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Zinc plays an important role in biological processes. It is implicated in many diseases, including

those affecting the brain. Imaging zinc is becoming crucial to the elucidation of zinc
concentration, distribution, kinetics and functions in cells and tissues. This review highlights
recent advances in the development of picolylamine-based tripodal compounds as zinc sensors,
especially our work in the field of sensing ”invisible” Zn(i1) using steady-state fluorescence,
fluorescence lifetimes and chiroptical spectroscopy. Our approach has emphasized creative ligand

design and detection schemes. Utilizing tris(2-pyridylmethyl)amine-based Ny tripodal ligands has
provided a flexible system for engineering zinc sensors with improved sensitivity, selectivity and
contrast. Also included are results with tripodal ligands that have focused more on applications.

Introduction
Zinc in biology

The coordination sphere of Zn(i) can accommodate the
demands of various ligands: It has a d'° electronic configura-
tion and offers no crystal field stabilization or ligand field
stabilization effects.' It can also switch from four to five or
six coordination without considerable energy changes, making
it highly suitable for enzyme active sites, where the mobility of
coordinating amino acids is restricted.®> Zinc is the second
most abundant transition metal in the body, with the average
human being composed of 2-3 g.* It is employed as a required
cofactor that can stimulate the activities of approximately 300
enzymes.” It is necessary for DNA synthesis® and instru-
mental to growth and development from conception.
However, too much can be harmful,’
ciated with several cytotoxic reactions. Abnormal zinc meta-

because zinc is asso-

“ Department of Chemistry and Physical Sciences, Pace University,
New York, NY 10038, USA. E-mail: zdai@pace.edu

b Department of Chemistry, New York University, New York, NY
10003, USA. E-mail: james.canary@nyu.edu

Zhaohua Dai obtained his BS
in 1996 from Wuhan Univer-
sity, which is located in the
capital city of his home pro-
vince of Hubei in central
China. After gaining his MS
in 1999 from the Chinese
Academy of Sciences in
Beijing, he was admitted to
New York University, where
he received his PhD in chem-
istry in 2004. After a postdoc-
toral stint with Professor
David S. Lawrence at Albert
Einstein College of Medzcme he joined Pace University as an
assistant professor in January 2006. His research interests
include the development of sensing systems for analytes of
environmental, biological and forensic importance.

bolism is associated with many health problems, ranging from
superficial skin diseases to prostate cancer, diabetes and brain
diseases. There is about 0.1-0.5 mM of zinc in brain tissue,
higher than in any other organ.'® A large amount of zinc
accumulates in nerve cells, where the level of ionic Zn(1) is
tightly regulated by zinc transport proteins'' and metallothio-
niens.'? Variations from these requirements are detrimental to
cell survival. Abnormal zinc content has been reported to
induce selective neural cell death associated with several acute
conditions, including epilepsy, transient global ischemia, brain
injury and chronic problems such as Alzheimer’s, Parkinson’s
and Wilson’s diseases, amyotropic lateral scelerosis (ALS) and
some diseases caused by prions.'* 2

Since zinc is so important, imaging zinc, especially so-called
“free zinc”, is becoming crucial to the elucidation of zinc
concentration, distribution, kinetics and functions in cells and
tissues.?> For in vivo imaging, a sensitive and non-invasive
technique is desirable in order to accomplish real-time local
imaging. Different from other transition metal ions such as
Fe(ir), Mn(11) or Cu(1), Zn(11) does not give many spectro-
scopic signals due to its 3d'%4s’ configuration. Common
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spectral techniques such as UV-vis cannot be used. Nuclear
magnetic resonance (NMR) is possible but limited by sensi-
tivity and resolution, in part due to the nuclear quadrupole
moment of Zn(m).>*?® There have been efforts to develop
contrast agents that might enable the MRI imaging of Zn.*’
Some methods, such as sulfide-Ag staining,?® atomic absorp-
tion spectrometry, synchrotron radiation X-ray (SRXRF)
spectrometry®® and microparticle-induced X-ray emission (mi-
cro-PIXE),*® are demanding of special instrumentation or may
be suitable for few biological applications. Fluorescent sensors
for zinc have been studied intensively recently because of their
high sensitivity. Several reviews on fluorescent sensors for zinc
have appeared.?-'*® However, the vast majority of known
fluorescent sensors only produce intensity changes in emission
upon exposure to zinc ions. This review highlights recent
advances in the development of tripodal compounds as zinc
sensors, especially our work in the field of sensing “invisible”
Zn(11) using steady-state fluorescence, fluorescence lifetimes and
chiroptical spectroscopy. Our approach has emphasized creative
ligand design and detection schemes. Also included are results
with tripodal ligands that have focused more on applications.

Tripodal ligands

Small molecule coordination systems are becoming increas-
ingly important in supramolecular chemistry and molecular
recognition. Among them, tripodal ligands have attracted
considerable interest. A tripodal ligand is characterized as a
compound with three coordinating arms. Typically, each of
these arms has one or more donor atoms (N, O, S, P)
connected to an anchoring nitrogen or phosphorous atom by
two or three carbons.*® The pendant coordinating arms may
contain amino, pyridyl, quinolyl, carboxyl, alkoxyl, thioether
and phosphoryl moieties, among others. Tripodal ligands may
also provide an approach for metal sensing by fluorescence.
Several recently reported zinc sensors, developed by several
research groups, have a dipicolyl amine (DPA) fragment.** !
Some tripodal ligands based on its tripodal cousin tris-
(2-pyridylmethyl)amine (TPA, Scheme 1), which possesses four
nitrogen atoms for the ligation of a wide variety of metal ions,
have been prepared in this lab and by others.”>** Applications
of TPA-based tripodal complexes include metalloprotein
models,**®° catalysis and **®” molecular recognition.>>%

One advantage of using chiral tripodal ligands for metal
sensing is that they form complexes with metal ions of a
defined configuration. For example, TPA (Scheme 1) forms
propeller-shaped complexes with transition metal ions such as
Cu(11) and Zn(m). As is shown in Fig. 1, the propeller can adopt
both left- and right-handed C; or achiral Cg; configura-
tions.>**® However, when a methylene proton is substituted
with a methyl to give o-MeTPA (Scheme 1), the S-isomer
predominantly forms a right-handed propeller with metal ions,
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Scheme 1 Structures of TPA and a-MeTPA.

(a) Cs, right-handed, A (b) Cs, left-handed, A

(¢) Cs, achiral

Fig. 1 Possible conformations of TPA, as found in various metal
complexes.>* Reprinted with permission from the American Chemical
Society.

and the R-isomer predominantly forms a left-handed propeller
(Fig. 2). It was found by calculation that there is a 1-2 kcal
mol ™! preference for the anti-conformation. The relationship
between the absolute configuration of the carbon center
dictates the handedness of the propeller twist, as observed
generally in computations and various structural data for
these complexes, including crystallographic structures.®
Therefore, the chirality of ligands can be harnessed to control
the configuration of metal complexes.

Another advantage of chiral ligands is that they can yield
additional spectroscopic information. Their chiral complexes
can yield extra information from NMR, polarimetry, optical
rotary dispersion (ORD) and circular dichroism (CD) mea-
surements. Chiral tripodal TPA analogs can offer another
powerful  tool, exciton-coupled circular  dichroism
(ECCD),”" 7! whose signal is characteristically bisignate
and generally much stronger than induced CD. The bisignate
signal consists of a positive first cotton effect and a negative
second Cotton effect, with a strong amplitude if the transition
moments are arranged in a clockwise orientation, as shown in
Fig. 2. The opposite applies if the transition moments are
arranged in a counterclockwise orientation. Consideration of
the potential chiroptical properties of chiral tripodal ligands
opens up the possibility of developing new analytical methods
to improve sensitivity or contrast.

Tripodal zinc sensors
High zinc sensitivity

Zinc sensors may find a variety of applications. For example,
sensors of image free or vesicular zinc should display

Fig. 2 Left-handed propeller (clockwise orientation of quinoline
transition dipoles) gives rise to a positive couplet in ECCD.
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association constants in the mM range.>* On the other hand,
probes with much higher affinities may be needed to probe
phenomena where the metal is scarce or when competition
with a protein receptor is desired.”

One advantage that tetradentate Ny tripodal ligands offer as
metal sensors is their overall strong binding properties. TPA
binds strongly to both Zn(n1) (log K = 11.0; K = [ML]/[M][L])
and Cu(in) (log K = 16.2) witha 1 : 1 stoichiometry.”* Initially,
a chiral ligand was studied, in which two of the pyridyl
moieties were replaced with quinolyl groups’ to make MeBQ-
PA>® (compound 1, Scheme 2), whose fluorescence was en-
hanced by zinc binding (Fig. 3). Later, we constructed a series
of compounds (Scheme 2)”° containing 8-hydroxyquinoline
(8-HQ), a well-known chromophore and an established ana-
lytical tool for zinc chelation.”® By replacing the pyridyl ring
with 8-HQ on two of the TPA arms, compound 2 was
obtained. Introduction of dimethyl sulfonamide groups to
each of the 8-hydroxyquinolines in compound 2 resulted in
compound 3, which showed an enhanced fluorescence quan-
tum yield. Compound 4, which has two picolyl arms instead of
one, as in compound 3, was also prepared. Compounds 2, 3
and 4 exhibited enhanced fluorescence upon binding Zn(11) and
a high affinity for zinc, with log K = 12.07, 13.07 and 14.34,
respectively. Attachment of another dimethyl sulfonamide
group to the chromophore of compound 4 resulted in com-
pound 5, which showed better fluorescence properties.”” Com-
pound 5 responds to Zn(i), with chelation-enhanced steady-
state fluorescence properties showing sub-picomolar sensitiv-
ity (Fig. 4). The detection limit of 5 was from 10 fM to 1 pM
(log K = 13.29). These highly chelating ligands were designed
to display 1 : 1 M : L stoichiometry, as confirmed by the X-ray
crystallographic structure of [Zn(5)] and strong sensitivity for
Zn(u1) (similar to or better than TPA). The mechanism of
fluorescence enhancement is complex: 8-HQ compounds are
poorly fluorescent (quantum yield @ = 2%), in part due to
photoinduced electron transfer (PET) involving the lone pair
of the tertiary nitrogen and in part due to excited-state proton
transfer (ESPT) caused by the phenolic proton and the nitro-
gen of 8-HQ.”® Upon complexation of Zn(i), the lone pair of
the tertiary nitrogen is coordinated to the metal, thereby
eliminating PET. In addition, metal complexation results in
the loss of the phenolic proton, eliminating ESPT. Aggrega-
tion also plays a role in the fluorescence enhancement
mechanism.
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Scheme 2 Quinoline- and 8-hydroxyquinoline-based tripodal Zn(ir)
Sensors.
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Fig. 3 Fluorescence spectra of MeBQPA and complexes with
Zn(ClOy),, Cd(NO3),, Cu(ClOy), and FeCl, in aqueous HEPES buffer
at pH 7.09. Adapted from ref. 55.

Improved Zn(i)/Cu(m) selectivity

One issue that haunts analyte recognition is interference by
other metal ions. Many reported fluorescent chemosensors for
Zn(u) suffer from interference by the binding of Cu(u),*>”’
which commonly forms more stable complexes than Zn(i)
with many ligands.**3#! For example, recognition of Zn(i)
by compound 1 benefited from both fluorescence enhancement
as well as chiroptical signal increase. However, Cu(i) was a
significant competitor for Zn(1) in that system.>®

Modulation of achiral metal ion behavior by the stereocon-
trol of organic ligands is not without precedence.® ¢ A
combination of ligand geometry and stereocontrolled substi-
tution can lead to improved Ag™ affinity in some podand
ligands bearing pyridine moieties and two chiral arms.®*%’
Open chain TPA analogs with two chiral arms have been used
to tune lanthanide luminescence.®>

We have developed an approach to engineering improved
Zn(m)/Cu(m) selectivity by controlling ligand stereochemis-
try.®® The design of a selective ligand for a metal ion must
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Fig. 4 Fluorescence enhancement of 5 as a function of Zn(ir) con-
centration. Inset: Fluorescence as a function of added Zn(i1) moni-
tored at 485.5 nm.
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Scheme 3 Design of rigid chiral scaffolds.

involve a high degree of preorganization for the specific metal
ion, and also a high degree of mismatch for competing metal
ions. Due to its closed shell configuration, Zn(i), like Cu ™ B
not strongly influenced by constraints in its coordination
configuration. Therefore, it is necessary to make a ligand that
has a high degree of preorganization to mismatch Cu(i). As a
d® metal, the bonding in Cu(ir) complexes is partially covalent,
and it prefers 4-coordinate square planar and S5-coordinate
square pyramidal geometries to tetrahedral and trigonal bi-
pyramidal geometries.! C; or pseudo-C; symmetrical N-con-
taining TPA derivatives bind Cu(i1) much better than Zn(11), as
predicted by the Irving-Williams series.®” At the same time,
their conformational behavior naturally favor metal ions with
a trigonal bipyramidal geometry. To accommodate Cu(in), this
trigonal bipyramidal configuration is often distorted to re-
semble a square pyramidal geometry. However, we can con-
struct tripodal ligands that are incapable of adapting to a
planar geometry but could readily accommodate tetrahedral
or distorted tetrahedral geometries.”®

To improve the Zn(i)/Cu(1) selectivity of TPA-based sen-
sors, our strategy was to impose a trigonal bipyramidal
coordination geometry. Rigidification is a common approach
to preorganization, and, in principle, it should also work to
preorganize towards a mismatch. To achieve this, a ring was
incorporated into the TPA ligand by connecting two of the
arms. As shown in Scheme 3, this gave a piperidine scaffold.
The piperidine ligand would require identical stereochemistry
at the two chiral centers to enforce a C3 coordination envir-
onment. The piperidine would also reduce conformational
mobility by rigidifying the compound. A similar rationale
was used to design ligands that stabilize Cu(i) over Cu(ir).”

Initially, compounds without chromophores, 6 and 7
(Scheme 4), were prepared and examined for their binding
ability and characterized to verify the structural hypoth-
esis. 3! For the cis-piperidine derivative 6, Cu(i) and Zn(i)
gave log f = 14.8 and 10.1, respectively, and for trans-ligand
7, the corresponding values were found to be 12.0 and 11.2,
respectively. The parent compound TPA shows log f = 16.15
for Cu(ir) compared to 11.00 for Zn(i).'> Thus, the ratio of the
association constants for the binding of Cu(n) over Zn(ir) for
TPA, 6 and 7 is 1.4 x 10%, 5 x 10* and 6, respectively. While
cis-ligand 6 showed diminished binding for both Cu(m) and
Zn(n), trans-ligand 7 showed even poorer binding of Cu(m) but
a slightly stronger binding of Zn(i1) over TPA.

The results of PM3/tm calculations agree with the observa-
tion that the binding of Zn(n) is little dependent on ligand
stereochemistry, while for Cu(u), ligand 6 is preferred signifi-
cantly. The computed structures and X-ray structures show
greater similarity of the [Cu(TPA)CI]" Cu-N bond lengths in
complex 6 than in 7. Thus, trans-ligand 7 appears to distort the
coordination sphere of the Cu ion, resulting in a less stable
complex.
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Scheme 4 Rigidified tripodal ligands.

Subsequently, trans-ligand 7 was tagged with naphthalene
fluorophores to prepare ligands 8% and 9°>°° (Scheme 4). The
fluorescence of the naphthalene moieties is diminished by PET
in the absence of a metal ion, but increases nearly 20-fold upon
binding Zn(11) for compound 8. The sensitivity of compound 8
for Zn(i1) was found to be nM in HEPES buffer with 1%
methanol at physiological pH. As expected, based on the
studies of 6 and 7, Cu(i1) competed with Zn(11) for 8 and 9,
resulting in the quenching of fluorescence by energy transfer
between the paramagnetic metal ion and fluorophore. Other
biologically relevant metal ions have little or no influence on
their sensing properties. The improved selectivity found for
ligand 7 was also observed with compounds 8 and 9. The
binding constants and metal selectivity of these compounds to
Cu(11) and Zn(1) are compiled in Table 1. Thus, stereochemical
engineering of ligands by constructing an unfriendly environ-
ment for Cu(in) to depress Cu(un) affinity and enhance
Zn(m)/Cu(m) selectivity has proved to be feasible.

Chiroptical tripodal sensors

Aside from stereochemical control, another advantage of
chiral ligands is that they can yield additional spectroscopic
information. Using chiral ligands, we have developed a sensing
strategy wherein both isotropic and anisotropic absorption
signals from the optical response of a single sensory molecule
provide not only detection but also differentiation of multiple
analytes. Zinc greatly enhances the fluorescence of ligand 1,
0-MeBQPA.>®> However, its fluorescence responses to other
metal ions are different. The ligand also generates strong
signals in the ECCD upon formation of complexes with some
metal ions (Zn(11), Cu(ir)), while complexes with octahedral
metal ions (Cd(m), Fe(i1)) do not give strong CD signals (Fig.
5). The fluorescence and ECCD properties of the complexes
result in the interesting situation that the ligand can not only
signal the presence of a metal ion, but evaluation of both

Table 1 Binding constants and Zn(i1)/Cu(in) selectivity of ligands 8
and 9 in 15% acetonitrile 50 mM HEPES buffer (0.1 M KNO;,
pH 7.19)

Kzn1/KcuL

by competition
Compound log Kz,1  log Kcur K71 /Kcu  experiment
8 7.44 7.64 0.64 0.5
9 7.08 7.06 1.04 N/A
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Fig. 5 CD spectra of (R)-a-MeBQPA and its complexes with
Zn(ClOy),, Cd(NO3),, Cu(ClOy), and FeCl, in aqueous HEPES buffer
at pH 7.09. Adapted from ref. 55.

properties can allow identification of the metal. As illustrated
in Fig. 6, detection of both fluorescence enhancement and
anisotropic absorption distinguishes Zn(i) (strong fluores-
cence and ECCD response) from other metal such as Cu(i)
(strong ECCD but no fluorescence), Cd(i1) (strong fluores-
cence but no ECCD) and Fe(i) (neither fluorescence nor
ECCD).

Our interest in chiroptical materials also led us to examine a
new approach to metal ion sensing using fluorescence-detected
circular dichroic detection (FDCD), which integrates fluores-
cence and exciton coupled circular dichroism methods to give
a better contrast than those that can be achieved in either of
the two parent methods.”® Typically, the two channels of raw
FDCD data, which correspond to the difference in emission
(FL — Fgr; F, Fr = fluorescence with left and right circularly
polarized excitation, respectively) and the total emission
(FL + Fg) resulting from differential absorption of left- and
right-circularly polarized light, are converted to a CD spec-
trum by established methods. An adaptation of the FDCD
technique can provide a unique and powerful new strategy for
sensor applications by using the AF (AF = F. — Fp)™*
component of the FDCD data directly, without conversion
to CD. This new method was named differential circularly
polarized fluorescence excitation (CPE) to distinguish it from

A . ca L Zn2t+
1 G Y R—— -
g | i
=] '
8 i :
gl ! :
= A Fe & CuZt
0—-0l - ---ccoaass 5
l Circular Dichroism |

Fig. 6 Chiroptically-enhanced fluorescence detection of Zn(i) by
compound 1.
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Fig. 7 Spectral response of 2 uM (S,S)-2 to Zn(11) in acetonitrile: (a)

Fluorescence (ex.: 300 nm), (b) CD, (c) FDCD and (d) AF (inset:

titration curve of 2 pM (S,5)-9 with Zn(ClO,),).>* Reprinted with

permission from the American Chemical Society.

traditional FDCD. Materials with higher ellipticity, 0, and
higher fluorescence quantum yield, @, will lead to an even
larger AF. Substances lacking either fluorescence or CD
properties will not be observed. The contrast in the AF signal
between a sample with both a large quantum yield and large
CD, and a sample with both a small quantum yield and small
CD will be much larger than the contrast in either fluorescence
or CD signals. We compared the fluorescence, CD, UV and
AF spectra of ligands 8, 9, 10 and their enantiomers. The
corresponding spectra of compound 9 [(S,S) form], titrated
with Zn(i1), are shown in Fig. 7. The maximum observed
enhancements after the addition of 1 equivalent of zinc
(fluorescence quantum yield, fluorescence maxima value, CD
ellipticity at 307 nm and AF value) are compiled in Table 2.
Apparently, measurements of AF gave greatly enhanced con-
trast. Traditional FDCD (Fig. 7(c)) and AF/F do not offer
such advantages because they cancel out the contribution from
fluorescence.

The CPE approach has the potential to improve contrast
and diminish interference from background fluorescence in
zinc sensing. AF titrations of (R,R)-9 with zinc in the presence
of 1.0 mg mL™" lysozyme (Fig. 8), which contains several
tryptophan residues, a common source of background fluor-
escence in cells, showed excellent contrast and linearity, while

Table 2 Contrast in Zn(i1) binding in acetonitrile

8 9
& 0.003 0.009
Dyr 0.176 0.170
Dy /P 55 19
Javinla i 90 16
oL /07 4.5 6.4
ARSI AR > 500 >200
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Fig. 8 Spectral responses of 3.2 uM (R,R)-9 to Zn(1) in the presence of 1.0 mg mL~' HEW lysozyme in 60% acetonitrile/water: (a) Fluorescence

(ex.: 280 nm), (b) CD and (c) AF.%? Reprinted with permission from the American Chemical Society.

fluorescence, UV and CD measurements were significantly
obscured by the background signals from the protein. These
results lay the groundwork for the development of imaging
tools for use in conjunction with isotropic fluorescence and
CD microscopy,” potentially offering better contrast and
unique advantages, such as turbid solution analysis. Systems
with more practical chromophores would enhance the applic-
ability of this method.

Ratiometric time-resolved fluorescence sensor for Zn(ir)

Ratiometric agents are highly desirable because of the ability
to visualize both ligand and metal concentration.*s">?7
Wavelength ratiometric agents display different fluorescence
emission maxima for the ligand and its metal complex. The
potential advantage of this approach is ready visualization by
color, although quantification invariably requires digitization
and processing of the data. We have developed a novel and
sensitive probe for the ratiometric detection of Zn(ir) utilizing
time-resolved fluorescence (TRF) techniques that provide
invaluable information about a system when multiple fluores-
cence-emitting components are contributing to its steady-state
fluorescence intensity.”’ Using time domain TRF techniques, a
marked improvement over steady-state fluorescence methods
for the ratiometric detection of Zn(11) was achieved using novel
ligand 5 (Scheme 2). The fluorescence intensity /(¢), which is a
function of time, at different Zn(i1) concentrations depends on
the lifetime values of the free ligand and its Zn(i1) complex (t¢
and 1z, respectively). Steady-state fluorescence measurements
cannot ascertain whether the two-state model is applicable. On
the other hand, the contributions of each component, 4t and
Az,t74, can be determined separately by TRF methods. A¢and
Az, are fractions that are proportional to ec; and &ez,czn,
where ¢; and ¢y, are the concentrations of the free and Zn-
bound molecules, and & and &g, are the molar extinction
coefficients of free and Zn-bound ligand. For compound 5,
the I(¢) signal decays rapidly in the absence of Zn(1), with a
dominant component with ¢ (1) = 0.64 ns, 4¢ (1) = 0.96, and
a minor second component with 7; (2) = 24.9 ns, 4y 2) =
0.044. The contribution of the slower fluorescence component
gradually increases as the concentration of Zn() is increased
(Fig. 9). Excellent ratiometric behavior was observed (Fig. 9,
inset). The dynamic range of TRF is significantly larger than
that of steady-state fluorescence spectral measurements.
Strong differences in fluorescence lifetimes were observed in
live cells incubated in a solution of 5. The selectivity of 5 for

Zn(1) and the time-resolved fluorescence data not only allow
the accurate detection of this ion, but also allow discrimina-
tion between other fluorescent forms of the probe and its metal
complexes.

Other tripodal zinc sensors

Although this review has focused on research in our own
laboratories, a number of other research groups have also
recognized the utility of tripodal scaffolds for the development
of zinc sensors. For example, fluorescein has been derivatized
with a DPA (di-2-picolylamine) fragment, a binding moiety
structurally similar to TPEN (N, N,N,N-tetra(2-picolyl)ethyle-
nediamine), which is a membrane permanent heavy metal
chelator with a high affinity. Replacing the pyridyl rings in
this compound with quinolyl rings led to the formation of
TQEN  (N,N,N,N-tetra(2-quinolylmethyl)ethylenediamine).
TQEN and its derivatives have been used as fluorescent zinc
sensors.”® Newport Green (Scheme 5), a commercially avail-
able sensor that falls into this category, is cell-impermeable. It
exhibits a 3.3-fold enhancement upon binding 1 equivalent of
Zn(11) under physiological conditions. It has a moderate zinc
binding affinity (K4 for Zn() ~ 1 uM), but is essentially
insensitive to Ca(u) (Kg for Ca(u) > 100 pM).”® Lippard’s
Zinpyr (ZP, Scheme 5)33:404546.5L1007102 o4 derjvatives
(Scheme 6),#+48:103:104 7315y (7S, Scheme 7)7*'%° and Naga-
no’s ZnAF (Scheme 8)*7***° families are more recent exam-
ples of this class of sensors with improved properties. Since a

o 0.8
b

10000 4 3

1000 -
Zn""T

100+

o 02 04 06 08 1 1.2
uivalents of Zn(II) Added

Fluorescence Intensity at 480 nm

time (ns)

Fig. 9 Exponential fluorescence decays as a function of Zn(i1) con-
centration measured at 480 nm. Spectra inset: 4¢ (A) and 4, (W) as a
function of Zn(i1) concentration.”” Reprinted with permission from the
American Chemical Society.
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Scheme 5 Structure of Newport Green and the Zinpyr (ZP) family
Sensors.

heteroatom on the third arm participates in binding zinc in
many of these sensors, they are tripodal ligands.

The Zinpyr sensors (Scheme 5) are selective for Zn(11) over
Ca(m) and Mg(m1). Both cell-permeable and cell-impermeable
forms are available,'*® depending on the application require-
ments. The Zinpyr family are better choices than the TSQ
family of sensors for imaging the vesicular pool of Zn(i).>*
They are stable under physiological conditions, remain in
vesicles and have been used to image brain slices by confocal
microscopy. ZP1 has a low nM affinity for Zn(u1).*>>! Repla-
cing two or four pyridyl groups in ZP1 with 6-methylpyridyl
groups results in new sensors Me,ZP1 and MeyZP1 (Scheme
7),192 respectively. Upon binding 1 equivalent of Zn(ir), there

Coumazin-1: X = NH
Coumazin-2: X = O ZNP1

Scheme 6 Structures of Zinpyr derivatives.

ZS1:R=Cl
ZS2:R=F

785:R;=H,R,=H
786: R, =ClL R, =H
787:R, = F,Ry;=H
78Cl6: R, =CL R, =Cl
ZSF6: R, =ClLRy=F
Z8FT: Ry= F,Ry=F

Scheme 7 Structures of the Zinspy (ZS) family sensors.

were 4-fold and 2.5-fold increases in fluorescence emission for
Me,ZP1 and MeyZP1, respectively. Substituting one of the
picolyl groups in ZP1 with an alkyl group results in Zin-
AlkylPyr (ZAP)'"7 analogues ZAP1 or ZAP2 (if the substitu-
tion was methyl) and ZAP3 (if the substitution was benzyl)
(structures not shown). These probes provided insights into
the importance of pH-dependent background emission and
other structural parameters in the system.

As a membrane-impermeable probe, ZP4 is a second gen-
eration version of ZP1.*> When ZP4 was exposed to 1 equiva-
lent of Zn(11), there was a 5-fold enhancement in fluorescence.
The dissociation constant of the ZP4-Zn(i) complex was
around 0.6 nM. When one of the pyridyl groups in ZP4 was
replaced with a pyrrole or N-methylpyrrole, ZP9 or ZP10 was
obtained.'®! ZP9 gave 12-fold and ZP10 gave 7-fold enhance-
ments when complexed with Zn(i1). They showed a mid-range
affinity for Zn(u), with sensitivities in the sub-micromolar
range (0.69 pM) for ZP9 and low-micromolar range
(1.9 uM) for ZP10.

The fluorescence properties of ZP1-7 and ZP9-10 are pH-
dependent, with or without Zn(i1). By introducing fluorine
onto the fluorescein backbone and by the substitution of an
aliphatic nitrogen with an aniline nitrogen, improved pH-
dependent properties and dynamic range were obtained for
ZP8,'% which has been used in the two-photon microscopy
detection of endogenous Zn(ir) pools.

Lippard et al. fabricated Coumazin-1 and Coumazin-2
(Scheme 6), by functionalizing ZP1 with a Zn-insensitive
fluorophore, coumarin 343.*%1%% This system was used for
ratiometric zinc sensing based on the esterase-mediated clea-
vage of the sensor into two separate parts: the coumarin and
the zinc sensor ZP1. Coumarin 343 emission revealed the
sensor concentration and ZP1 emission revealed the relative
concentration of Zn(i)-bound sensor.

The Lippard group made another intracellular fluorescent
probe, Zin-naphthopyr-1 (ZNP1)!** (Scheme 6), which is
similar to the Zinpyr family. The sensor enables single-excita-
tion, dual-emission, ratiometric detection of Zn(ir) through the
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Scheme 8 Structures of the ZnAF family sensors.

chromophore switching between its fluorescein and aphtho-
fluorescein tautomeric forms, a process controlled by Zn(1). It
offers an 18-fold increase in fluorescence emission intensity
ratio (Ag24/4s28) Upon zinc binding.

The Zinpyr sensors’ dissociation constants for Zn(i1) are in
the nM range.*>*® As previously mentioned, some applica-
tions require a lower affinity. To modulate Zn affinity and
improve the selectivity over other first-row transition metal
ions, thioethers were used to substitute one or two pyridyl
groups in the Zinpyr structure to give Zinspy (ZS) sensors
(Scheme 7) ZS1-4.”° These ZS probes exhibit improved Zn(r)
selectivity and tunable affinity for Zn(ir), but the fluorescence
properties are not as favorable when compared to the Zinpyr
family. Thiophene moieties were used to substitute the
thioether(s) in ZS1-4 to construct other Zinspy sensors
(ZS5, 786, ZS7, ZSCl6, ZSF6, ZSF7),'% giving enhanced
fluorescence properties, low-micromolar dissociation con-
stants for Zn(i1) and improved Zn(i) selectivity, especially
over mercury (however, these ligands do not behave as tripo-
dal ligands, since thiophene does not coordinate to Zn(ir)).
Lippard’s recent quinoline and fluorescein-based zinc sensors,
QZ1 and QZ2,'°® show an outstanding dynamic range and
fluorescence enhancement, although they are not tripodal
ligands.

Halogenation of the xanthenone and benzoate moieties of
the fluorescein platform systematically modulates the photo-
physical and complexation properties of Zinpyr and Zinspy
sensors.””1% Nagano er al. adopted a similar approach by
turning ZnAF-1 and ZnAF-2 into better Zn probes ZnAF-1F
and ZnAF-2F, respectively (Scheme 8).** The fluorescence
intensity of ZnAF-1 and ZnAF-2 increased to 17-fold and
51-fold,* respectively, upon addition of 1 equivalent of Zn(ir)

at pH 7.5. ZnAF-2 has been immobilized onto a glass slide to
probe zinc ion release from pancreatic cells.'” However,
under acidic conditions (the pK, values for ZnAF-1 and
AF-2 are both 6.2), the enhancement is not as impressive.
Incorporation of fluorine into the fluorescein platform pro-
duces ZnAF-1F and ZnAF-2F, shifting their pK, to 4.9.4
Upon binding 1 equivalent of Zn(i) at pH 7.4, their fluores-
cence is enhanced by 69- and 60-fold, respectively.

Thus, ZnAF-1F and ZnAF-2F are excellent Zn sensors in
neutral and slightly acidic conditions. Their fluorescence
properties are independent of pH over a much wider range
than ZnAFs, and are therefore more suitable in applications
where the pH varies. Diacetyl derivatives of these sensors are
cell-permeable. Other similar sensors were reported by Naga-
no’s group.* These sensors have shown a wide range of
affinities for Zn, with the following dissociation constants:
ZnAF-1 0.78 nM, ZnAF-2 2.7 nM, ZnAF-1F 2.2 nM, ZnAF-
2F 5.5 nM, ZnAF-2M 38 nM, ZnAF-2MM 3.9 uM, ZnAF-3
0.79 uM, ZnAF-4 25 uM and ZnAF-5 0.60 mM. Therefore, a
wide Zn(i1) concentration range from 107! to 107> M can be
monitored by using different sensor molecules or combina-
tions.

Utilizing benzofuran derivatives as the fluorophores, the
Nagano group fabricated ZnAF-R1 and ZnAF-R2.''° ZnAF-
R2 is more water-soluble and more fluorescent than
ZnAF-R1. Although Zn(i) decreased the fluorescence inten-
sity, there was a blue-shift in the excitation maximum. ZnAF-
R2 is a membrane-permeable and ratiometric Zn(i1) sensor
with a high sensitivity against Ca(ir), Na(1), Mg(1) and K(1).

Nagano also fabricated another DPA-based Zn(1) sensor
(Scheme 9), in which two DPA moieties were connected
together with a polyamine chain bearing lanthanide-binding
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Scheme 9 Nagano et al.’s DPA-lanthanide-based Zn(11) sensor.

carboxyl side chains.!'! Before binding Zn(in), the lanthanide
did not fluoresce when the system was irradiated at 260 nm.
Zinc binding induced conformational changes, such that the
energy absorbed by the pyridines could transfer to the lantha-
nide, and the system responded by lanthanide fluorescence.
The system functioned at a 100 uM concentration level. The
Gd(11) complex of this sensor has been used as a MRI contrast
agent for the selective imaging of Zn(ir).>’

Conclusions and future perspective

There has been tremendous interest in detecting Zn(1r), and
many approaches have been reported. We have focused on
developing chemistry that allows new strategies for sensing
Zn(n). Utilizing TPA-based Ny tripodal ligands has provided a
flexible system for engineering zinc sensors with improved
sensitivity, selectivity and contrast. Incorporating 8-HQ moi-
eties into tripodal compounds increased their affinities for
Zn(m). Using time domain TRF techniques, a marked im-
provement over steady-state fluorescence methods was
achieved for the ratiometric detection of Zn(i): the data not
only allowed for the accurate detection of this ion over a wider
dynamic range, but also could discriminate between other
fluorescent forms of the probe and its metal complex. Using
chiral tripodal ligands not only enabled stereochemical control
to achieve higher Zn(i)/Cu(i) selectivity, but also made it
possible to extract both isotropic and anisotropic absorption
signals from the optical response of a single sensory molecule.
Chiroptical methods, including CPE, provide not only detec-
tion but also the differentiation of multiple analytes. The CPE
approach can help to greatly enhance sensing contrast, dimin-
ishing interference from background fluorescence. The unique
characteristics of AF augment the tool box of optical methods
available for solution probes of metal ion binding, and the
recognition and detection of other organic material. These
results lay the groundwork for the development of imaging
tools to be used in conjunction with isotropic fluorescence and
CD microscopy,''? potentially offering better contrast and
unique advantages, such as turbid solution analysis. In addi-
tion to studies from our own laboratories, a wide variety of
tripodal zinc sensors have been reported by others, displaying
many novel features and finding application in biological
studies.

From a broad perspective, many zinc sensors have now been
described in the literature with a variety of properties. Cer-
tainly, there are many more bases to be covered. It seems likely
that the most strategic progress, from an analytical point of
view, is currently being made by chemists working with
biologists on real life problems where the determination of
zinc is required. Many of the lessons learned from zinc sensor
research can be applied to the detection of other analytes.

There is much interest in methods that can be used in living
organisms; for example, 2-photon fluorescence methods may
extend the utility of fluorescence to in vivo applications.””!'°
One exciting recent direction is the detection of zinc by
methods that can be used in vivo, such as magnetic resonance
imaging,''*!"* which could open up new biological research
and human health opportunities. It is our opinion that funda-
mental chemical advances leading to new and different strate-
gies for zinc detection should be encouraged, along side
practical sensor development.
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