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HIGHLIGHTS

GRAPHICAL ABSTRACT

Six novel rhodamine-based probes
for TBT were designed, synthesized
and tested.

e The probes show high selectivity and
sensitivity in the range from 6 to
20 mM of TBT.

e The probe was used to map TBT in
cell-EPS-mineral aggregates.

e Here we present the first examples of

fluorescent probes for microscopic

TBT imaging.
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Here we present the first examples of fluorescent and colorimetric probes for microscopic TBT imaging.
The fluorescent probes are highly selective and sensitive to TBT and have successfully been applied for
imaging of TBT in bacterial Rhodobacter ferrooxidans sp. strain SW2 cell-EPS-mineral aggregates and in
cell suspensions of the marine cyanobacterium Synechococcus PCC 7002 by using confocal laser scanning

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The coastal areas represent the most important areas of the
oceans from a human perspective. There are hundreds of new
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chemicals introduced into coastal environments every year [1,2].
The marine antifouling paint additive tributyltin (TBT), which is
one of the most toxic substances ever deliberately put into the sea
is ubiquitous in aquatic organisms and marine systems and
represents a major environmental problem [3]. Organotin com-
pounds accumulate in marine sediments and marine organisms
such as fish, shellfish and squids [4]. The consumption of
contaminated marine species leads to human dietary exposure
[5], and generates DBT (dibutyltindichloride, Sn(n-butyl),?*), a
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Scheme 1. Structures of probes 1-3.

metabolite of tributyltin that is detectable in the human liver. TBT
degrading bacteria and TBT-resistant microorganisms have been
reported in polluted river water and coastal seawater [6,7].
Although extensive research about TBT interactions with micro-
organisms has been performed in the last decades [8], the
underlying mechanisms for these interactions are still unknown.
Thus, direct evidence for TBT bioaccumulation or transformation
from in situ (confocal) fluorescence microscopic images is needed
to increase our knowledge of the underlying mechanisms.

Therefore, the goal of this study was to develop a new
fluorescent TBT probe that is able to systematically monitor TBT
in environmental samples and to analyze the distribution of TBT in
and around TBT-resistant and TBT-degrading bacteria. Among
various metal-specific fluorophores, rhodamine-based dyes have
attracted considerable interest. Thus, rhodamines are widely used
as fluorescent probes and molecular markers in chemistry and
biological research [9-13]. A variety of fluorescent molecular
probes for the detection of Cu®* [14-16], Zn?* [17,18], Hg?* [19,20]
with high sensitivity and selectivity have been developed in recent
years. Surprisingly, no probe has been reported which could be
used for the specific detection of TBT. Here we present several
novel fluorescent probes that could specifically label TBT.

Specifically, we provide the design and synthesis of nine novel
Schiff-base probes (Scheme 1) which were synthesized from
rhodamine B, rhodamine 6G and fluorescein by a two-step
procedure. The structures were verified by X-ray crystallography,
TH NMR, '3C NMR spectra and mass spectrometry data. We believe
that the probes represent significant breakthroughs for visualizing
TBT. Moreover, these probes also provide a potential approach to
study native microbial TBT resistance and degradation.
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2. Experimental
2.1. Instrumentation

Fluorescence spectra were measured on a Hitachi F-4500 fluo-
rescence spectrophotometer equipped with a xenon discharge
lamp, in a 1cm quartz cell. The high-resolution mass spectrum
(HRMS) were measured using a Bruker microTOF-Q II ESI-Q-TOF
LC/MS/MS spectrometer by means of the electronic spray
ionization (ESI). NMR spectra were recorded on a Varian INOVA-
400 MHz spectrometer (at 400 MHz for '"H NMR and 100 MHz for
13C NMR) using tetramethylsilane (TMS) as internal standard. X-ray
crystallography data were collected on a Bruker Smart APEX II CCD
diffractometer. The fluorescence images were obtained by Leica
SPE confocal laser scanning microscope equipped with an ACS APO
63x water immersion lens (NA=1.15).

2.2. Chemicals and reagents

Rhodamine B, rhodamine 6G, fluorescein, hydrazine hydrate
(80%) and piperonyl aldehyde were all obtained from J&K Chemical
Co., Beijing, China. The butyltin derivatives (monobutyltin,
dibutyltin, tributyltin, monophenyltin, diphenyltin, triphenyltin)
were all obtained from Sigma-Aldrich Co., Shanghai, China. Unless
otherwise noted, all the other materials used in these experiments
were purchased from Sinopharm Chemical Reagent Beijing Co.,
Beijing, China. Analytical thin layer chromatography was per-
formed using Merck 60 GF254 silica gel (pre-coated sheets,
0.25 mm thickness). The solutions of various testing species were
prepared from CrCls, CuCl,, NiCl,, CdCl,, HgCl,, MnCl,, PbCl,, CaCl,,
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Fig.1. Fluorescence intensity (Aex =510 nm)(a) and absorption (b) changes of probe 1a (5 wM) upon addition of TBT (0.0-6.0 equiv.) in CH3CN-PBS (1/99, v/v, pH 7.4) solution.
Inset: calibration curve of fluorescence intensity (Aex=510nm) (a) and absorption (b) in dependence of TBT concentrations. The fluorescence intensity was measured at

577 nm. The absorbance was measured at 558 nm.
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Fig. 2. Fluorescence intensity (a) and absorption (b) changes of probe 1a (5 wM) upon the addition of various metal ions (30 wM) with and without the presence of TBT
(10 wM) in CH3CN-PBS (1/99, v/v, pH 7.4) solution. Black bars represent the fluorescence response of 1a to the metal ions of interest. (1) Cr>*; (2) Cu?*; (3) Ni%*; (4) Cd®*; (5)
Hg?*; (6) Mn?"; (7) Pb%*; (8) Ca®*; (9) Ba%*; (10) Fe®*; (11) Mg2*; (12) Na*; (13) K*; (14) Co?*; (15) Ag"; (16) Fe?*; (17) Zn?*; (18) TBT. The colored bars represent the subsequent
addition of 10 wM TBT to the respective solutions. The fluorescence intensity was measured at 577 nm. The absorbance was measured at 558 nm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Fluorescence intensity (a) and absorption (b) changes of probe 1a (5 wM) upon the addition of various metal ions (30 wM) with and without the presence of TBT
(10 M) in CH3CN-PBS (1/99, v/v, pH 7.4) solution. Black bars represent the fluorescence response of 1a to the metal ions of interest. (1) Sn**; (2) monobutyltin; (3) dibutyiltin;
(4) monophenyltin; (5) diphenyltin; (6) triiphenyltin; (7) TBT. The colored bars represent the subsequent addition of 10 wM TBT to the respective solutions. The fluorescence
intensity was measured at 577 nm. The absorbance was measured at 558 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

EDTA

Scheme 2. The TBT-sensing mechanism of compound 1a.
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Scheme 3. Where N is the number of electrons, v is the external potential, gX is the
electronic population of atom X in a molecule.

BaCly, FeCls, MgCl,, NaCl, KCl, CoCl,, AgNOs3, FeCl,, ZnCl,, respectively.
Double distilled water was used throughout the study.

2.3. General procedure fluorescence analysis

Probes 1a stock solution (500 M) was prepared in acetonitrile.
The solutions of various testing species stock solutions (500 M)
were prepared in distilled water. For the titration experiments,
different amounts of TBT and 0.10mL of 500 wM probes were
mixed and filled up with PBS to 10 mL in volumetric tubes. For the
interference experiments, 15 wM TBT, 0.10 mL of 500 WM probe 1a
and 0.60 mL of 500 M testing species were mixed and filled up
with PBS to 10 mL in volumetric tubes. 1 mL aliquots were pipetted
into a 1 cm cuvette for spectral measurements. 5 nm bandpasses
were used for both excitation and emission wavelengths. Excita-
tion wavelengths of 510 (for probe 1a-c) and 480 (for probe 2a-
c¢)nm were used for the acquisition of emission spectra.

2.4. Cell culture and fluorescence imaging

Cells of the photosynthetic Fe(Il)-oxidizing Rhodobacter sp.
strain SW2 [21] and of the marine cyanobacterium Synechococcus
PCC 7002 [22] were cultured as described elsewhere. Aggregates of
the cultures were incubated with probe 1a (50 wM) for 1h in the
dark. Aliquots were placed on glass-slides, covered with cover-
slips, sealed to prevent them from drying and analyzed using a
Leica SPE confocal laser scanning microscope equipped with a 63x
water immersion lens (NA=1.15).

The cyanobacterial strain Syncechococcus PCC 7002 shows
autofluorescence when excited with the 561 nm laser that was
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Table 1
Spectroscopic properties of the probes® for TBT.
Probe Nex,max(niM) Nem,max(nm) D°(%) (ns)
la 558 577 0.78 2.50
1b 558 574 0.32 2.68
1c 559 576 0.45 2.37
2a 531 554 0.85 3.15
2b 532 557 0.52 3.80
2c 533 556 0.25 3.69

2 All spectroscopic measurements were performed in CH;CN- PBS (1/99, v/v, pH
7.4) solution at room temperature.
b Reported quantum yields are based on rhodamine B, ®=0.97 in ethanol.

also used for the TBT probe 1a. However, the emission spectra
are sufficiently different for an unambiguous differentiation of
probe 1a signal (566-596nm) from autofluorescence signal
starting approximately at 600 nm for the concentrations used in
this study.

2.5. Synthesis of compounds 1-3

The synthesis of compounds 1-3 is shown in the Supporting
information.

3. Results and discussion
3.1. Spectroscopic properties

We evaluated the spectral properties and TBT responses of the
probes in CH3CN-PBS(1/99, v/v, pH 7.4, PBS: Phosphate Buffered
Saline) solution. Only probes 1a-c and 2a-c showed high
selectivity and sensitivity to TBT in solution. The spectroscopic
properties of the probes 1a-c and 2a-c are summarized in Table 1.
Although probes 1a-c and 2a-c all may function as fluorescent
chemosensors for TBT, we found that probes 1b-c and 2b-c are
inferior to probe 1a and 2a in terms of reactivity. Thus, only probe
1a was chosen for further studies that are presented here and

1c
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Fig. 4. The 3D representation and condensed Fukui function f* (r) of the iso-value of 0.003 a.u. (positive in red color and negative in green color). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Single cell scale maps of the sorption of TBT to cell-EPS-mineral aggregates formed by the phototrophic Fe(Il)-oxidizing Rhodobacter sp. strain SW2 incubated with
50 wM TBT for 1h at 25 °C. The aggregate was simultaneously incubated with 50 wM probe 1a (b), fluorescent nucleic acid stain (a) and lectin conjugate (c) for 1h at 25°C.
(Aex=488 nm, 561 nm, 635 nm). The overlay image of (a-c) is shown in (d). Scalebar 2 pm.

optical spectra of the other probes are shown in the Supporting
information.

The fluorescence titration of TBT to probe 1a (5uM) was
conducted in CH3CN-PBS (1/99, v/v, pH 7.4) solution. As shown in
Fig. 2, the TBT-free probe 1a showed almost no fluorescence.
However, the addition of TBT induced significant changes in the
fluorescence spectra with an intense fluorescence emission peak at
577nm, and up to a 202-fold enhancement in fluorescence
intensity. About 5.0 equiv. of TBT were required for saturating
the fluorescence intensity under the chosen conditions. The
intense absorption peak at 556 nm in the absorption spectra of
probe 1a upon the addition of TBT is in good agreement with the
fluorescence intensity enhancement (Fig. 1). A good linear
relationship between the fluorescence intensity/absorption and
the concentration of TBT was obtained for a wide concentration
range from 6 to 20 wM of TBT (Fig. 1). 250 nM of TBT was observed
to be the detection limit (S/N=3) of probe 1a.

To confirm the selectivity of probe 1a, related transition and
main group metal ions were tested under the same conditions. As
shown in Fig. 2, no significant fluorescent or absorptive changes
were found in the presence or absence of 10 wM TBT with metal
ions (30 wM) such as Ni?*, Cd?*, Hg?*, Mn?", Pb?*, Ca?*, Ba®", Fe**,
Mg?*, Na*, K*, Co?*, Ag”, Fe?*, Zn?*, Cr3*, Cu®". Only the presence of
TBT resulted in a remarkable enhancement of fluorescence at
577 nm (absorbance at 558 nm). To evaluate the selectivity of the

probe for TBT in marine environments, the fluorescence properties
of probe 1a were examined in the presence of other butyltin
derivatives and tin. Notably, most of them did not lead to any
fluorescence intensity fluctuation. Only monobutyltin and dibu-
tyiltin triggered a small fluorescene enhancement and have nearly
no interference to TBT detection (Fig. 3). Moreover, a similar
response was observed when TBT was added to the probe solution
in the presence of related ions.

Additionally, we determined the effect of pH on the fluores-
cence response of probe 1a to TBT (Fig. S1). Without TBT, no
obvious characteristic absorption or fluorescence could be
observed for probe 1a between pH 5.0-8.0. Upon addition of
TBT, probe 1a responds stably to TBT within this pH range and we
did not observe any interference by protons. Thus, we conclude
that probe 1a has optimal sensing response at physiological pH
suggesting that the probe could be promising for biological
applications.

Job’s plot analyses were used to determine the stoichiometry
between probe 1a and TBT. The 1:1 stoichiometry is the most
probable binding mode of probe 1a and TBT according to a
maximum absorbance at 558 nm when the molecular fraction of
probe 1a was close to 50% (Figs. S2 and 3). The mass spectrum
manifested a peak at m/z 879.3826 (Fig. S100), which was assigned
as [1a+Sn(n-butyl)s]", providing further evidence for the proposed
binding mode. To examine whether the process is reversible, an



X. Jin et al./Analytica Chimica Acta 853 (2015) 514-520 519

Fig. 6. Single cell scale maps the localization of TBT in marine cyanobacterium Synechococcus PCC 7002 incubated with 50 wM TBT for 1 h at 25 °C. Subsequently, the bacterial
cells were simultaneously incubated with 50 M of probe 1a (b) and lectin conjugate (c) for 1 h at 25°C. (a) Shows the autofluorescence of the cells. (Aex=635nm, 561 nm,
488 nm). The overlay (d) of the previous imges (a-c) allows for the identification of the colocalizations of TBT with the constituents of the biofilm.

excess amount of EDTA was added into the solution of probe 1a
that was pre-incubated with TBT. The bright fluorescence
immediately turned off and the pink color of the solution
disappeared (Figs. S4 and 5). This result implies reversible binding
of probe 1a with TBT (Scheme 2).

One of the most important and useful practical applications of
probe 1a is to detect TBT in environmental samples and under
environmentally relevant geochemical conditions. We therefore
tested probe 1a for the detection of TBT in artificial seawater. The
selected water samples were analyzed without and with the
addition of TBT (Fig. S7). Without addition of TBT, no significant
fluorescence responses were found. Only the addition of TBT
(15 M) resulted in a significant enhancement of fluorescence in
each case. This result indicates that probe 1a can detect TBT in
natural water samples, which are more complex in composition
compared to laboratory conditions.

3.2. Density functional theory (DFT) calculations

In order to understand the mechanism of reaction better, DFT
[23] calculations based on the Fukui function f*(r) [23] (Eq. (1)) are
performed for the probe with PBEO functional [24]. Basis set of
double-{ quality (6-31G** for C, H elements, 6-31+G* for O, N
elements) is used for the geometry optimization and the following
single point energy calculation. The optimized structure is proven
to be the local minimum based on the results of vibration analysis

(Scheme 3). All the calculations are performed with the Gaussian
03 program [25].

f'(r) has been successfully used to describe the reactivity
concerning nucleophilic attack [26], such as the mechanism of TBT
detection in the present study. According to NBO analysis [27], the
condensed Fukui function (Fig. 4) of imidecarbonyl O (1a: 0.103;
1b: 0.117; 1c: 0.039), enamine N (1a: 0.065; 1b: 0.082; 1c: 0.077)
were larger than that of amide N (1a: —0.001; 1b: —0.013; 1c:
—0.001), which indicates that the imidecarbonyl O and enamine N
should be the better active site to bind with TBT.

3.3. Fluorescence images

A preliminary study was performed to test the potential
application of probe 1a for high-throughput screenings for the
identification of TBT resistant and TBT degrading bacteria. Probe 1a
was applied to visualize TBT in microbial aggregates by confocal
laser scanning microscopy. Freshwater photosynthetic Fe(II)-
oxidizing Rhodobacter sp. strain SW2 (Fig. 5) and marine
cyanobacterium Synechococcus PCC 7002 were selected and
incubated in fresh water mineral and artificial sea water medium,
respectively, with light for 1 week, before TBT was added. To
localize the TBT in microbial aggregates, DNA- and polysaccharide-
specific fluorescent dyes [28] (such as Syto® dyes and lectin-Alexa
Fluor®™ conjugates) were applied simultaneously with probe 1a.
For Rhodobacter sp. strain SW2, the fluorescence signal of probe 1a
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indicates that TBT is co-located with both the cells and the free,
cloud-like EPS. In contrast, for Synechococcus PCC 7002 (Fig. 6),
where capsule-like EPS structures enclose the cell, the overlay
images indicated that high concentrations of TBT are located
within the cell “envelope” structures. This may provide binding
sites for TBT and thus might be used to remove TBT from
contaminated aqueous environments. Our results indicate that
probe 1a can be used to visualize TBT in living microbial aggregates
under natural, hydrated conditions to avoid artifacts from sample
preparation. Additionally, this novel probe provides new possibili-
ties to study the TBT antifouling mechanism in both static and
dynamic situations. Finally, probe 1a provides a possible tool for
the analysis of microbial TBT resistance, biosorption and biodeg-
radation.

4. Conclusions

From our study we summarize and conclude that six novel
rhodamine-based fluorescence probes for TBT were designed,
synthesized and tested demonstrating high selectivity and
sensitivity with a linear detection range from 6 to 20 uM of TBT.
One probe was successfully used to map TBT sorption in cell-EPS-
mineral aggregates formed by the Rhodobacter sp. strain SW2 and
by the marine cyanobacterium Synechococcus PCC 7002 by
confocal laser scanning microscopy. This approach could be a
powerful tool to selectively screen native bacterial strains and
environmental microbial biofilms for efficient removal of TBT from
contaminated aqueous environments.
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