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Three TRIS-based molecular probes, L1/L2/L3, were screened for their ability to detect Zn?* at nanomolar
level. Keeping in mind the criteria for a molecular probe to be utilized as bioimaging material, L2 was
chosen as model compound for biological studies due to its higher excitation/emission wavelengths.
While investigating the potential of L2, intracellular Zn* was successfully imaged using fluorescence

microscopy. As the fluorescence emission of L2-Zn?* ensemble was stable for longer duration, more than
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3 h, L2 was successfully utilized in in vivo imaging of Zn®* in a whole plant (Peperomia pellucida) in real-
time. Further to its in vivo imaging capability, L2 was found to be successful in imaging zinc pool of gram

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Over the years, efforts have been directed to develop vari-
ous methodologies/techniques to better understand every detail
and principle of biological systems. Fluorescence bioimaging is
one among them that enabled us to enrich our knowledge in
understanding various biological events [1-21]. While biologically
abundant metal ions like Na*, K*, Ca2* and Mg2* are highly essen-
tial for living systems, Zn?* is the second most abundant transition
metal in human body [22]. Imaging, both in vitro and in vivo, of such
biologically important metal ions using fluorescence microscopy
technique has helped us in furthering our understanding of the
cell biology of metal ions. Therefore, it is an ongoing endeavor
to develop cell permeable molecular probe for imaging of these
metal ions in living systems. Though, both fluorescence turn-on and
turn-off mechanisms [4,7,11,13-21,23-27] have been used in the
last few decades for the detection of these metal ions inside living
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systems, turn-on probes are always more desirable. For a molecular
probe to be an efficient bioimaging material, the probe should sat-
isfy some of the criteria such as solubility in aqueous/semi-aqueous
media, cell permeation capability, bright signaling, less or no back-
ground fluorescence, and higher excitation/emission wavelengths
[1].

Zinc plays various important roles in different biological
processes such as in neurotransmission, apoptosis, gene expres-
sion, and DNA/RNA synthesis [28-32]. In addition to these,
it regulates the activities of wide range of enzymes [33]. As
per the reported data, a normal human body contains up to
3g of zinc, and the amount varies from nanomolar to mil-
imolar concentration inside other biological systems [34,35].
Though zinc is the second most abundant metal ion and key
in monitoring various biological events in human body, its
over accumulation inside cells may cause severe damage to
human health. Whereas the role of chelated zinc in biological
systems is well investigated and documented in the litera-
ture, the biological functions of labile/free zinc pool in living
system remain unclear. In this regard, small molecule based
fluorescence imaging of these zinc pools is providing us with
valuable information on various important biological events
[1,3,9-11,27,30,34,36-65]. Therefore, development of fluorescence
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turn-on molecular probes which offer real-time analysis option for
in vivo studies and with high degree of selectivity for Zn2* over
Na*, K*, Ca?* and Mg?* is an important and challenging area of
research.

The present work demonstrates our recent studies on utiliza-
tion of TRIS-based molecular probe as Zn2*-specific fluorescence
bioimaging material. The in vitro zinc imaging potential of the
present probe was established using Bacillus thuringiensis cell line.
The imaging of zinc in a whole plant and in gram sprouts supported
the probe’s capability as bioimaging material for in vivo studies in
real-time.

2. Experimental
2.1. Materials

Chemicals and solvents were obtained from commercial sources
and used as received. Spectroscopic grade DMF was used to perform
all spectroscopy related experiments. The metal salts were used
in their nitrate form (except Hg2* and Mn?* which were used as
chloride salts). To obtain a fixed pH, 10 mM pH 7.0 HEPES buffer
was used as aqueous medium. Quantum yield was calculated using
quinine sulfate as reference.

2.2. Instruments

Absorption and emission spectra were recorded on Simadzu
UV-2450 and Cary Eclipse fluorescence spectrophotometers
respectively at ~25 °C. All spectral studies were performed at 1cm
quartz cell with 5 slit widths for both excitation and emission. FT-IR
spectra were recorded on a Perkin Elmer Spectrum 2 spectropho-
tometer. 'H and 13C NMR spectra were recorded on Jeol JNM ECX
400 MHz and Bruker Avance 300 MHz spectrometer in DMSO-d6.
The imaging system was comprised of an inverted fluorescence
microscope (Leica DM 1000 LED), digital compact camera (Leica
DFC 420C), and an image processor (Leica Application Suite v3.3.0).
The microscope was equipped with a mercury 50 W lamp.

2.3. Binding constant calculation

The equation that was used to calculate binding constant is
[Gliot =a/2K21(1 — a)*[Hto + a[Htot/2 [66,67], where [Gleor is total
concentration of guest (here Zn%*), [H]ot is the total concentration
of host, a=(A—Ao)/(Ainf —Ao) Where A is the absorbance at a par-
ticular Zn?* concentration, A, and Ajy¢ are the absorbances at zero
and infinite Zn%* concentrations, respectively.

2.4. Cell culture and intracellular zinc imaging

B. thuringiensis (strain isolated in our laboratory as a bio-
pesticide agent for controlling looper pest of tea and identified on
the basis of 16S rDNA gene sequence homology) cells from expo-
nentially growing culture in Nutrient broth (pH 7.2, incubation
temperature 29°C) were collected by centrifugation at 3000 rpm
for 5min. After collection, these two types of cells were washed
twice by suspending them in 0.1 M HEPES buffer (pH 7.4) followed
by centrifugation in the same speed as above. The washed cells
were then treated separately with the zinc salt, Zn(NO3),-6H,0
(0.05 mM) for 30 min. After completion of this incubation process
the cells were further washed with 0.1 M HEPES buffer (pH 7.4).
The washed cells were then further incubated with L2 (0.05 mM)
for another 30 min. Finally, and to minimize background fluores-
cence, the treated cells were washed further and then mounted on
grease free glass slide and observed under a Leica DM 1000 Fluores-
cence microscope with UV filter. Cells treated with Zn(NOs ),-6H,0

but not with ligand and cells without Zn(NO3 ),-6H,0 treatment but
incubated with ligand were chosen as control.

2.5. Zinc imaging in gram seed sprouts

Matured gram seeds were germinated at room temperature
using distilled water. The sprouted seeds were then treated with
Zn(NO3),-6H;0 solution for 2 h. After completion of zinc incuba-
tion, the seeds were washed several times with water to remove
surface sticking Zn(NO3),-6H,0. Some of these incubated seeds
were then further incubated with probe L2 (0.5 mM) for 1 h. After
completion of incubation with probe L2, the seeds were thor-
oughly washed and then sectioned. Finally, the sections were
imaged using a fluorescence microscope. Sprout sections treated
with Zn(NO3),-6H,0 but not with probe L2 and sections without
Zn(NO3),-6H,0 treatment but incubated with probe L2 were used
as control.

3. Results and discussion
3.1. Synthesis

Probes L1/L2/L3 were synthesized using a simple one-pot con-
densation reaction between tris(hydroxymethyl)aminomethane
(TRIS) and various salicylaldehydes in ethanol under refluxing con-
dition (Scheme 1). The products were obtained as yellow/red solids
and thoroughly characterized using spectroscopic tools such as FT-
IR, NMR and mass spectroscopy. The spectral data of L1 and L3 were
in agreement with the reported data [68,69].

3.2. UV-vis and fluorescence studies

To study the photo physical properties of ligands L1/L2/L3, in
the presence and absence of Zn%*, we started with UV-vis titra-
tion of L1. Three peaks were observed in the absorption spectra of
L1 (2 x 10~> M) in DMF/Water (9:1) at 280, 317, and 409 nm (Fig.
S1).Addition of increasing amount of Zn?* (0-16 x 10~ M)resulted
in generation of a new absorption band centered at 364 nm. After
binding with Zn2* the absorption peak at 409nm almost dis-
appeared and a strong decrease in intensity in absorption band
centered at 317 nm was observed. Appearance of two isobestic
points at 330 and 398 nm clearly indicated the formation of L1-Zn2*
complex (Fig. S1). The generation of new absorption band centered
at 364 nm upon the addition of Zn2* could be explained on the basis
of internal charge transfer (ICT) mechanism. The UV-vis spectra of
L2 showed three peaks at 285 nm, 346 nm and at 439 nm, while
L3 showed absorption peaks at 280 nm, 329 nm, and at 418 nm
(Fig. 1, S2). UV-vis titrations of L2/L3 (2 x 10~> M) in a combina-
tion of DMF/Water (9:1) were performed with the gradual addition
of Zn2* to check the effects of Zn2* on the absorption of L2/L3 (Fig. 1,
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Scheme 1. Syntheses of L1, L2 and L3.
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Fig. 1. UV-vis spectra of L2 (2 x 10> M) in DMF/water (9:1, pH~ 7.4) in the pres-
ence of various concentration of Zn?* (0 wM, 5 wM, 10 wM, 15 wM, 20 wM, 25 WM,
30 M, 35 uM, 40 uM, 80 wM, 120 wM, 160 M, 200 wM, 240 wM). Upward arrow
indicates gradual increase of absorption at 394 nm wavelength while downward
arrow indicates gradual decrease in absorption at 346 nm wavelength with increas-
ing concentration of externally added Zn?*.

S2). As expected, similar to that of L1, interaction of Zn2* with L2
and L3 resulted in generation of new bands centered at 394 and at
377 nm, respectively.

From these absorption studies it was evident that all the three
ligands L1/L2/L3 formed stable complex with Zn2* in the ground
state. Next we investigated the effect of ZnZ* on the emission spec-
tra of these three ligands. All the three ligands were found to be very
weak fluorescent (quantum yield: 0.0024, 0.0025, 0.0027 for L1, L2,
L3, respectively) with poor brightness (9.14, 10.93, 8.34 for L1, L2,
L3, respectively). The weak fluorescence of these ligands was due
to a combination of E/Z isomerization and ICT effect. When Zn2*
(16 x 105 M) was added to a solution of L1 (2 x 10~> M), a strong
blue emission at 448 nm was observed when excited at 364 nm
(quantum yield: 0.347 and brightness: 2.56 x 103) (Fig. S3). The
addition of Zn?* reduced the ICT effect and enhanced the structural
rigidity by restricting the E/Z-isomerisation through complex for-
mation resulting in activation of chelation enhanced fluorescence
(CHEF) signaling. To test the effect of other mono-, di- and trivalent
cations on the emission of L1, a broad spectrum of metal ions were
investigated: Li*, Na*, K*, Ca2*, Mg2*, Mn2*, Fe3*, Cu?*, Zn2*, Cd%*,
Co?*, Sr¥*, Pb%*, Ag*, Ba2*, Ni%* and Hg2* (Figs. S5 and S6). It was
observed that CHEF signaling was completely Zn%* specific as no
other metal could induce any such fluorescence enhancement. The
introduction of a methoxy functionality at the para position of OH
group in L2 resulted in 50 nm red shift, as compared to unsubsti-
tuted L1, in the emission band (Aem =499 nm) that was appeared
upon interaction of L2 with Zn%* (Aex =394 nm; quantum yield:
0.281 and brightness: 2.25 x 103) (Fig. 2). Though the interaction of
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Fig. 2. Fluorescence spectra of L2 (2 x 10~ M) in DMF/water (9:1, pH~ 7.4) in the
presence of 240 uM of Zn?* and in the presence of other metals like Li*, Na*, K*, Ca?*,
Mg?*, Mn?*, Ba?*, Cu?*, Fe?*, Cd?*, Hg?*, Ni%*, Pb?*, Sr?*, Co?*, Ag* (Aex =394 nm).
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Fig. 4. Fluorescence spectra of L2 (2 x 10~ M) in DMF/water (9:1, pH~ 7.4) in the
presence of different concentrations of Zn?* (0-240 M) (Aex =394 nm).

L2 with Zn2* resulted in a glowing green emission, no such emis-
sion was observed in the presence of other mono-, di- and trivalent
cations (Figs. 3 and 4).

L3, containing an electron withdrawing group at the para
position of OH group, showed 6nm red shift, as compared to
unsubstituted L1, in the emission band when interacted with Zn%*
(Aex =378 nm, Aem =454 nm, quantum yield: 0.117 and brightness:
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Fig. 3. Fluorescence intensity of L2 (2 x 10~> M) in DMF/water (9:1, pH ~ 7.4) in the presence of 240 uM of different types of metal ions as a bar graph.
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Fig. 5. Fluorescence Microscopic photographs of (a) Bacillus thuringiensis cells treated with Zn?* (b) B. thuringiensis cells treated with L2 (c) B. thuringiensis cells treated with

Zn?* followed by L2.

0.91 x 103) (Figs. S8 and S10). Similar to L1 and L2, no other metal
could induce such type of turn-on fluorescence signaling (Fig. S11).
It is worth mentioning that in all the cases Zn2* induced CHEF
signaling was instant and stable up to minimum of 3 h confirming
the potential of these probes for real-time analysis (Figs. S12-5S14).
All these three ligands showed efficient selective detection of Zn%*
in the presence of the most competitive bio-relevant metal ions
Na*, K*, Ca2* and Mg?* (Figs. S15-517). Moreover, L1/L2/L3 did
not show any fluorescence enhancement when interacted with
Cd2*/Pb2* which is not the case for many literature reported turn-
on Zn2*-chemosensors. It is worth mentioning that L2 can detect
Zn?* in the presence of higher percentage of water (50% water)
though some extent of fluorescence quenching was observed in this
condition (Fig. S18). The pH dependency studies proved that Zn2*-
induced fluorescence enhancement was observed in a pH range
of 6.8-9.6 which is very much within thin the physiological pH
range (Fig. S19). This encouraged us to check the efficiency of these
ligands in fluorescence imaging of intracellular zinc.

Regarding stoichiometry of the formed complexes, Job’s method
[70] suggested 1:2 (metal:ligand) complex formation (Figs. S20 and
$21). That L1 formed 1:2 complex with Zn%* was confirmed by the
single crystal structure reported by Rao and co-workers[71]. There-
fore, all these ligands prefer to form 1:2 (metal:ligand) complexes
and this conclusion was supported by our theoretical studies (that
has been explained in detail in later section). From the crystal struc-
ture it is evident that imine nitrogen, phenolic oxygen, and one of
the alcoholic oxygens are the binding sites for Zn2*.

3.3. TH NMR titrations

TH NMR titration results clearly indicated the involvement
of phenolic —OH, alcoholic —OH, and imine nitrogen in the 1:2
metal-ligand binding process. A downfield shift of 0.035 ppm was
observed in case of the imine proton of L2 whereas the phenolic
proton peak almost disappeared (0.15 ppm upfield shifted) in the
presence of Zn2*. The three alcoholic protons peak at 4.68 ppm of
L2 got split into two peaks in the presence of Zn%*, out of which one
proton showed strong upfield shift (appeared at 5.84 ppm) indicat-
ing the involvement of this alcohol functionality in the complex
formation (Fig. S22).

3.4. Detection limit and binding constant calculation

As one of the important criteria for a molecular probe to
be an efficient bioimaging material is higher excitation/emission
wavelengths [1], we selected L2 as a model compound for bio-
logical studies. Limit of detection was calculated using (3o /slope)
method and we found that L2 could detect as low as 20nM of
Zn%* (Fig. $23) [72]. With the confirmation of 1:2 (metal:lignad)
complex formation, the binding constant was calculated using
Levenberg-Marquardt algorithm which showed high binding con-
stant value 6.8 x 10° M2 for L2-Zn?* complex (Fig. S24).

3.5. Theoretical study

Density functional theory (DFT) calculations have been carried
out to understand the complexation of Zn* with the TRIS based
ligands and the observed spectral properties of ligands and zinc
complexes. Theoretical analysis is focused on the structure and
properties of L2 and its Zn%* complex (L2-Zn?*) since all ligands (L1,
L2 and L3) and their Zn%* complexes showed very similar spectral
properties. All calculations were carried out at the MO06-2X/6-
311G(d,p) [73] level of DFT using Gaussian 09 suite of programs
[74]. Optimized structures of L2 and L2-Zn%* complex (2:1) are
given in Fig. S25. In L2, a weak H-bond interaction exists between
the —OH group on phenyl ring and N (rf(H—N)=1.75A). L2-Zn?* is a
six coordinated complex formed by the coordination of Zn2* with
the lone pairs on two N atoms (Zn—N bond lengths are 2.07 and
2.08 A), lone pairs on the oxygen atoms of two —OH groups (Zn—0
bond lengths are 2.22 and 2.29 A) and with two phenoxide anions
(Zn—0 bond distances are 2.02 and 1.99 A).

Frontier molecular orbitals of both L2 and L2-Zn?* are calcu-
lated and are given in Fig. S26. The HOMO and HOMO-1 of L2 are
the r-orbitals of phenyl ring and lone pair orbitals on N and O
atoms while LUMO and LUMO+1 are the corresponding m*-orbitals.
HOMO and HOMO-1 of L2-Zn?* are nearly degenerate (energy dif-
ference between HOMO and HOMO-1 is 0.05eV) and are formed
by the r-orbitals of phenyl rings and the lone pair orbitals on N
and O atoms while LUMOs are the m*-orbitals on phenyl rings. The
HOMO-LUMO energy gap in L2 is 6.37 eV and the coordination of
Zn%* led to a decrease in the HOMO-LUMO energy gap to 5.68 eV.
Molecular orbital analysis suggests that the peak at 344 nm in the
UV-vis spectra of L2 corresponds to the electronic excitation from
HOMO to LUMO which gets diminished by the addition Zn2*. The
generation of a new peak at higher wavelength of 394 nm by the
addition of Zn2* can be attributed mainly to the HOMO to LUMO
excitation in L2-Zn?* with a minor contribution from HOMO-1 to
LUMO transition. In L2-Zn2* the first excited state (S1) gets more
populated compared to L2 since the electronic excitation takes
place from HOMO and HOMO-1 [HOMO — (HOMO-1)=0.05eV] and
the energy difference between LUMO and LUMO+1 is only 0.15 eV
which might be a factor contributing to the fluorescent enhance-
ment on the formation of L2-Zn?*.

3.6. Biological studies

3.6.1. Living cell imaging (in vitro studies)

To investigate the potential of L2 in intracellular zinc imaging,
B. thuringiensis cells were treated with zinc salt first followed by L2
and observed under a Leica DM 1000 Fluorescence microscope with
UV filter. Strong green fluorescence was observed indicating the
cell permeation and intracellular zinc-imaging capability of probe
L2 (Fig. 5). Cells treated with zinc salt only and with ligand only
were chosen as control and no such strong green fluorescence was
observed in any case.
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Fig. 6. Fluorescence micrograph of whole plant treated with (A) Zn?*, (B) probe L2, (C) Zn?* for 1h, then with EDTA for another hour followed by L2 for 1h, (D) Zn?* for
1h followed by L2 for 1h, and (E) transverse section of Peperomia pellucida, treated with Zn2* for 1h followed by L2 for 1h (fluorescing vascular bundle observed under

fluorescence microscope).

AAAN.

Fig. 7. Fluorescence micrograph of Gram radicals after treatment with (A) Zn?* for 1h, (B) L2 for 1h, (C) Zn?* for an hour, then with EDTA for another hour followed by
treatment with L2 for 1 h, (D) Zn?* for 1 h followed by L2 for another 1 h, and (E) transverse section of seed radicals treated with Zn?* for 1 h followed by L2 for 1 h (fluorescing

vascular bundle observed under fluorescence microscope).

3.6.2. Fluorescence in vivo imaging of Zn®* in a whole-plant

Peperomia pellucida, family Piperomiacea, a small herbaceous
plant with transparent stem was used in this experiment for track-
ing/imaging translocation of zinc through stem with the help
of ligand L2 as a fluorescent bioimaging probe. To perform this
experiment, freshly collected plants were thoroughly washed to
remove soil and darts. Then the roots of the plant were dipped into
Zn(NOs3),-6H;0 solution. After 1 h, the dipped portion of the plant
was washed several times to remove externally bound zing, if any,
and again dipped the root portion into a solution of L2 (0.5 mM).
During treatment of the plant with ligand, and in order to avoid
photobleaching of L2, the tube containing the probe solution was
covered carefully with a black paper leaving the top portion of the
tube open in such a way that only the top portion of the plant got
exposed to sunlight to ensure transpirational loss of water result-
ing in efficient sucking of L2 through root. The fluorescence imaging
helped us in knowing the movement of the probe L2 through the
various parts of the plant as the complexation between L2 and
Zn?* resulted in strong emission (Fig. 6). This experiment clearly
demonstrated possibility of using L2 for fluorescence imaging of
zinc in vivo. As in vivo imaging experiments using animal models
are always expensive and time consuming, this work may help in
screening in vivo imaging potential of a probe, particularly its sta-
bility and real-time analysis possibility inside living systems, before
being tested on animals.

3.6.3. In vivo zinc-imaging in gram sprouts

As an essential micronutrient, zinc is need for the normal growth
of plant, animal and human [75,76]. Due to high consumption of
cereal crops in developing countries, the zinc-enriched cereal crops
could partially compensate zinc deficiency in human body [77].
Concentration of soil-zinc pools is the key in enriching cereal crops
with zinc. This has been investigated and documented that during
seed germination, zinc-mobilization occurs from seed to the sprout.

Therefore, the detection and localization of zinc in seed sprouts may
enable us to know about the zinc enrichment of that particular kind
of seed. We became interested to check the potential of probe L2 in
in vivo imaging of zinc present in gram seed sprouts. We observed
that the present probe L2 successfully imaged the Zn%* present in
the sprouts with a strong green emission proving further the cell
permeability and in vivo bioimaging capabilities of probe L2 (Fig. 7).
To prove this further, when the zinc treated sprouts were treated
further with strong chelating agent EDTA followed by L2, no imag-
ining was observed (Fig. 4C). As the intensity of the emission is
purely zinc-concentration dependent, L2 can be used as an indica-
tor to investigate the efficiency of various strategies used for zinc
enrichment in cereal crops.

4. Conclusion

To summarize, TRIS-based three molecular probes L1/L2/L3
were utilized for the turn-on detection of zinc at nanomolar level.
The fluorescence enhancement could be explained on the basis
of CHEF signaling and ICT mechanism. As during photophysical
studies it was revealed that L2 has higher excitation/emission
wavelengths, it was chosen for biological studies. The potential of
L2 as an efficient fluorescence bioimaging material, both in vitro
and in vivo, was tested both in plant system and in living organisms.
While in vitro studies on intracellular zinc imaging confirmed the
cell permeation capability of L2, the imaging of zinc in a whole plant
supported in vivo imaging potential of L2 in real-time. In another
in vivo study, L2 successfully imaged the zinc-pool of gram sprouts
establishing its efficiency as a molecular marker for the bioimag-
ing of zinc present in seeds. We trust that the longer stability of
fluorescence emission of L2-Zn2* ensemble, more than 3 h, and its
nanomolar zinc detection capability will make L2 as a potential
probe for staining zinc in biological systems.
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