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ABSTRACT: Current sensors for Zn*" detection are largely based
on the photoinduced electron transfer (PET) mechanism, which
can effectively change the fluorescence intensity, without inducing
a significant spectral shift. By coupling the PET mechanism with an
excited state intramolecular proton transfer (ESIPT), a near-
infrared fluorescent sensor was developed for Zn>* detection.
Upon binding to the Zn* cation, the sensor was able to generate
two well-separated emission bands (4., ~# 540 and 770 nm), whose
ratio was quite sensitive to the probe’s environments. The finding
offers an advanced tool for in vitro and in vivo imaging of the Zn**
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cation, which is desirable for future discovery of the biological functions of zinc.
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olecular imaging is widely used to visualize the

fundamental biological processes.' > Due to its high
sensitivity, quick response, and excellent spatial and temporal
resolution, fluorescent sensing has become one of the top
choices to detect the analytes of interest.”” Near-infrared
(NIR) fluorescent sensors are especially attractive for in vivo
detection of biologically relevant spec1es, 7 as the NIR photon
has deep tissue penetration and low autofluorescence.” '® For
applications, the emission should be well-separated from the
excitation (i.e., large Stokes” shift), in order to minimize the
interference from the excitation light."”~"" Although cyanine-
based dyes give strong NIR absorption and emission, they
exhibit small Stokes’ shifts (usually 20—50 nm)."*~** Develop-
ment of NIR fluorescent dyes with a large Stokes’ shift (e.g.,
>200 nm) remains a challenge.

As an active component in enzymes and proteins,zs_27 the
zinc cation (Zn*") plays an important role in various
biological”® and pathological processes, including Alzheimer’s
disease, epilepsy, infantile diarrhea, and ischemic stroke.”” ™’
Free zinc pools exist in some tissues, such as the brain,
intestines, pancreas, and retina.®* There is significant interest in
sensing Zn*" in living systems.”>~** However, the majority of
Zn** sensors give emissions in the visible region, which often
suffer interference from autofluorescence.*> Most zinc sensors
are based on the photoinduced electron transfer (PET)
mechanism,*>** which can induce a large fluorescence change.
It should be noticed that metal ion binding typically induces a
small spectral shift.*** In addition, PET often exhibits
incomplete fluorescence quenching that limits the performance
of the sensors. Solving the problem requires integration of
other mechanisms in the sensor design.
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In order to overcome the deficiency of PET-based sensors, a
potential solution is based on a bis(HBO) 3 (Scheme 1). In
the central phenyl ring of 3, one —OH group acts as a
fluorescence OFF/ON switch when it binds to the Zn** cation.
The second —OH group in 3 is reserved for the excited state
intramolecular proton transfer (ESIPT) that can trigger a large

Scheme 1. Convergent Synthesis of Zinhbo-9“
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spectral shift. The probe design utilizes Zn*" binding to the
—OH switching group, thereby turning on the fluorescence of
the ESIPT fluorophore, which can give two fluorescence
signals.

Our recent studies showed that Zinhbo-5 (i.e., 3a in Scheme
1) could be a useful NIR probe, as its binding to the Zn**
cation can induce two fluorescence signals at ~540 and ~730
nm (in ~1:1 ratio), attributed to its enol and keto tautomers
(Figure 1).* However, all the known bis(HBO) probes still
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Figure 1. UV—vis (a) and fluorescence spectra (b) of 10 M Zinhbo-
S and Zinhbo-9 (broken line) in aqueous solution containing 50%
EtOH and their zinc complex (solid line). (c) Fluorescent images
taken when the same samples (for spectra) were irradiated with a 365
nm UV lamp at room temperature.

exhibited relatively low NIR response upon Zn®* binding,
despite the efforts for over a decade.*™” Herein, we
demonstrate that the probe’s response to Zn** could be
dramatically improved by using Zinhbo-9 (3b), giving strong
green (A, ~ 540 nm) or NIR fluorescence (A, ~ 750—780
nm), depending on the environments. The large NIR
fluorescence turn on, in addition to its potential to sense its
environment change, makes the probe a very attractive
candidate for Zn*" sensing.

Sensor Zinhbo-9 was synthesized in good yield by coupling
the key intermediate aminophenol 1 with aldehyde 2b in two
steps (Scheme S1) using a convergent synthetic strategy.48
UV—vis of Zinhbo-9 exhibited an absorption of 4,,,, & 405 nm,
which was red-shifted to 4., & 455 nm upon addition of the
Zn** cation (Figure la, solid lines), indicating the complex
formation. On the basis of the Job plot and ESI-MS data
(Figure S1), the complex structure was assumed to be 4b with
a 1:1 ligand-to-metal ratio (i.e., Zinhbo-9/Zn, Figure S2),
which is consistent with the reported crystal structure for 4a."
In the aqueous solution (EtOH:H,O = 1:1), Zinhbo-9 alone
gave a relatively weak fluorescence (4., & 600 nm, ¢y ~ 0.11
by using quinine sulfate as a reference). However, formation of
the zinc complex drastically increased the fluorescence when
being excited at 455 nm to give bright green emission (4., ~
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542 nm; @4 = 0.72; Figure 1lb,c). Although both ligands
exhibited similar emission profile with 4., & 600 nm, the zinc
complex of Zinhbo-9 gave one bright emission peak (A, =~
542 nm), while that of Zinhbo-5 gave two weak emission peaks
(Aem ~ 540 and 725 nm) in about a 1:1 ratio (Figure 1b). The
large difference in responding to the Zn>" cation indicated the
large impact of a heteroatom substitution on the ESIPT
process, as Zinhbo-9/Zn in the aqueous buffer gave nearly
exclusive emission from its enol tautomer.

The fluorescence of the new probe was further examined in
different solvents (Figure S3). Interestingly, Zinhbo-9/Zn gave
mainly an enol emission (1., ~ 540 nm) in a protic solvent
such as EtOH. The enhanced enol emission from Zinhbo-9/
Zn in a protic solvent was in sharp contrast to that from
Zinhbo-5/Zn, whose ESIPT emission (from the keto
tautomer) was enhanced in EtOH (Figures S4—S6). It was
assumed that the hydrogen bonding with protic solvents
inhibited the ESIPT process effectively in Zinhbo-9/Zn,
making it possible to achieve a predominant enol emission.

More interestingly, Zinhbo-9/Zn exhibited a major NIR
emission peak at ~770 nm in CH,Cl, and dual emission (A,
~ 534 and 770 nm in about 1:1 ratio) in CH;CN, showing
that the emission of the zinc complex was quite sensitive to its
environments (Figure 2 and Figure S3). The NIR emission
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Figure 2. (a) Normalized absorption (ABS) and fluorescence (FL)
spectra of Zinhbo-5 and Zinhbo-9 upon addition of 1.0 equiv of Zn**
in CH,Cl, excited at A, (480 and 492 nm). (b) Zinhbo-9 and
Zinhbo-9/Zn** CH,Cl, solution (1.0 uM) in glass scintillation vials
were imaged with Ex/Em = 500/780 nm (NIR channel) using an
IVIS imaging system.

peak at ~770 nm could be attributed to its keto tautomer S.
The result thus illustrated a rare probe that gave strong NIR
emission with a very large Stokes’ shift (A4 = (777 — 492) nm
= 285 nm) upon binding to Zn*" by selectively turning on its
keto emission in an aprotic solvent. In addition, the emission
ratio of the resulting Zn** complex at 534 and 770 nm was
quite sensitive to its environment. Thus, the NIR-emitting new
probe not only is capable of detecting zinc cation but also
raising the possibility of detecting zinc in different bioenviron-
ments. The Zn** binding induced NIR emission can be clearly
observed by using an “in vivo imaging spectrum (IVIS)”
system (Figure 2B).

The apparent association constant, K, = 6.41 nM, for Zn**
was determined, which reveals strong binding of Zinhbo-9
toward the Zn>" cation, and the detection limit was found to be
as low as 0.5 nM in the buffered aqueous (Figure S25).
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The sensor’s response to other metal ions was also examined
in both CH,Cl, and aqueous solutions (Figures S9—S11). The
probe was silent to other physiologically important metal ions,
such as Mg®", Na*, and K* cations. The heavy and transition
metal ions, such as Mn?*, Ni**, Co?*, Cu?', Fe*, Fe’*, Pb*,
Ba**, and Cr’* cations, which are well-known fluorescence
quenchers, did not show a fluorescence quenching effect on
Zinhbo-9 in both CH,Cl, and aqueous solutions. Furthermore,
significant fluorescence turn-on was observed in the presence
of 10 equiv of the other metal ion and 1 equiv of Zn** in
aqueous solution, which indicates that all the tested metal ions
did not interfere with Zn** sensing. Therefore, Zinhbo-9 is a
highly selective NIR fluorescence turn-on chemosensor for the
Zn*" cation.

For Zn** sensing, a significant challenge is to differentiate
Zn** from Cd**, as both cations have similar electron
configuration. Interestingly, Zinhbo-9 did not exhibit notable
change in absorption, A, upon binding Cd** in CH,Cl,, and
the resulting Cd** complex did not give NIR emission (Figures
S12—S15). The dissociation constant using the Benesi—
Hildebrand plot revealed that Zinhbo-9 exhibited stronger
binding toward Zn>* [e.g, Ky ~ 17.9 uM for Zn*" and K, ~
86.0 uM for Cd*" in CH,CIl, (Figure S17)]. The competitive
binding of the probe toward Zn** and Cd** was also examined
in HEPEs buffer (Figures S22—S26), revealing the same trend.
Replacement of Cd** by Zn*" in the preformed Zinhbo-9/Cd**
complex solution was observed, which further indicated the
stronger binding of Zn>* over Cd*". Therefore, Zinhbo-9
provided a rare NIR sensor that can selectively detect the Zn>*
cation.

In order to examine its biological applications, the probe was
applied to cells by staining human mesenchymal stem cells
(hMSCs). When the samples were excited with a 488 nm laser,
strong NIR fluorescence (700—800 nm) was observed from
the intracellular area (Figure S26), and only a very weak signal
was observed in the green channel. In a control experiment,
negligible intracellular fluorescence was detected from the cells
after being treated with 10 uM Zinhbo-9 for 60 min (Figure
S26¢). The weak signal observed in the control experiment was
attributed to the natural presence of an endogenous zinc
cation. These results demonstrated that the probe could be a
suitable tool for determining intracellular Zn** activities. An
interesting feature is that Zinhbo-9 appeared to pass through
the karyotheca (or nuclear membrane) into the nuclei, which
was quite different from that of Zinhbo-S (mainly spreads in
the cytoplasm).” To further confirm this feature, Zinhbo-9
was applied to a more divisive cell line (HeLa cells) with a
shortened staining time (Figure 3). A strong NIR signal was
observed in nuclei, which further proved the nuclear staining
by Zinhbo-9. Interestingly, the chromosomes were found to be
brighter in the metaphase during mitosis, which indicates that
zinc plays an important role in cell proliferation where an
advanced zinc probe would be a useful tool.>

It should be noted that the emission of the Zinhbo-9/Zn
complex was quite sensitive to the probe’s environment
(Figures 1 and 2). The strong NIR emission, coupled with very
weak green emission, indicated that the Zinhbo-9/Zn complex
was located in a hydrophobic cellular or tissue environment. In
other words, the comparison of zinc binding patterns from the
green and NIR signals could provide useful information about
the local environment of Zn** (i.e., aqueous or hydrophobic
environments), which the existing zinc probes cannot match.
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Figure 3. Confocal fluorescence images of HeLa cells excited with a
488 nm laser. The images were collected at bright field (a,e), DAPI
(b,f), green channel (c,g), and NIR channel (d,h: 700—800 nm). Top
(control): Cells were incubated with Zinhbo-9 for 60 min at 37 °C in
Dulbecco’s modified Eagle’s medium (DMEM). Bottom: Cells were
first treated with Zn®* (10 gM) for 30 min and further exposed to
Zinhbo-9 (10 uM) for another 60 min at 37 °C in DMEM.

Encouraged by the cell studies, we further investigated the
potential of using Zinhbo-9 for in vivo imaging of zinc in a
mouse model. The injection of Zinhbo-9 followed by further
injection of a zinc ion generated strong NIR fluorescence. Mice
treated only with the probe showed weaker NIR fluorescence
under the same imaging conditions (Figure 4). In the control

Figure 4. Fluorescent images of living mice. Left: Subcutaneous
injection of 25 uL solution Zinhbo-9 (10 mM in DMSO). Right:
Subcutaneous injection of 25 uL solution Zinhbo-9 (10 mM in
DMSO), and then subcutaneous injection of 30 uL of Zn** solution
(10 uM in DMSO). Images were taken 20 min after the subcutaneous
injection, with Ex/Em = 500/780 nm (NIR channel) using an IVIS
imaging system.

experiment, the NIR fluorescent signal around the injection
site might derive from the tissue injury, which has been known
to cause dramatic elevation of zinc.’' These results
demonstrate that the Zinhbo-9 probe is a useful Zn*"-selective
NIR probe for in vivo fluorescence imaging.

In addition, the Zinhbo-9/Zn complex also exhibited
significant fluorescence at 777 nm when being excited at 980
nm in CH,Cl, (Figures S6 and S7). The probe thus could have
both excitation and emission within the NIR-I region (700—
1000 nm), an ideal feature for an NIR sensor.

In conclusion, Zinhbo-9 has been shown to be a highly
selective fluorescent turn-on sensor for Zn** cations, giving
NIR emission at ~777 nm. The finding leads to a promising
molecular design which allows the probe to generate NIR
emission (4., ~ 777 nm) that is well-separated from its
excitation (A, & 492 nm). In addition, the formed zinc
complex Zinhbo-9/Zn exhibited attractive environmental
sensing properties, giving emission at two drastically different
wavelengths (i.e., 540 nm for protic and 770 nm for nonpolar
environments). Use of the probe in cancer cells and stem cells
further demonstrates its potential for biological applications.
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Since Zinhbo-9 possesses many desirable features that the
current zinc sensors cannot match, the developed sensor could
be of practical importance for future biological research.
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