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ABSTRACT: Two-photon microscopy (TPM) is a new
imaging tool that can detect biological targets deep inside a
live tissue. To faciltate the use of TPM in biomedical research, a
variety of two-photon (TP) probes for specific applications are
needed. In this Forum Article, we describe the design strategy,
photophysical properties, and biological imaging applications of
a selection of our recent studies in the development of TP
probes for metal ions. Small-molecule TP turn-on probes,
organelle-targeted probes, and multicolor emissive probes for

dual-color imaging are briefly reviewed.

B INTRODUCTION

One of the major subjects in inorganic chemistry is
coordination chemistry studying the complexation of metal
ions with various ligands. The metal-containing compounds are
important in both inorganic chemistry and biology because they
play key roles as structural or catalytic cofactors."” Free metal
ions also play diverse roles in all cells of living organisms.> For
proper cell function, the metal-ion homeostasis should be
tightly controlled because disruption of their balance can cause
aging and disease.' ™ As such, understanding the roles of metal
ions in a living system is an important research topic in
bioinorganic chemistry.

To understand the roles of metal ions in biology, it is crucial
to detect them in the live cell and tissue. Molecular imaging
with fluorescent microscopy is a powerful tool for studying
intracellular metal ions. In parallel, a large number of small-
molecule probes, derived from common dyes such as
fluorescein, BODIPY, rhodamine, and coumarin, and specific
receptors for metal ions have been developed.”> However,
most of them have been developed for one-photon microscopy
(OPM), which utilizes the fluorescence emitted from the
probe-labeled cells for imaging. The excitation source of OPM
is one UV—vis photon (4., = 350—500 nm; Figure 1a). It has a
shallow penetration depth (less than 100 ym) and can damage
the cells and induce autofluorescence by exciting natural
fluorophores such as nicotinamide adenine dinucleotide and
flavin adenine dinucleotide.® As such, OPM is useful for cell
imaging, not for long-term imaging of live tissues.”

An ideal tool to overcoming such limitations is two-photon
microscopy (TPM).*~'® TPM, which utilizes two near-infrared
photons (4, = 700—900 nm; Figure la) as the excitation
source, is a new imaging tool that can visualize deep (more than
100 pm) inside a live tissue with minimum interference from
self-absorption, autofluorescence, photodamage, and tissue
preparation artifacts such as damaged cells that can extend
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Figure 1. (a) Schematic diagram showing OP and TP excitation. The
fluorescence is emitted from the S; state regardless of the excitation
mode. (b) Molecular orbital diagram of a turn-on probe based on a
PeT mechanism.
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>70 pum into the tissue slice interior.® '* Because two-photon
(TP) excitation is proportional to the square of the light
intensity, TP excited fluorescence (TPEF) is emitted only at
the focal point. This allows imaging of hundreds of x—y planes
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along the z direction of a live tissue, from which a three-
dimensional image can be constructed. However, the develop-
ment of the TP probe was initiated less than 10 years ago, and
there are a limited number of TP probes based on small organic
molecules."' ™** To expand the utility of TPM in bioimaging
applications, there is a strong need to develop a variety of new
TP probes that can detect specific cellular events deep inside an
intact tissue with higher selectivity and sensitivity.

Recently, the design of new TP phosphorescent transition-
metal complexes as biosensors and bioimaging reagents has
become a rapidly emerging field."*""” While such complexes
are useful for the sensing of oxygen by phosphorescence
quenching,'*™'¢ they are not included in this paper because
they have not yet been developed as a general method to detect
metal ions in a living system.

In this Forum Article, we will briefly summarize the design
strategy, photophysical properties, and biological imaging
applications of a selection of TP probes for metal ions
developed in our laboratories. We note that there are other
recent reviews on related topics.'' "> We will specifically focus
on biologically essential metal ions, such as Zn**, Ca**, and
Mg** ions.

B DESIGN OF A TP PROBE FOR INTRACELLULAR
METAL IONS

A first step toward designing effective TP probes requires
consideration of the following criteria: (i) significant TP action
cross section (®Sps > 50 GM), where ® and S1p, are the
fluorescence quantum yield and TP absorption (TPA) cross
section, respectively, to obtain bright TPM images at low probe
concentration and low laser power, (ii) high selectivity for
target metal ions with appropriate dissociation constants (Ky),
(iii) a large turn-on or ratiometric response of TPEF, (iv)
appreciable water solubility for effective staining and cell
permeability, and (v) high photostability for long-term imaging.
These criteria are similar to those required for one-photon
(OP) fluorescent probes except that TP probes require
significant ®dyp, in place of the large @ value required for
OP fluorescent probes.

The TPA cross section is a function of the 1mag1nary part
(Imy) of the second hyperpolarizbility (eq 1).12

-o)] (1)

During the last 2 decades, extensive studies of the structure—
property relationships have been undertaken to design a TP
fluorophore having large 81ps.'*~>° The results of these studies
have revealed that the magnitude of dp, of electron donor—
acceptor (D—A) dipoles, D—z—D and D—A-D quardrupoles,
and two-dimensional octupoles increased with the extent of
intramolecular charge transfer (ICT). Hence, the d1p, valued of
such molecules can be increased by increasing the conjugation
length and donor—acceptor strength. Because such a structural
modification would inevitably increase the molecular weight
(MW) and hamper biocompeatibility, it is necessary to optimize
MW and Oppy to obtain a suitable fluorophore for the TP
probes. The water solubility can be increased by reducing the
molecular size and introducing hydrogen-bonding sites, while
the photostability can be increased by incoporating the
conjugation bridge within the cycles. The TP fluorophores
developed by considering these requirements are summarized
in Chart 1. Compounds 1—-5 were developed by us, while
compond 6 was developed by Belfield et al.”!
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Chart 1. Structures of Typical TP Fluorophores for Small-
Molecule TP Probes
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Selection of the metal-ion receptor is straightforward because
numerous receptors for various metal ions are known in the
literature.”> Depending on how the receptors are hnked to the
fluorophores, two classes of TP probes can be designed.”> One
is a turn-on or turn-off probe, which undergoes changes in the
TPEF intensity upon binding with metal ions. The other is a
ratiometric probe, which responds with a chromic shift of the
TPEF spectra during the binding events. Although ratiometric
probes are useful for detecting metal ions quantitatively, they
are rare, and most of the existing TP probes for metal ions are
turn-on probes.

In recent years, we have developed a series of TP fluorescent
turn-on probes derived from 8-(dimethylamino)-2-oxo-2H-
benzo[h]chromene-3-carboxylic acid (chromene, 1) and 2-
acetyl-6-(dimethylamino )naphthalene (acedan, 2) as the first
generation TP probes for cytosolic metal ions."***** More
recently, organelle-targeted TP probes and probes for dual-
color imaging for metal ions, derived from new TP fluorescent
scaffolds including 6-(benzo[d]oxazol-2’-yl)-2-(N,N-
dimethylamino)naphthalene (BODAN, 3), 6-(benzo[d]-
thiazol-2'-yl)-2-(N,N-dimethylamino)naphthalene (BTDAN,
4), and 2-acetyl-7- (dlethylammo) 9 9-dimethyl-9H-fluorene
(AEMF, 5), have been developed.**™> These probes were
constructed by linking a receptor for the target metal ion to the
TP reporter through a short spacer such as glycinamide.

We have employed planar TP fluorophores having a strong
D—A pair to obtain significant dps. The sensing mechanism
was based on a photoinduced electron-transfer (PeT)
process;>” that is, receptors with highest occupied molecular
orbital (HOMO) levels higher than those of the fluorophores
were used (Figure 1b). In the apo state, TPEF was quenched by
PeT. Complexation with a metal ion lowered the receptor
HOMO level, blocked PeT, and allowed TPEF emission. Small-
molecule probes having hydrogen-bonding sites were devel-
oped to improve the water solubility and cell permeability while
reducing the cytotoxicity. The specific examples are listed
below, and their photophysical properties are summarized in
Table 1.

Et,N

B TP FLUORESCENT PROBES FOR ZINC IONS

Zinc ion is an active component in enzymes and proteins.
The total zinc ion content in mammalian cells is approximately
0.2 mM, of which a small fraction exists as intracellular free

n?* ([Zn*],).** For proper cell functions, Zn>* homeostasis
must be tlghtly controlled because a low nanomolar
concentration of free Zn>* can be cytotoxic.>® It is controlled
by the import of [Zn*']; from and export to subcellular stores
such as endoplasmic reticulum (ER) and mitochondria and to
the extracellular space.3’4 To visualize the [Zn*"]; distribution

30,31
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Table 1. Photophysical Properties of TP Probes in a Buffer

compound solvent /15[}3),‘” i&“b ®° K%/ KdTPd FEF® Aﬁjgxf D58
AZnl H,0" 365 496 0.02 1.10/1.10 nM 24.0 nd nd
AZnl + Zn** 365 498 0.47 780 86
AZn2 H,0" 365 494 0.012 0.50/0.50 nM 52.0 nd nd
AZn2 + Zn** 365 499 0.65 780 95
AZnM2 H,0" 364 504 0.015 8.4/7.1 nM 4.0 nd nd
AZnM2 + Zn* 363 504 0.42 780 110/
AZnE2 H,0’ 366 503 0.026 23/21 nM 11.0 nd nd
AZnE2 + Zn** 364 504 0.39 780 86
SZn-Mito H,0* 388 500 0.15 3.10/3.10 nM 7.0 nd nd
SZn-Mito + Zn** 375 493 0.92 760 75!
SZn2-Mito H,0™ 413 536 0.0048 1.40/1.40 nM 68.0 nd nd
SZn2-Mito + Zn** 395 536 0.33 750 155
ACal H,0" 365 498 0.012 0.27/0.25 uM 44.0 nd nd
ACal + Ca** 365 498 0.49 780 110
ACa2 H,0" 362 495 0.010 0.14/0.16 uM 50.0 nd nd
ACa2 + Ca** 362 495 0.42 780 90
ACa3 H,0" 375 500 0.015 0.13/0.14 uM 23.0 nd nd
ACa3 + Ca** 375 517 0.38 780 95
ACal H,0" 369 500 0.0037 0.045°/0.041 uM 10.0 nd nd
ACalL + Ca* 372 502 0.43 780 90
ACaLN H,0" 364 498 0.0013 2.10/1.90 uM 13.0 nd nd
ACaLN + Ca* 354 497 0.018 750 20
BCaM H,0” 360 470 0.07 90/89 uM” 14.0 nd nd
BCaM + Ca®* 360 470 0.98 780 150
FMg2 H,0° 368 555 0.0058 1.40/1.70 mM 24.0 nd nd
FMg2 + Mg** 368 555 0.12 740 76

“/'Lmax of the OP absorption spectra in nanometers. "1, of the OP emission spectra in nanometers. “Fluorescence quantum yield, +15%.
D1ssoc1at10n constants for Ni** in micromolars measured by OP (K;°F) and TP (K;™") processes, +8%. Fluorescence enhancement factor, (F —
Foim)/ Fanin-?Amax of the TP excitation spectra in nanometers. TP action cross section in 10™° cm* s photon™ (GM). #30 mM MOPS buffer (100

mM KCl, 10 mM EGTA, pH 7.2) in the absence and presence (1.8 4M) of free Zn*. 30 mM MOPS buffer (100 mM KCI, 10 mM EGTA, pH 7.3)

in the absence and | presence (196 uM) of free Zn?*./30 mM MOPS buffer (100 mM KCl, 10 mM EGTA, pH 7.3) in the absence and presence (1.3

uM) of free Zn>*. ©30 mM MOPS buffer (100 mM KCl, 10 mM EGTA, pH 7.2) in the absence and presence (127 nM) of free Zn**. '30 mM MOPS

buffer (100 mM KCl, 10 mM EGTA, pH 7.2) in the presence (47 nM) of free Zn**. 50 mM HEPES buffer (100 mM KCl, 10 mM NTA, pH 7.4)

in the absence and presence (47 nM) of free Zn**. "30 mM MOPS buffer (100 mM KCI, 10 mM EGTA, pH 7.2) in the absence and presence (39

uM) of free Ca**. °K;°F values measured in DPPC/CHL, DOPC, and a raft mixture are 0.082 + 0.008, 0.11 + 0.02, and 0.097 + 0.010 uM,

respectively. “30 mM MOPS buffer (100 mM KCl, pH 7.2) in the absence and presence (2.5 mM) of free Ca2*. 9 values measured in LUVs
composed of DPPC/CHL, a raft mixture, and DOPC are 436, 450, and 452 nm, respectively. "K, values measured in LUVs and cells are 81 + 4 and

78 + 5 uM, respectively. *30 mM MOPS buffer (100 mM KCl, 10 mM EGTA, pH 7.2) in the absence and presence (100 mM) of free Mg**.

inside live cells and living tissues, we have developed a series of amount of Zn** (Figure 2a), a result observed by other probes.
TP probes for Zn*" derived from acedan as the TP fluorophore The K value of AZn2 calculated from the titration curve was
and derivatives of N,N-di-(2-picolyl)ethylenediamine (DPEN) 0.5 nM, which was suitable to detect intracellular free Zn>**
as the Zn* chelator (Chart 2). We adopted acedan from our ([Zn**])). The K, values of AZn1—AZnE2 are summarized in

earlier work on C-laurdan bsescause it showed a ®61p, value of Table 1. The K value increased when a 2-Me substituent was
32 GM at 820 nm in water . and DPEN derivatives from the introduced at the pyridyl moiety (AZn2 vs AZnM2) and as the
work of Nolan and Lippard. spacer between the tertiary amino nitrogen and pyridyl moiety

AZnl1—AZnE2 are turn—or§7p3r80bes showing high selectivity was lengthened (AZn2 vs AZnE2). For all receptors, the OMe
and sensitivity for Zn>*.>”*® In a 3-(N-morpholino)-

propanesulfonic acid (MOPS) buffer, the TPEF intensity of
AZn2 increased gradually upon the addition of an increasing

group in the phenylene diamine moiety increased the TP
fluorescence enhancement factors [FEF'Y = (F — F_;.)/F.il,
while decreasing the dissociation constants (K;'*; Table 1).
The OMe group seemed to elevate the HOMO of the receptor
to facilitate PeT and decrease @ of the apo state without
affecting that of the probe—Zn*" complex. It also increased the

Chart 2. Structures of AZn1, AZn2, AZnM2, and AZnE23"3%

7 basicity of the receptor and enhanced the Zn*" binding ability.

H AZn1—AZnE2 showed a ®1p, value of ~90 GM at 780 nm in

N\QAN buffer solutions, a value ~4—24-fold larger than those of TSQ

| and FluZin-3 (Figure 2b and Table 1). This value allowed us to

obtain much brighter TPM images of the cells labeled with

n=1 X=H R=H AZn1 :N =1, X=H, R = OMe (AZn2), these probes than those stained with commercially available
n=1 X=Me,R= OMe( nM2); n =2 X=H, R=0Me (AZnE2) probes.37
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Figure 2. (a) TP fluorescence spectra of AZn2 in a MOPS buffer in
the presence of free Zn** (0—47 nM). The excitation wavelength was
780 nm. (b) TP action spectra of AZnl (), AZn2 (®), FluZin-3
(A), and TSQ (V) in a MOPS buffer in the presence of 1.8 uM free
Zn*. Reprinted with permission from ref 37. Copyright 2008 Wiley-
VCH.

To test the utility of AZn1—AZnE2 in cell imaging, we
obtained TPM images of the cells labeled with AZn1—AZnE2.
The images were bright as expected from significant @dpp,
values. The TPM image of 293 cells labeled with AZn2 is
shown in Figure 3 as a representative example. To confirm

Intensity (a.u.)

Figure 3. (a) Bright-field image. TPM images of AZn2-labeled 293
cells before (b) and after (c) the addition of SNOC to the imaging
solution and (d) after the addition of TPEN to part c. Reprinted with
permission from ref 37. Copyright 2008 Wiley-VCH.

whether the bright regions reflected the [Zn®*]; distribution, we
monitored TPEF after treatment of the probe-labeled cells with
S-nitrosocysteine (SNOC), a reagent that stimulates the cells to
release Zn**, and N,N,N’,N’-tetrakis(2-pyridyl)ethylenediamine
(TPEN), a membrane-permeable Zn>* ion chelator that can
effectively remove Zn?* from the cells.*> The TPEF intensity
increased after the addition of SNOC and decreased upon
treatment with TPEN (Figure 3). Similar results were observed
with other probes. These results established that the bright
regions were due to [Zn>*]; and that AZn1—AZnE2 can detect
[Zn**]; in live cells by TPM.

We next assessed the utility of AZn1—AZnE2 in tissue
imaging. TPM images of a part of a fresh rat hippocampal slice
labeled with AZn2 are shown as a representative example
(Figure 4). The image revealed bright regions in the stratum

Figure 4. TPM images of a rat hippocampal slice stained with AZn2.
(a) TPM image at a depth of ~120 gm with magnification 10X. (b)
Magnification at 100X in SL of CA3 regions (yellow box) at a depth of
~100 ym. TPM images in H of DG regions at a depth of ~100 ym (c)
before and (d) after the addition of KClI to the imaging solution. Scale
bars: (a and c) 300 and (b) 150 um. Reprinted with permission from
ref 37. Copyright 2008 Wiley-VCH.

lucidum (SL) of CA3 and the hilus (H) of the dentate gyrus
(DG; Figure 4a—c).** The TPEF intensity increased upon
treatment with KCl, a membrane depolarizer that causes the
release of Zn*" (Figure 4b,c), and decreased after the addition
of TPEN (for additional details, see ref 37). These results
confirmed that the bright regions are due to [Zn®'];. Further,
the image obtained at 100X magnification in the SL of CA3
regions showed that [Zn*]; is concentrated in the mossy fiber
axon terminals of the pyramidal neurons (Figure 4b). These
findings established that AZn2 can detect intracellular free Zn>*
at 80—150 um depth in live tissues using TPM.

B MITOCHONDRIA-TARGETED TP PROBES FOR ZN**

Mitochondria are small organelles located in the cytoplasm that
create energy for the cell’s activity. They are the primary site for
the consumption of oxygen and production of reactive oxygen
species (ROS).*"* In mitochondria, zinc ions play important

dx.doi.org/10.1021/ic402475f | Inorg. Chem. 2014, 53, 1794—1803
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roles as structural and catalytic cofactors.**™*® While
mitochondria can take up excess Zn>* from cytoplasm to
maintain Zn** homeostasis,*”*® a strong elevation of intra-
mitochondrial Zn** ([Zn?*],,) can promote mitochondrial
dysfunction.*”** To detect [Zn>*] o, we have developed TP
probes (SZn-Mito and SZn2-Mito, Chart 3) derived from

Chart 3. Structures of SZn-Mito and SZn2-Mito>%?’
7 N\

N NH
[ —/
OO i /

SZn2 Mito

Phyp N @/\I
O\wNj@ jf‘

Z >N
s

BTDAN as the reporter in conjunction with DPEN as the Zn®*
chelator® and triphenylphosphonium salt (TPP) as the
mitochondrial targeting group.’* TPP and DPEN were
introduced at opposite ends of the probes to minimize the
possible interactions between them (Chart 3).

SZn-Mito and SZn2-Mito are TP turn-on probes for
[Zn®*],co showing FEF™ values of 7 and 68 and K" values
of 3.1 and 1.4 nM, respectively. The higher sensitivity and
enhanced Zn®** binding ability of SZn2-Mito having a 2-OMe
group in the receptor moiety are consistent with those observed
for AZnl1—AZnE2 (Table 1). Both probes showed high
selectivity for Zn®*, significant ®5 values for the probe—Zn*"
complexes (75 and 155 GM), and pH insensitivity in the
biologically relevant pH range. The larger ®6 value measured
for the SZn2-Mito—Zn** complex was attributed to the amide
moiety in the benzothiazole acceptor group that may have
enhanced ICT. Thus, SZn2-Mito can detect a lower
concentration of [Zn*"] ., with higher sensitivity and a two
times as bright TPM image than SZn-Mito, with minimum
interference from other competing metal ions and the pH.

To test the utility of SZn2-Mito in cell imaging, we obtained
a TPM image of HeLa cells labeled with SZn2-Mito. The image
was bright, as expected from ®6 = 155 GM for the probe—Zn2+
complex. To confirm whether the bright regions reflected the
[Zn**],.io distribution, we performed a colocalization experi-
ment with HeLa cells colabeled with SZn2-Mito and
Mitotracker Red FM, a commercial OP fluorescent probe for
mitochondria.”* The TPM image of SZn2-Mito overlapped well
with the OPM image of Mitotracker Red FM (Figure Sa—c).
Pearson’s colocalization coefficient, A, calculated with Auto-
quant X2 software, of SZn2-Mito with Mitotracker Red FM was
0.85.>' Moreover, the TPEF intensity increased abruptly upon
treatment of the probe-labeled cells with 2,2’ dlthlodlpyrldme
(DTDP), a reagent that promotes the release of Zn** from
Zn**-binding proteins>> (Figure Sd—g), and decreased sharply
upon the addition of carbonyl cyanide m-chlorophenylhydra-
zone (CCCP), a compound that promotes the release of
intramitochondrial cations by collapsmg the mitochondrial
membrane potential (Figure Sf, g) These results confirmed
that SZn2-Mito can detect ([Zn**],;.) in live cells.
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Figure 5. (a) TPM and (b) OPM images of HeLa cells colabeled with
(a) SZn2-Mito and (b) Mitotracker Red FM. (c) Colocalized image.
TPM images of SZn2-Mito-labeled HeLa cells, before (d) and after (e)
the addition of 150 uM DTDP to the imaging solution and (f) after
the addition of 10 uM CCCP to part e. (g) Relative TPEF intensity of
SZn2-Mito-labeled HeLa cells as a function of time. TPM images at
DG regions of a rat hippocampal slice stained with SZn2-Mito. Images
were taken at a depth of ~100 um (h) before and (i) after the addition
of 150 uM DTDP to the imaging solution and (j) after the addition of
10 uM CCCP to part i. Scale bars: (c) 20, (f) 10, and (j) 7S pum.
Reprinted with permission from ref 26. Copyright 2012 Royal Society
of Chemistry.

We then assessed the utility of SZn2-Mito in tissue imaging
(Figure Sh—j). The TPM image of the probe—labeled tissue
revealed bright regions in the DG at 100 ym depth.*® At a
higher magnification, the distribution of [Zn*'],, in the DG
region was clearly visible (Figure Sh). To determine whether
the bright regions reflected [Zn>'] .., the probe-labeled tissue
was treated with DTDP and CCCP. The TPEF intensity
increased after the addition of DTDP and decreased upon
treatment of CCCP, thereby confirming that the bright regions
are due to [Zn*'],;, (Figure Sh—j). These results established
that SZn2-Mito can detect [Zn**] .., at 100 um depth in a live
tissue by using TPM.>

mito

B TP FLUORESCENT PROBES FOR CALCIUM IONS

Ca’" is a ubiquitous intracellular messenger and plays a crucial
role in physiology. Defective Ca** signaling is a feature of
diverse diseases including hypertension and immunodeficien-
cies. The large transmembrane electrochemical Ca®* gradient
drives the entry of Ca*" into cells.**”>® Because cytosolic free
Ca** ([Ca**].) must be kespt low, the excess Ca’' ions are
extruded out of the cells.’ Transport of Ca*" across the cell
membrane generates brief pulses of Ca**, which serves as a
signaling system.>*™>® To understand the biological functions

dx.doi.org/10.1021/ic402475f | Inorg. Chem. 2014, 53, 1794—1803
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of Ca®, it is important to visualize the Ca®" activity in different
cellular compartments such as the cytosol and at near-
membrane locations.

We have developed a series of TP probes derived from
acedan as the TP fluorophore and O,0’-bis(2-aminophenyl)-
ethyleneglycol-N,N,N’,N’-tetraacetic acid (BAPTA) as the
Ca’*-selective chelator and visualized the calcium activities in
the cytosol (ACal—ACa3) and at near-membrane sites (ACaL
and ACaLN) deep inside living tissues (Chart 4).>"~%

Chart 4. Structures of ACal—ACa3, ACaL, and ACaLN>"~%°
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(HOzCHzc)zND/
I j é
(HOzCHzC)zN

(HO2CH2C)aN” %
(HO2CH,C )N :

ACal—ACa3 are TP turn-on probes with FEF'" values of
23—50 and K™ values of 0.14—0.25 uM, respectively (Table
1). The K" value changed significantly depending on the para
substituents of BAPTA: the methyl group decreased Ky'* from
025 to 0.16 uM (ACal vs ACa2), while the nitro group
increased it from 0.041 to 1.90 (ACaL vs ACaLN), respectively
(Table 1). ACal—ACa3 showed high selectivity toward Ca**
with the exception of Zn**, which is an intrinsic limitation of
BAPTA, and pH insensitivity in the biologically relevant pH
range. Moreover, ®5,,,, values of the probe—Ca*" complexes
were 90—110 GM at 780 nm, respectively, which were larger
than that of OG1—Ca*" by 4-fold.>”*® These results established
that ACal—ACa3 can detect intracellular free Ca®* ions
([Ca®],), with a much brighter TPM image than those stained
with OGI, in the regions where the chelatable Zn**
concentration is much lower than the K;™" value of Ca**.

To test the utility of ACal—ACa3 in cell imaging, we
monitored the TPEF intensities in the astrocytes labeled with
ACal-AM. The TPM image revealed a spontaneous Ca** wave,
which propagated from the astrocytic process to the soma and
to the terminal (for additional details, see ref 58). The
intercellular calcium wave was also observed, but it propagated
at a slower rate. We then monitored the Ca** wave in fresh
hypothalamic slices labeled with ACa2-AM. The spontaneous
Ca®" waves could be simultaneously visualized in the somata of
neurons and astrocytes for more than 4000 s without
appreciable decay (Figure 6). This outcome confirmed the
utility of ACa2-AM in tissue imaging. In contrast, OPM images
of the TTX-treated and fura-2-labeled thalamus slice®" showed
damaged cells on the tissue surface and were not as clear as the
TPM images presented here. With fura-2, the fluorescence
intensity showed appreciable decay after 500 s.°* The use of
ACa2-AM allowed improved TPM imaging in a probe-labeled

(HO2CH2C)2

R H (ACa2)
R= Me (ACa3)

X = CHs (ACaL), NO, (ACaLN)
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Figure 6. Pseudocolored TPM images of a fresh rat hypothalamic slice
stained with ACa2-AM taken after 40 (a) and 1460 (b) s.
Magnification at 100X shows a hypothalamic area at a depth of
~120 pm. (c) Spontaneous Ca®* transients recorded in cells 1-3.
Scale bar: 30 pm. Reprinted with permission from ref 58. Copyright
2008 Wiley-VCH.

live tissue at ~120 ym depth for a prolonged observation time.
Furthermore, deep tissue images could be acquired with high
photostability and low phototoxicity.

B TP PROBES FOR NEAR-MEMBRANE CALCIUM
IONS

To design TP probes for near-membrane Ca*" ([Ca’*] .m), We
considered two requirements. First, a receptor with a larger K
value than BAPTA was used because the Ca®" concentration
was expected to be higher near the Ca** ion channels located in
the plasma membrane than in the cytoplasm. Second, the probe
was designed such that the Ca®* receptor would be located near
the lipid head groups of the plasma membrane and the
hydrocarbon tail would be imbedded in the membrane interior.
To meet such requirements, we employed the p-nitro derivative
of BAPTA as the Ca’ receptor and linked it to 2-(N-
methylamino)-6-laurylnaphthalene (L) having a long-chain
hydrocarbon tail through a short spacer (ACaL and ACaLN;
Chart 4).5%%°

ACaL and ACaLN are TP turn on probes with FEF™" values
of 10 and 13,°*%° and K,;™ values of 0.041 and 1.9 uM,
respectively. Both probes exhibited high selectivity toward Ca®*
and were pH-insensitive in the biologically relevant pH range.
The ®0,,,, values for ACaL and ACaLN in buffer solutions
containing 39 uM Ca** were 90 (at 780 nm) and 20 GM (at
750 nm), respectively (Table 1). The ®§,,,, value for ACal was
approximately 2.5-fold larger than that of Ca-green-Ca®* and
fura-2-Ca”*, while the @5, value of ACaLN was smaller than
that of ACal, which could be attributed to the smaller ®
value.>>%

To test the utility of ACaLN in cell imaging, we obtained a
TPM image of clonal mouse hippocampal (HT22) cells labeled
with ACaLN (Figure 7a). The image revealed bright domains
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Figure 7. (a) Pseudocolored TPM images of HT22 cells labeled with
ACaLN. (b) Time course of TPEF at the position marked with a
dotted line in part a after stimulation with histamine in a nominally
calcium-ion free buffer, followed by the addition of CaCl, to the
imaging solution. Images of a fresh rat hippocampal slice labeled with
ACaLN. (c) Bright-field images showing the CAl and CA3 regions as
well as DG upon 10X magnification. White dotted lines indicate the
pyramidal neuron layers. (d) 10 TPM images collected in part c along
the z direction at depths of 90—180 um were accumulated. (e) TPM
images of the red-labeled region at a depth of ~120 um by 100X
magnification. (f) TPM images of the same region after the addition of
EDTA to part e. The image in the white box is the enlarged image of
the cells indicated by the white arrows. Scale bars: (a) 15, (e and f) 30,
and (c and d) 300 ym. Reprinted with permission from ref 60.
Copyright 2011 Wiley-VCH.

in the plasma membrane that could be attributed to the near-
membrane Ca** (Figure 7a). We then monitored the TPEF
intensities in the cell membrane after treatment of the probe-
labeled cells with histamine, a reagent that stimulates the cells
to release [Ca®*]. from its intracellular reserviors such as
ER.%>%* The TPEF intensity increased slowly after the addition
of histamine, reaching a peak value after 150 s, apparently
because it took some time for [Ca®*]. to migrate to the cell
membrane, and then decreased to the baseline intensity after
300 s (Figure 7b). 60 A similar result was observed with CaCl,,
except that the response was faster (Figure 7b). These results
established that ACaLN can detect [Ca**]_,,, in a live cell.
We next evaluated the utility of ACaLN in tissue imaging.
TPM images of a part of a fresh rat hippocampal slice incubated
with ACaLN revealed the [Ca®**],.., distribution in the CAl,
DG, and CA3 regions. The image was brighter in CAl,
indicating that [Ca®*],.,, is more abundant in CA1 than in the
DG and CA3 regions (Figure 7d). At 100X magnification, the

1800

[Ca®*]em could be clearly visualized at a depth of 120 ym in a
live tissue (Figure 7e). Further, the TPEF intensity decreased
abruptly when the tissue was treated with ethylenediaminetetra-
acetic acid (EDTA; Figure 7f). These results confirmed that
ACaLN can detect [Ca**], ., at 120 um depth in a live tissue
by TPM.

B DUAL-COLOR IMAGING OF METAL-ION
ACTIVITIES USING TP FLUORESCENT PROBES

Magnesium ion is the most abundant divalent metal ion in
mammalian cells and is involved in many cellular processes,
such as proliferation and cell death.5*~% Calcium ion is another
divalent metal cation that can regulate a variety of cellular
functions.***® The interactions between the two metal ions are
important in certain biological processes. For example, Ca**/
Mg* exchange is critical to the muscle contraction and
relaxation.’” Also, Mg* ple}sys an active role in the Ca**
regulated cellular processes. %% To understand such inter-
actions in a living system, it is important to develop a tool to
visualize Mg**/Ca®" activities in a live tissue.””

To simultaneously visualize Mg>*/Ca®" activities, we have
developed a pair of TP probes, BCaM and FMg2-AM, that
emitted TPEF at 450 and 525 nm, respectively (Chart S).

Chart S. Structures of BCaM, FMg2, and FMgZ-AM"s’29

(HO2CH2C)oN

o Qﬂm@
ey e

R = H (FMg2), CH,0C(0)CHs (FMg2-AM)

BCaM is a TP turn-on probe showing high sensitivity and
selectivity for Ca?* with TPEF™® of 14 and a K;* value of 89 +
3 uM, respectively. The Ky value, measured from digitonin-
treated HeLa cells, of BCaM was 78 + 5 uM, which was well
within the range of [Ca’*] ., in live cells (Table 1).”® This
probe showed a ®6 value of 150 GM at 780 nm in the presence
of excess Ca®* and pH insensitivity in the biologically relevant
pH range and stained the cell membrane. Hence, BCaM was
suitable to detect near-membrane Ca** ([Ca**],....) by TPM.

FMg2 was derived from AEMF (5) as the ﬂuorophore70 and
o-aminophenol-N,N,O-triacetate as the Mg>* receptor (Chart
5). It showed high sensitivity and selectivity for Mg** with
FEF™® = 24, K;™ = 1.7 + 0.2 mM, and ®§,,, = 76 GM in the
presence of excess Mg®*, pH insensitivity in the biologically
relevant range, high photostability, and low cytotoxicity,
respectively.”” Hence, FMg2 was suitable to detect cytosolic
free Mg** ([Mg**].) by TPM.

To evaluate the utility of BCaM and FMg2-AM for dual-
color cell imaging, we obtained a TPM image of the HepG2
cells colabeled with BCaM and FMg2-AM. Because TPEF
spectra of the two probes were broad with emission maxima at
450 and 525 nm, respectively, we used 400—450 nm (Ch1 and
BCaM) and 525— 600 nm (Ch2 and FMg2-AM) as the
detection windows.”” The TPM images constructed from the
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Figure 8. Dual-channel TPM images of HepG2 cells colabeled with BCaM and FMg2-AM collected at 400—450 nm (BCaM and Ch1) and 525—600
nm (FMg2-AM and Ch2), respectively. The TPM images were obtained in a PBS buffer (a), 200 s after stimulation with S #M calcimycin and 10
ng/mL EGF in the presence of 1.2 mM Mg** (b) or no Mg** (c). (d and e) Time course of TPEF at designated positions A (green curve) and B
(red curve) in parts b and c, respectively, after stimulation. The TPEF intensities at A and B in parts b and ¢ were measured before stimulation and
normalized. Scale bar: 15 pm. Reprinted with permission from ref 29. Copyright 2012 American Chemical Society.

TPEF intensities clearly revealed green- and red-colored
regions (Figure 8a—c).

To confirm whether the two regions reflected the
distribution of [Ca’*],., and [Mg*'], we monitored the
TPEF intensities at Chl and Ch2 after treatment of the probe-
labeled cells with calcimycin, a Ca®* ionophore that can allow
Ca?" to cross the cell membrane, and epidermal growth factor
(EGF), a reagent that can induce a PLCyl-dependent Ca**
influx.”" It is also known that the receptors that trigger Ca**
influx throué%h PLCy1 can induce Mg*" influx to regulate the
Ca® influx.”” When the two reagents were added to the probe-
labeled cells in the presence of Mg**, the TPEF intensity
increased sharply in the plasma membrane and then decreased
to the baseline level (Figure 8d, green curve). A similar result
was observed in the cytoplasm, albeit at a slower rate (Figure
8d, red curve). This outcome indicated that the EGF-induced
transport of Ca®" occurred at a faster rate than that of Mg**. We
then conducted the same experiment in the absence of Mg**.
Here again, the abrupt increase followed by the slow decrease
in the TPEF intensity was observed, but to a lesser extent
(Figure 8e, green curve). However, no change in the TPEF
intensity was detected in the cytoplasm (Figure 8e, red curve).
Depletion of Mg** reduced the EGF-induced influx rate of Ca®"
while nullifying that of Mg?*.** These results established that
FMg2 and BCaM can monitor Mg®*/Ca®" activities by dual-
color imaging.

We next examined the utility of these probes in tissue
imaging. We obtained 10 TPM images from Chl and Ch2 of a
slice of a 14-day-old SD rat hippocampal tissue colabeled with
BCaM and FMg2-AM at 100—200 ym depths (Figure 9b). The
accumulated TPM images revealed [Ca®*],., and [Mg*'].
distributions in the CAl, CA3, and DG regions (Figure 9b—
e). The images collected at 100X magnification clearly revealed
the distribution of [Ca®],., and [Mg’*]. in the pyramidal
neuron layer composed of cell bodies in the CAl region at a
depth of 100 um (Figure 9c,d). These results established that
BCaM and FMg2 can simultaneously detect [Ca*'],... and
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Figure 9. Images of a SD rat hippocampal slice colabeled with BCaM
and FMg2-AM. (a) Bright-field images of the CA1-CA3 regions as well
as DG at 10X magnification. (b) 10 TPM images collected at Chl and
Ch2 (a) along the z direction at depths of approximately 100—200 ym
were accumulated and then merged. (c—e) TPM images of CAl
regions collected at (c) Chl and (d) Ch2 at a depth of about 100 ym
at 100X magnification. (e) Merged image of parts c and d. Scale bars:
(b) 30 and (c) 300 um. Reprinted with permission from ref 29.
Copyright 2012 American Chemical Society.

[Mg?*]. at 100—200 um depth in live tissues by dual-channel
TPM imaging.

Bl CONCLUSIONS AND OUTLOOK

Because of its ability to provide molecular images deep inside
intact tissues, TPM has become an important imaging tool for
biomedical research. Indeed, a small-molecule TP-probe-based
approach to TPM imaging in biological systems is a rapidly
growing field that can si§niﬁcantly enhance the study of
physiology and pathology.”*~"®

In this Forum Article, we have summarized a selection of our
recent studies in small-molecule TP probes for metal ions
including cytosolic turn-on probes, organelle targeted probes,
and probes for dual-color imaging. All of them were developed
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by linking the metal-ion receptors and organelle-specific
functional groups to the TP fluorophores to meet all of the
criteria outlined in the design of the TP probe section. The
combination of a specific receptor and an eflicient TP
fluorophore through a short spacer has been a successful
strategy for the design of TP turn-on probes for metal ions,
which can be extended to many other analytes, organelle
markers, and bioconjugates. Simultaneous detection of two
metal ions in a live tissue was possible by using two TP probes
that emitted TPEF at widely separated wavelength regions.

Future research in this field should be directed toward the
development of new TP fluorophores exhibiting larger ®Jrp,
values to obtain brighter TPM images using lower laser power
and lower probe concentration, without hampering water
solubility, photostability, and cell viability. TP fluorophores that
emit TPEF at a wide range of emission maxima are also needed
to develop probes for multicolor imaging. To maximally utilize
the new TP fluorophore in the TP probe development, new
design strategies may be required. In view of the limited
number of existing TP probes, a large number of small-
molecule TP probes for metal ions, ROS, reactive nitrogen
species, and redox mediators are needed to facilitate the use of
TPM in biomedical research. TP probes for specific
applications such as organelle-targeted probes, emission
ratiometric probes for quantitative analysis, enzyme substrates,
markers for specific diseases, and various bioconjugates should
also be developed. For simultaneous detection of multiple
targets, TP probes that can detect different targets while
emitting TPEF at widely different wavelength ranges are
required.
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