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A highly sensitive colorimetric and red-emitting fluorescent dual probe was synthesized and applied to
imaging palladium species based on the Tsuji—Trost reaction. Notably, it displayed specific and turn-on

Received 15th January 2017
Accepted 4th April 2017

fluorescent response toward Pd® with a vivid color change from yellow to purple in aqueous media. The

detection limit was calculated to be as low as 0.78 nM. Furthermore, the probe was successfully applied
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Introduction

Palladium, one of the platinum-group elements, can catalyze
the production of some compounds in fewer steps.* As a result
of its excellent catalytic performances, palladium has been
widely used in automotive, catalytic, electrical, dental, jewelry,
chemical investment and some other fields.> However, a large
amount of palladium is discharged into the environment with
its excessive application. Consequently, people are exposed to
palladium through inhalation and the food chain.** A recent
study even indicated that palladium nanoparticles could pene-
trate the skin and reach the dermis through skin contact.” In
contrast, people only know palladium is a potent sensitizer and
may interfere with some cellular functions."*” Besides, there are
limited data about the effect of palladium on environment and
human health. This may partly be attributed to the lack of new
methods for palladium determination. Because of traditional
analytic methods such as atomic absorption spectroscopy, X-ray
fluorescence, etc., which can't analyze palladium in situ and
suffered from the cost of expensive instrumentation and high
skilled professionals.®**° Therefore, it is highly urgent to develop
new methods for monitoring the environmental and biological
level of palladium and researching on its harmful effect on
human health and environment.

In this case, the fluorescent probe has attracted a lot of
attention because of its simplicity and sensitivity."* More
importantly, palladium can be real-time monitored in biological
samples using fluorescent probe,'>® which enable us to trace
and study the presence of palladium in the human body better.
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for fluorescence imaging of palladium in living cells. All these properties made this probe a promising
useful tool not only in environmental detection but also more widely in bioanalytical fields.

There are some drawbacks of current palladium fluorescent
probes. Firstly, some palladium probes need to be monitored in
organic solvents, are not conducive to the monitoring of palla-
dium in the environment and living cells, which reduced the
practicality; secondly, most of the palladium probes are prone to
response to the fluorescence but not to the UV, and which means
they were difficult to be recognized by the naked eye; thirdly, the
sensitivity of the reported probes need to improved, in order to
realize the trace analysis of palladium. All of these drawbacks will
restrict their practical usage. Therefore, it is of great value and
necessity to develop new colorimetric and fluorescent dual
probes for the highly sensitive and selective detection of palla-
dium both environment and biological samples.

To overcome these drawbacks, a colorimetric and turn-on
fluorescent probe, CV-APC, has been designed and synthe-
sized. Herein, cresyl violet was chose as a signaling fluorophore
because of its good solubility, excellent tissue permeability,
tunable electronic system, long analytical wavelengths, high
fluorescent quantum yield and efficient fluorescence quenching
via the substitution of the amino group.”** According to the
literature and our previous work, CV-APC was designed by
incorporation of allyl chloroformate into cresyl violet as the
response site to trap Pd® according to the Tsuji-Trost reac-
tion.”"*> We anticipated that the incorporation of allyl chlor-
oformate could induce the fluorescence quenching of the cresyl
violet fluorophore as a result of the decreased intramolecular
charge transfer (ICT) effect,”* and the breakage of allyl chlor-
oformate by Pb® would result in the releasing of free cresyl violet
fluorophore, accompanied with the turn-on red-emitting fluo-
rescence and colorimetric response (Scheme 1).

Results and discussion

The desired probe CV-APC was easily prepared by attaching allyl
chloroformate to cresyl violet acetate by one step reaction, and
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Scheme 1 Proposed sensing process of CV-APC based on the Tsuji—
Trost reaction.

the detailed synthetic procedure is described in Scheme S1 in the
ESL.1 The time-dependent spectroscopic properties of probe CV-
APC (10 pM) toward Pd° were investigated in CH;CN-PBS (1 : 1, v/
v, Fig. 1) upon addition of Pd(PPh;), (30 pM). The results indi-
cated that CV-APC displays significant absorption and emission
responses to Pd’. In the absence of Pd’, there is a predominant
absorbance peak around 460 nm, after adding 3 equiv. of
Pd(PPhs),, the absorption peak at 460 nm decreased gradually
and a new absorbance peak sharply appeared at around 588 nm,
which increased gradually with the incubation time and reached
the maximum values after incubation for about 80 min at room
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Fig. 1 UV-vis (A) and fluorescence spectral changes (B) of CV-APC
against time in the presence of Pd(PPhs)4 (3 equiv.) in CH3sCN-PBS
(1:1v/v) at room temperature. Conditions: [CV-APC] = 10 uM and 0.5
M, respectively; Aex = 588 nm. Inset: color changes and emission
changes of CV-APC upon addition of Pd(PPhz),.
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temperature (Fig. 1A). This large red shift (128 nm) of absorbance
was accompanied with a vivid color change from yellow to purple
(inset of Fig. 1A). Moreover, almost no emission peak was
observed in the fluorescent spectrum of CV-APC alone. Upon the
addition of Pd(PPh;),, a dramatic enhancement of fluorescence
intensity around 621 nm could be found and the intensity
reached a plateau in 80 min at room temperature (Fig. 1B). The
significant emission enhancement could be easily observed
under the UV light (inset of Fig. 1B).

UV-vis and fluorescence titration experiments were further
performed to study the sensing ability of CV-APC to Pd°. As
shown in Fig. 2A, the original absorbance peak at 460 nm
decreased and a new peak at 588 nm appeared with the
increased concentrations of Pd(PPh;3), (from 0 to 30 pM).
Similarly, CV-APC had almost no fluorescence in the absence of
Pd°, the emission intensity around 621 nm greatly enhanced
with the increased concentrations of Pd(PPh;), (from 0 to 1.5
uM, Fig. 1A). The turn-on fluorescence may be attributed to the
releasing of free cresyl violet fluorophore through the broken of
the carbamate bond, which was confirmed by the HRMS result
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Fig. 2 UV-vis (A) and fluorescent (B) spectroscopic titration of CV-
APC by stepwise addition of Pd(PPhz), in CH3sCN-PBS (1:1 v/v) at
room temperature. Conditions: [CV-APC] = 10 puM and 0.5 uM,
respectively; Aex = 588 nm. The spectra were recorded at 80 min
intervals.
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(Fig. S47t). The plots of the fluorescence intensity fit linearly with
the Pd°® concentration range of 0-0.55 uM with a correlation
coefficient of 0.99469 (Fig. S51). The detection limit was calcu-
lated to be as low as 0.78 nM, which shows that CV-APC is highly
sensitive to Pd’, compared with reported probes for Pd° (Table
S17). According to the WHO report, residue threshold of palla-
dium in drugs should be less than 5.0-10.0 ppm (47.0-94.0
uM).>* Therefore, CV-APC showed great potential in the trace
analysis of palladium.

High selectivity is an important parameter to evaluate
a newly designed fluorescent probe performance. CV-APC
was treated with a wide variety of cations to assess its selec-
tivity. As shown in Fig. 3 and S6,} only the addition of Pd° can
induced significant change on the absorption and fluores-
cence spectra of CV-APC. In contrast, even with the treatment
of 10 equivalents of other cations such as Fe**, Hg**, Ag", Ni",
K", Mn*", Mg*", Ba®>*, Ca®", Na¥, Cu®*, Ni*", Co*", Zn®" and Pb**
(Fig. 3 and S67), the spectra of CV-APC had extremely weak
disturbance. All these experimental results indicated that
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Fig. 3 Absorbance at 588 nm (A) and fluorescence intensity at 621 nm
(B) of CV-APC in the presence of Pd(PPhs)4 (3 equiv.), and the excess of
representative metal ions (10 equiv.) in CHzCN-PBS (1 : 1 v/v) at room
temperature. Conditions: [CV-APC] = 10 uM and 0.5 pM, respectively;
CH3CN=-PBS (1 : 1, v/V), Aex = 588 nm. The spectra were recorded after
incubation for 80 min.
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Fig.4 Confocal fluorescence imagines of living Hel a cells. Hela cells
were co-stained with Hoechst 33342 (10 uM) and CV-APC (10 uM),
without (A—D) and with (E-H) incubation of Pd® (Pd(PPhs)4, 50 pM).

CV-APC exhibited excellent selectivity for Pd° over other metal
ions.

Encouraged by the above results, fluorescent imaging pf
palladium in living cells (HeLa cells) was further carried out
using laser scanning confocal microscope to demonstrate the
practical applicability of the probe in biological systems. In this
regard, a standard MTT assay was performed to evaluate the
cytotoxicity of CV-APC to HeLa cells. The results indicated that
CV-APC exhibited very low cytotoxicity to living cells for 48 h
even up to 50 puM (Fig. S7t). In the study, Hoechst 33342,
a commercial nuclear staining dye, was applied to co-stain cells.

As displayed in Fig. 4B, HeLa cells under normal culture
condition showed almost no emission after incubation with 10
UM CV-APC. In contrast, after the addition of 50 pM Pd°, intense
red fluorescence could be observed (Fig. 4F and H). The prelim-
inary results indicated that CV-APC is both cell-permeable and
capable of sensing palladium in living cells, which makes CV-APC
a robust and effective tool for monitoring of palladium species in
both environmental samples and in living cells.

Conclusions

In summary, a highly sensitive colorimetric and red-emitting
fluorescent dual probe for Pd® has been developed based on
the cresyl violet moiety through the Pd°-mediated Tsuji-Trost
reaction. The proposed probe, CV-APC, exhibits high specificity
and sensitivity toward Pd’. The detection limit of the probe is
0.78 nM, which is far less than the threshold of palladium in
drugs. Only Pd°® can make an obvious color change from yellow
to purple, indicating that the probe can be applied in visual
detection. Moreover, the live cell imaging results revealed that
CV-APC holds great potential for tracking intracellular palla-
dium species. All these properties make this probe a promising
and robust tool not only in environmental monitoring but also
in more widely bioanalytical fields.
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