RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 4

RSC Advances

COMMUNICATION

RSC Advances

RSCPublishing

High selective fluorescence imaging of cesium
distribution in Arabidopsis using
bis(trihydroxyphenyl)-appended fluorescent probe
with turn-on system

Cite this: DOI: 10.1039/x0xx00000x

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

The bis(trihydroxyphenyl)-appended ligand 1 was found to
display dramatically enhanced fluorescence upon addition
of Cs*, but not with any other metal ions. The self-
assembled nanofiber of 1 was changed into a spherical
structure upon addition of Cs* in aqueous solution.
Furthermore, 1 as a chemoprobe displayed high-resolution
fluorescence imaging for cesium in Arabidopsis.

Cesium, a common contaminant in industrial, medical and nuclear
wastes, can cause a number of negative health effects, including
cardiovascular disease and gastrointestinal distress.' Currently, there
are several well-known detection methods for cesium in complex
environmental and/or biological systems including atomic
absorption spectroscopy (AAS), inductively coupled plasma mass
spectroscopy (ICP-MS) and solid state sensors.” Although these
methods are highly sensitive and selective for cesium detection, they
are often expensive, involve lengthy analysis time, and require
sample destruction.

Very recently, the accident at the Fukushima Daiichi nuclear
power plant in Japan released a large quantity of radioactive
materials containing *’Cs into the atmosphere. In particular, *’Cs
with a half-life of 30.17 years has the potential to be a long-term
radioactive hazard detrimental to human health and agricultural
production for generations.® Furthermore, high concentrations of
¥7Cs remain in the vicinity of the meltdown site of the nuclear
reactor, making a large area of land uninhabitable. Thus, detection
methods for cesium that are easy and rapid are of great important in
environmental and biological systems. For example, very recently,
Dr. K. Ariga et al investigated on fluorescence imaging of cesium in
Arabidopsis by using cesium green dye.* The cesium green dye
enabled high-resolution cesium imaging of cesium-containing
particles and cesium contained in plants.*

Among a variety of detection methods, in particular, fluorimetric
detection has recently attracted considerable attention for its high
sensitivity and spatial resolution.’ However, only a few
fluorescence-based methods have been reported for cesium detection,
even though such methods have the potential to be both less
expensive and non-destructive, and have been used successfully for
the many analytes.>'* For example, squaraine-based receptors have
detected cesium with high affinities through a “turn-off” system.”
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However, most of receptors have not yet been tested for their real
application in living cell or plant tissues. Thus, the development of a
selective fluorescent probe for Cs' in plant tissues is desirable.
Herein, we report a bis(trihydroxyphenyl)-appended chemoprobe for
cesium in aqueous solution and in biological fluids.

The bis(trihydroxyphenyl)-based ligand 1 was synthesized by
treating dipicolinic acid hydrazide with 2,3,4-
trihydroxybenzaldehyde in ethanol using a slightly modified version
of a previously reported ® procedure as shown in Scheme S1. The
desired product was a yellow color, and its structure was confirmed
by 'H, °C NMR, mass spectroscopy and elemental analysis.

1.0 4

2+
Ca
2+
Sr

0.8 -

0.6 -

0.4

Absorbance

0.2+

0.0 T T T = T T 1
250 300 350 400 450 500 550 600

Wavelength / nm

Fig. 1 UV-vis spectra of aggregated 1 (2.5 x10° M) in the presence of various
metal ions (5.0 X10® M) in water/DMF mixture (99/1 v/v %).

We observed the effect of the addition of metal ions on the UV-
Vis absorption and fluorescence spectra of 1 in aqueous solutions
containing 1% DMF (v/v). The UV-Vis absorption spectrum of 1
(2.5 x 10 M) showed a maximum at 330 nm. The UV-Vis spectrum
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of 1 was gradually shifted to a longer wavelength upon addition of
Cs,COs, with the appearance of a new absorption maximum at 365
nm. In contrast, no significant absorption spectra changes were
observed upon addition of other metal ions such as Li", Na*, K",
Mg?, Ca*', Sr**, Ag’, Zn*" and Ni** (Fig. 1). These results indicate
that Cs* was selectively bound by 1 in aqueous solution. In addition,
the oxygen atoms of both carbonyl groups and the oxygen ion atoms
of the hydroxyl groups of 1 with deprotonation would act as binding
sites for Cs”, which are well-known as a hard base.’

Fig. 2 SEM images of (A) aggregated 1 (0.1 mM) and (B) aggregated 1 (0.1 mM) +
Cs* (10.0 equiv.) in water/DMF mixture (99:1 v/v%).

—/}

When ligand 1 (0.1 mM) was dissolved in a mixture of
water/DMF (99:1 v/v%), the solution of 1 was not transparent in the
absence and the presence of Cs* (10 equiv.). Thus, the SEM images
of 1 without and with Cs" in a mixture of water/DMF (99:1 v/v%)
were observed by scanning electron microscopy (SEM). The SEM
image of 1 without Cs" in a mixture of watet/DMF (99:1 v/v%)
showed a fiber structure of 50 nm width and several micrometer
lengths (Fig. 2A), which is attributed to the self-aggregation of 1
with the intermolecular hydrogen-bonding interaction and n-n
stacking. In contrast, the SEM image of 1 with Cs" (10 equiv.)
showed nanoparticles of ca. 20 nm diameters (Fig. 2B). The
morphological change of 1 is attributed to a geometric change of the
ligand by complex formation with Cs’. The formation of
nanoparticles of 1 with Cs” was further confirmed by dynamic light
scattering (DLS). As shown in Fig. S1, the diameter distribution of
the nanoparticles fell within the range of ca. 7-70 nm. On the other
hand, no significant changes of morphologies of 1 were observed
upon addition of Na,CO; and K,CO; (Fig. S2), indicating that the
aggregated 1 did not forms strong complex with Na,CO; and K,COs.
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Fig. 3 (A) Photograph of aggregated 1 and aggregated 1 with Cs,(COs3) in
water/DMF mixture (99:1 v/v%). (B) Fluorescence spectra of aggregated 1 (0.1
mM) in the presence of various metal ions (MNO3z or M,(NOs),; 1.0 mM) in
water/DMF mixture (99:1 v/v%).

To investigate the selectivity for Cs’, we also observed the
fluorescence changes of 1 upon addition of other metal ions in
aqueous solution in the presence of 1 v/v% of DMF. Compound 1
exhibited extremely weak emission in the absence of Cs* (excitation
wavelength = 360 nm). As shown in Fig. 3A, 1 exhibited a strong
emission upon addition of Cs,CO; when the mixture was viewed
under a UV lamp. The fluorescence intensity changes of 1, observed
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at 452 nm, increased quantitatively with the addition of increasing
amounts of Cs" (0-10 equiv.). Fluorescence enhancement of up to
~200-fold was recorded with the addition of 10 equivalents of Cs"
(Fig. 3B). The significant fluorescence enhancement of 1 upon
addition of Cs" is due to aggregation-induced emission (AIE) effect
(Fig S3).!° The ligand 1 in the absence of Cs* aggregates with
mainly n-x stacking between trihydroxyphenyl and trihydroxyphenyl
groups with a linear structure to induce formation of a fibrillar
structure, which is attributed to an aggregation-caused-quenching
(ACQ) effect."” The n-r stacking between the phenylene groups of 1
induced a quenching effect by H-aggregation mode.'? On the other
hand, the addition of Cs" induced formation of the pseudocyclic
structure, which is an AIE effect. The addition of other metal ions, in
contrast, had no effect on the fluorescence changes of 1. Thus, 1
responded selectively to Cs”, a response which can be attributed to
the binding of Cs* to 1. The addition of Cs" resulted in a linear
increase in the fluorescence intensities of the 1 (Fig. S4), indicating
that Cs” became bound to 1. Compound 1 also showed excellent
sensitivity with detection of 20 ppb of Cs" (Fig. S5), which is
sensitive enough for its practical applications in measurements of
Cs" in biological fluids.

The UV-VIS spectra of 1 were also observed in a mixture of water
and DMF (99:1 v/v) and pure DMF (Fig. S6A). The UV-VIS
spectrum of 1 in a mixture of water and DMF (99:1 v/v) exhibited
absorbance in shorter wavelength than that of obtained in a pure
DMF, suggesting that ligand 1 might be aggregated in a mixture of
water and DMF (99:1 v/v). The fluorescence intensity of ligand 1 in
pure DMF was smaller than that of obtained in a mixture of water
and DMF (99:1 v/v) (Fig. S6B), indicating that ligand 1 exists as
monomeric species, not aggregation.

We examined the selectivity of aggregated 1 for Cs,CO; with
respect to alkali-metal carbonates such as K,CO; and Na,COs. The
increases in fluorescence of 1 upon addition of Cs" were higher than
those observed with other alkali metal ions (Fig. S7), suggesting that
the aggregated 1-Cs” complex was much more stable in comparison
to the other alkali-metal carbonates.

We further investigated the interaction between 1 and Cs® by
using ESI-mass spectroscopy (Fig. S8). The ESI-mass spectrum of 1
upon addition of Cs" corresponded to the [1+Cs]" at m/z ~ 600.67
while the peak at m/z ~ 468.25 was related to 1, indicating that the
binding between 1 and Cs' led to a 1:1 stoichiometric ratio. The
association constant (K,) of 1 with Cs" was calculated for 1:1
stoichiometry on the basis of a Benesie-Hildebrand plot," and it was
calculated to be 1.18 x 10° M™! (Fig. S9).

To investigate the response time of 1 for sensing Cs', the
fluorescence spectra were recorded upon addition of Cs™ (0.1, 0.5
and 1.0 mM) to solutions of 1 (0.1 mM) and each solution was
analyzed as a function of time. The interpretation of results revealed
that after 60 min, the fluorescence intensity of any solution is
independent of time; in other words, the sensing response time of 1
upon addition of Cs" was constantly maintained within 60 min (Fig.
S10).

We considered that micrometer-scale imaging for Cs" distribution
could be extended to cellular-level imaging. Thus, we studied the
practical applicability of 1 as an imaging probe for Cs" to operate
within living systems like plants. Nine-day-old Arabidopsis
seedlings grown Murashige-Skoog (MS) medium containing 0.01
mM or 0.1 mM Cs,CO; were vacuum infiltrated with 0.1 mM of the
fluorescent probe 1, which revealed Cs* content in the resulting
plants of 22.8 nmol of Cs"/mg of dry weight by elemental analysis
(Fig. S8), and the fluorescence signal was observed using a
multiphoton laser scanning microscope. Upon a comparison between
the fluorescence images of Cs'/probe 1-treated and Cs-treated plants,
the high level of fluorescence signal was observed in vacuoles of
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leaf epidermal cells of Cs'/probe 1-treated plants but not of Cs-
treated plants (Fig. 4). In addition, only probe-treated plants showed
no detectable signal, indicating that endogenous autofluorescence
arising from a variety of biomolecules such as flavins, fatty acids,
cytochromes, chlorophylls, lignins, carotenoids and phenolic
compounds have no or very little effect on probe 1-mediated
fluorescence emission in plants.'* In higher plants, Cs™ influx to root
cells occurs through K'/H" symporters and voltage-insensitive cation
channels, and is translocated to other organs like leaves and shoots. "
Although there is no known role for Cs in plant nutrition, excessive
Cs is potentially toxic to plants. Therefore, accumulation of Cs in
vacuole, which is consistent with previous observation using Cs
fluorescent probe Cesium Green, indicates that vacuolar
sequestration is potentially important mechanism for detoxification
of Cs, suggesting potential application of probe 1 for studying the
cellular mechanism for Cs detoxification in higher plants.
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Fig. 4 Fluorescence images of plant grown of cotyledon of Arabidopsis (A)
treated with aggregated 1 (0.1 mM) and absence of Cs,COs; (B) treated with
Cs,C03 (0.1 mM) without the aggregated 1.; (C) treated with Cs,CO;3 (0.1 mM)
and with aggregated 1 (0.1 mM).

In conclusion, the bis(trihydroxyphenyl)-appended derivative 1
has been synthesized and its fluorogenic sensing properties have
been studied. Ligand 1 alone was almost non-emissive, which is
attributed to the aggregation-caused-quenching (ACQ) effect. In
contrast, 1 exhibited a strong emission upon addition of cesium ion,
due to the aggregation-induced emission (AIE) effect. Thus, 1 can
function as a “turn-on” fluorescent chemoprobe for cesium ion. In
particular, chemoprobe 1 displayed high-resolution fluorescence
imaging for cesium in Arabidopsis. This result highlights the
capability of chemoprobe 1 for visualization of cesium accumulated
in plants at the organelle level. Thus, this method is potentially
useful for detection of cesium contaminated by nuclear radiation and
waste water in biological system.
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