air-equilibrated except those for measurements
of photoluminescence quantum yields, photoluminescence lifetimes,
and femtosecond and nanosecond transient absorption. Photo-
luminescence lifetime measurements were performed by a Photon
Technology International GL-3300 with a Photon Technology
International GL-302, nitrogen laser/pumped dye laser system
equipped with a four channel digital delay/pulse generator (Stanford
Research System Inc. DGS35) and a motor driver (Photon
Technology International MD-5020). Excitation wavelength was 430
nm using dimethyl-POPOP (Exciton Co., USA) as a laser dye. The
laser pulse of 337 nm was focused at CH;CN solutions of HNBO—
DPA (O.D. = 0.2 at 345 nm) in the absence or presence of zinc ion (2
equiv).

Determination of K. Zinc-buffered solutions (pH 7.4; 100 mM
HEPES, 100 mM NaNO;, and 10 mM HEDTA) were employed to
determine a dissociation constant (K;). The procedure reported by
Nagano and co-workers was modified to prepare 15 solutions of free
zinc concentrations varied from 6.3 fM to 1.0 nM.*® A 3 UL sensor
solution (10 mM, DMSO) was added to each zinc-buffered solution (3
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mL) and kept at least for 3 h. The fluorescence spectrum of the
solution was recorded, and the intensity was calculated by integrating
the spectrum from 430 to 700 nm. A zinc binding titration isotherm
plotting fluorescence intensity was constructed as a function of free
zinc concentration, which was fitted to a 1:1 binding equation.*®

Femtosecond Laser Flash Photolysis. Femtosecond transient
absorption spectroscopy experiments were conducted using an
ultrafast source, Integra-C (Quantronix Corp.), an optical parametric
amplifier, TOPAS (Light Conversion Ltd.), and a commercially
available optical detection system, Helios provided by Ultrafast
Systems LLC. The source for the pump and probe pulses were
derived from the fundamental output of Integra-C (780 nm, 2 mJ/
pulse, and fwhm =130 fs) at a repetition rate of 1 kHz. Here, 75% of
the fundamental output of the laser beam was introduced into TOPAS
which has optical frequency mixers resulting in tunable range from 285
to 1660 nm, while the rest of the output was used for white light
generation. Prior to generating the probe continuum, a variable neutral
density filter was inserted in the path in order to generate stable
continuum, then the laser pulse was fed to a delay line that provides an
experimental time window of 3.2 ns with a maximum step resolution
of 7 fs. An excitation wavelength at 356 nm of TOPAS output, which
are fourth harmonic of signal or idler pulses, was chosen as the pump
beam. As this TOPAS output consists of not only desirable wavelength
but also unnecessary wavelengths, the latter was deflected using a
wedge prism with wedge angle of 18°. The desirable beam was
irradiated at the sample cell with a spot size of 1 mm diameter where it
was merged with the white probe pulse in a close angle (<10°). The
probe beam after passing through a 2 mm sample cell was focused on a
fiber optic cable, which was connected to a CCD spectrograph for
recording the time-resolved spectra (470—800 nm). Typically, 3000
excitation pulses were averaged for 3 s to obtain the transient spectrum
at a set delay time. Kinetic traces at appropriate wavelengths were
assembled from the time-resolved spectral data. All measurements
were conducted at 295 K.

Nanosecond Laser Flash Photolysis. Ar-saturated CH;CN
solutions were excited by Nd:YAG laser (Continuum, SLII-10; 4—6
ns fwhm) at 355 nm with 5 m]J/pulse. Time courses of the transient
absorption were measured by an InGaAs-PIN photodiode (Hama-
matsu 2949) as a detector. The output from the photodiodes and a
photomultiplier tube was recorded with a digitized oscilloscope
(Tektronix, TDS3032; 300 MHz). All experiments were performed at
298 K.

Electrochemical Measurements. Cyclic voltammetry experi-
ments were carried out with a CHI630 B instrument (CH
Instruments, Inc.) using three electrode cell assemblies. Pt wires
were used for working and counter electrodes. An Ag/AgNOj; couple
was employed as a reference electrode. Measurements were carried out
in Ar-saturated CH;CN (3 mL) with tetra-n-butylammonium
hexafluorophosphate (Bu,NPF) as a supporting electrolyte (0.1 M)
at a scan rate of 100 mV/s. The sensor concentration was 1 mM. A
ferrocenium/ferrocene reference was employed. For spectroelectro-
chemical measurements, an Ar-saturated CH;CN solution containing
either HNBO or HNBO—DPA (1 mM) and Bu,NPF, (0.1 M) was
delivered to a 1 cm X 0.5 mm quartz cuvette in which a Pt mesh
working electrode was integrated. A Pt wire and an Ag/AgNOj; couple
were employed for a counterelectrode and a reference electrode,
respectively. UV—vis absorption spectra were recorded under a
negative bias (—2.2 V for HNBO and —2.0 V for HNBO—DPA).

Calculations. Quantum chemical calculations based on density
functional theory (DFT) were carried out using a Gaussian 09
program.'® Ground state geometry optimization and single point
calculations were performed using the B3LYP functional and the 6-
31+G(d,p) basis set. Additional B3LYP calculations with the cc-pVTZ
basis set were performed, and the results were essentially the same
(not shown). Structures of neutral forms were optimized and
frequency calculations were performed to examine stability of the
optimized geometries. The resulting geometries were used as starting
geometries for optimization of deprotonated forms. Geometry of the
zinc-bound HNBO—DPA was extracted from its crystal structure and
used without further optimization. For TD-DFT calculations, the
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unrestricted uB3LYP functional and the identical basis set used for the
geometry optimization were applied. Twenty lowest singlet states were
calculated and analyzed.

Detection of Zinc lons in Live Mammalian Cells with HNBO—
DPA. A549 (human lung carcinoma) and HeLa cells (human cervix
adenocarcinoma) were seeded in a 24-well plate at a density of 2 X 10°
cells per well in culture media (RPMI-1640 supplemented with 10%
fetal bovine serum). After 24 h, S uM HNBO-DPA in the culture
media containing 0.1 vol % DMSO was added to the cells, and the
cells were incubated for 1 h at 37 °C. After washing twice with 400 uL
of Dulbecco’s phosphate buffered saline (DPBS, without calcium and
magnesium) to remove the remaining probe, the cells were further
treated with 5 M ZnCl,/sodium pyrithione in culture media for 0.5 h.
The treated cells were imaged by a fluorescence microscope (Eclipse
TE2000-S, Nikon, Japan). For TPEN experiments, S 4uM HNBO—
DPA in the culture media containing 0.1 vol % DMSO was added to
the cells, and the cells were incubated for 1 h at 37 °C. After washing
twice with DPBS, the cells were treated with 50 uM TPEN for 0.5 h,
washed with DPBS, and then treated with 5 uM ZnCl,/sodium
pyrithione in culture media. The treated cells were imaged by a
fluorescence microscope.

To induce apoptosis, AS49 and HeLa cells were treated with 100
#M H,0, or 10 uM apoptozole in the culture media for 24 h at 37 °C.
The cells were incubated with S uM HNBO-DPA in the culture
media for 1 h at 37 °C. After washing twice with DPBS, the cells were
imaged by a fluorescence microscope. For TPEN experiments, cells
treated with 100 uM H,O, or 10 uM apoptozole were incubated with
50 uM TPEN for 1 h. After washing twice with DPBS, S M HNBO—
DPA in the culture media was added to the cells, and the cells were
incubated for 1 h at 37 °C. Finally the treated cells were rinsed and
imaged by a fluorescence microscope.

Tracing Distribution of Zinc lons in Zebrafish with HNBO—
DPA. Zebrafish were kept at 28 °C and maintained at optimal
breeding conditions.’®® For mating, male and female zebrafish were
maintained in one tank at 28 °C on a 12-h light/12-h dark cycle, and
then, the spawning of eggs was triggered by giving light stimulation in
the morning. Almost all eggs were fertilized immediately. All stages of
zebrafish were maintained in E3 embryo media (15 mM NaCl, 0.5 mM
KCl, 1 mM MgSO, 1 mM CaCl, 0.15 mM KH,PO,, 0.05 mM
Na,HPO,, 0.7 mM NaHCO;, and 5—10% methylene blue; pH 7.5).
Zebrafish embryos at 18, 24, 48, 60, and 72 hpf were incubated with §
uM HNBO—DPA in E3 media containing 0.1 vol % DMSO for 1 h at
28 °C. Alternatively, 48 h-old zebrafish were exposed to 100 M
TPEN in E3 media containing 0.1 vol % DMSO for 1 h at 28 °C. After
washing with E3 media to remove the remaining TPEN, the zebrafish
were further incubated with S yM HNBO—DPA in E3 media for 1 h at
28 °C. The treated zebrafish were imaged by a fluorescence
microscope.

IV. SUMMARY

We have developed a novel fluorescent zinc sensor (HNBO—
DPA) by conjugating an ESIPT chromophore, 2-(2"-hydroxy-
3"-naphthyl)benzoxazole (HNBO), and a zinc-specific di(2-
picolyl)amine (DPA) receptor through a methylene bridge.
Addition of zinc ions induces a strong fluorescence turn-on
without a spectral shift, which is not explained by the typical
ESIPT scheme. The fluorescence of HNBO—DPA is neither
ESIPT keto emission nor normal enol emission. Fluorescence
measurements performed under basic conditions establish that
zinc coordination promotes deprotonation of the ESIPT group.
Nanosecond and femtosecond laser flash photolysis measure-
ments for HNBO—DPA identify zinc-modulated photoinduced
electron transfer (PeT). Cyclic voltammetry experiments
further evidence occurrence of PeT, and positive driving
force (—AGp,r = 1.73 €V) is calculated by the Rehm—Weller
equation. The fluorescence turn-on mechanism is therefore
suppression of PeT, which is strongly supported by DFT/TD-
DFT calculations. In pH 7.0 buffers, the probe displays a 44-
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fold fluorescence turn-on in response to zinc ions with a Ky of
12 pM, which has been further examined by a fluorescence
competitive assay. The fluorescence response of the probe to
zinc ions is conserved over a broad range of pH due to the
unique fluorescence response mechanism of the probe. The
probe is able to detect zinc ions among biologically relevant
metal ions, with particular selectivity to zinc over divalent
transition metal ions. In addition, intracellular zinc ions have
been successfully monitored in live mammalian cells. The zinc
sensing utility has been further extended to visualization of
endogenous zinc ions released from cells that undergo
apoptosis. Furthermore, HNBO—DPA allows for tracing
endogenous zinc-rich pools of zebrafish embryos during the
early development. The work described herein reports the
unique fluorescence zinc response of the ESIPT-based sensor.
The novel photophysical mechanism has been established and
its bioimaging utility is proved to be excellent for the detection
of endogenous zinc ions.
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