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A colorimetric and far-red fluorescent probe for the
highly sensitive detection of silver(i)f

Yong-jun Wang,*? Jing-gong Liu,*® Hui-ya Tan,? Jin-wu Yan & *2 and Lei Zhang*?

Herein, a potential colorimetric and far-red fluorescent probe DCPS-1 for Ag* was rationally developed
based on a dicyanomethylene-4H-chromene chromophore. Its prominent and distinct changes in both
color and fluorescence enable the on-site and naked-eye detection of Ag* easily and quickly,
accompanied with excellent sensitivity. No absorption and fluorescence response could be observed
towards other metal ions. The fluorescence intensity of this probe showed a linear response to Ag* in
the concentration range of 0—-10 pM with a detection limit of 21.1 nM. In addition, this probe had low
toxicity to cells and gave distinct fluorescence changes in cell imaging. All these results demonstrate its

rsc.li/rsc-advances

Introduction

With the development of modern science and technology, heavy
and transition metals have been widely applied in many fields
such as chemistry, electrical and electronic materials, biology
and environmental science.” Gold, platinum, palladium and
silver play a very vital role in modern society. Gold, platinum
and palladium are precious metals; they are widely used in the
chemical industry, materials science, the biomedical field,
jewellery, etc. However, these precious metal ions have some
negative effects. They can damage the liver, kidneys and cause
gene alteration, autoimmune disorders, a variety of cellular
dysfunction processes etc.®*

Silver, as a very important precious mental, plays an
important role in many fields such as ornaments, glass, fine
chemicals, and nano-materials, as well as in monetary
manufacturing. However, with the development of modern
industry, more and more Ag" is released which makes water
sources polluted and further affects the food and agricul-
ture."** Silver also has some negative biological effects, such as
silver ions inactivate sulfhydryl enzymes, bind with various
metabolites and organ failure.”*** Besides, Ag-exposure to the
silver environment for a long time can lead to anemia, heart
dilation, poor growth, embryotoxicity, and even cirrhosis of the
liver.'*"” Blood silver and urine silver excretion are useful
indices of human silver exposure, silver ion is not only known to
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promising application prospects for Ag* sensing in both environmental and biology fields.

be a cumulative toxin, but also interact with and displace
essential metal ions like Ca** and Zn** in hydroxyapatite in
bone." Also, silver ion shows a rich biological chemistry,
serving as a widely used antibacterial agent, and a transcrip-
tional initiator in plants and mammals.* Therefore, the need
for a highly sensitive and selective detection above ions in vivo is
very significant.

Due to the continual concern over silver in the environment
and health, several available methods have been used for the
detection of Ag", such as atomic absorption spectroscopy (AAS),
inductively coupled plasma/mass spectrometry (ICP-MS),
inductively coupled plasma/atomic emission spectrometry
(ICP-AES). However, these traditional methods suffer from time
and money-consuming, and nonpocketable.>*** Therefore,
optical fluorescent probes, including colorimetric or fluorescent
probe for sensitive and selective detection of heavy and transi-
tion metal ions have received significant attention in recent
years.”* Especially the fluorescent probes with far-red to near-
infrared (NIR) emission are extremely appropriate for
bioimaging because of deep penetration and minimum auto-
fluorescence.>®”  Fluorescent probes have displayed
outstanding properties such as simplicity, high sensitivity, and
high detection limits compared with the traditional methods.
Therefore, the development of fluorescent probe for the detec-
tion of Ag" with high selectivity and sensitivity is urgently
desirable. In particular, colorimetric and far-red fluorescent
dual probes with favourable sensitivity, selectivity and cost-
efficiency are in urgent demand for practical applications.*®**

The mechanism of these fluorescent probes for the selective
detection of Ag" is that Ag" shows a high tendency to coordinate
with soft Lewis base such as sulfur containing ligand due to the
soft Lewis acid character. As a part of work for Ag" recognition,
we designed a dicyanomethylene-4H-chromene-based fluores-
cence probe (DCPS-1) for the selective detection of Ag’, this
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Scheme 1 Chemical structures of fluorescent probe DCPS-1 and its
complex with Ag™.

probe would form complex with Ag", accompanied with color
change and turn-off farred emission (Scheme 1). Some
fluorescent probes based on the turn-off mechanism have been
reported in recent years.>*>*

Results and discussion

The designed probe DCPS-1 was prepared by the reaction of
(2-methyl-4H-1-benzopyran-4-ylidene)-propanedinitrile and
4-bis[2-(ethylthio)ethylJamino]-benzaldehyde, and the detailed
synthetic procedure is described in Scheme S1 in the ESI.¥ With
probe DCPS-1 in hand, we first performed UV-vis and fluores-
cence experiments to test the selectivity of probe DCPS-1 (5 pM)
for Ag" (25 uM), while 10 equivalent various other metal ions
(Fe*", Hg>", K*, Na*, Pb*", Ca®*, Mg*", Cu**, Cu*, Ni**, Co>", Ba®",
Zn*" and Mn?*) in the MeOH solution respectively. As shown in
Fig. 1, as shown in Fig. 1A, the absorption band of probe DCPS-1
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Fig.1 UV-vis (A) and fluorescence spectral (B) of probe DCPS-1 (5 uM)
in the presence of Ag* (5 equiv.) and various of other mental ions
(10 equiv.) in MeOH solution at room temperature, Aex = 460 nm.
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took place a blue shift from 510 nm to 441 nm when Ag" was
added, while there was no significant difference of absorption
band when other mental ions were added and the color of probe
DCPS-1 solution changed from red to yellow obviously when Ag*
was added, while the color of probe DCPS-1 solution without
any change when other mental ions were added (Fig. 2).

We further assessed the possible interferences by other ions,
competitive experiments were conducted, as shown in Fig. S12,
there was no significant variation in fluorescence intensity of
DCPS-1-Ag" solution was observed when other ions were added
or not. The above experimental results shown that the probe
DCPS-1 have a high selectivity toward to Ag* than other mental
ions, so this probe DCPS-1 is suitable for naked-eye detection of
Ag' with highly selectivity.

Then the time-dependent absorption and fluorescence
intensity changes of probe DCPS-1 (5 uM) after adding 5
equivalent of Ag" were tested. As shown in Fig. 3, the absorption
band of probe DCPS-1 disappeared soon at 510 nm after adding
Ag', and a new absorption band appeared at 441 nm, which
subdued quickly with incubation time and reached the
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Fig. 2 The color changes of DCPS-1 solution (5 uM) when a various
mental ions (10 equiv.) were added in MeOH solution at room
temperature.
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Fig.3 UV-vis (A) and fluorescence spectral (B) of probe DCPS-1 (5 uM)
against time in the presence of Ag™ (5 equiv.) in MeOH solution at
room temperature, Aex = 460 nm.
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minimum values after incubation for 30 min at room temper-
ature. In the fluorescence spectra, the emission band of probe
DCPS-1 at 628 nm disappeared immediately upon adding Ag",
and a new emission band appeared at approximately 620 nm,
over incubation time, the intensity was almost the same,
showing that the time for the probe DCPS-1 to form a complex
with Ag" was very short, and this characteristic it is very favor-
able for us to detect Ag" qualitatively and quantitatively. It is
also noteworthy that the emission of complex reached the far-
red to NIR range, which is very attractive for intracellular
sensing and imaging.

We further performed UV-vis and fluorescence titration
experiments to research the sensing ability of probe DCPS-1 to
Ag' (0-5 equiv.). As shown in Fig. 4A, the subdued absorption at
510 nm and enhancement at 441 nm could be observed with the
increasing Ag" concentrations concomitantly. Moreover, the
decreased fluorescence intensity at 620-628 nm can be easily
found upon addition of increasing amounts of Ag" (Fig. 4B). As
shown in Fig. S9,7 the plots of fluorescence intensity versus Ag"
concentration showed linear correlation in the range of 0-10
uM and the detection limit for Ag" was deduced to as low as
21.2 nM (30/k), it is shown that our probe was highly sensitive to
Ag'. In order to study the applicability of DCPS-1 in a real
sample, DCPS-1 was used in the detection of Ag" in water
samples such as tap water, Pearl River water and waste water,
the results shown in Table S1.t In a word, the visual readouts
and far-red emission of probe DCPS-1 makes it a powerful tool
for sensing in both environment and biology samples.
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Fig. 4 UV-vis (A) and fluorescent (B) spectroscopic titration of probe
DCPS-1 by stepwise addition of Ag*. Conditions: [probe DCPS-1] = 5
uM; MeOH, A¢x = 460 nm. The spectra were record at 30 min intervals.
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To further research the mechanism of the sensing process,
NMR experiments were conducted. As shown in Fig. S8,7 In the
"H NMR spectra of probe DCPS-1 and its complex, the chemical
shifts of H,, Hy,, H. and Hy shifted downfield from 2.61, 2.72,
3.61 and 6.77 ppm to 2.76, 2.87, 3.70 and 6.81 ppm upon
adding Ag' cations, respectively. The electronic withdrawing
effect of silver ions can made chemical shifts of hydrogen from
high to low field. Reversible experiment was carried out, as
shown in Fig. S11.1 when added chloride ions to eliminate Ag",
the UV-vis and fluorescence spectral of probe DCPS-1 basic
recovery, this result confirmed that DCPS-1 bind to Ag" rather
than react with it. In order to research the binding stoichi-
ometry between DCPS-1 and Ag', a plot of fluorescence inten-
sity versus the molecular fraction of [DCPS-1]/[Ag" + DCPS-1]
was provided in Fig. 5. It assured that the maximum fluores-
cence was about 0.5 indicating the 1 : 1 stoichiometry between
DCPS-1 and Ag’ in the complexes. From the above results,
the binding model was proposed for DCPS-1 and Ag': two
S atom and N was coordination with Ag".3>%¢ Base on the
"H NMR experiment and HRMS spectrum (Fig. S71), and the
binding model was proposed as illustrated in Scheme 1. We
calculated the quantum yields of DCPS-1 and [Ag" + DCPS-1]
(Dpces1 = 0.56, Opcps-+ag' = 0.34), this results confirmed that
the fluorescence of DCPS-1 quenching occurs when Ag" was
added.

4000 -

2000 4

FL(a.u)
| |

2000 o

1000

T T T T T T T T T 1
0.0 0.1 02 0.2 0.4 05 08 0.7 08 09 1.0

(DCPS-1)/(Ag +DCPS-1)

Fig. 5 Job's plot for the complex of DCPS-1 with Ag* in MeOH.
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Fig. 6 Confocal fluorescence images of living Hela cells using
a 488 nm laser. Hela cells were co-stained with Hoechst 33342 (10
uM) and DCPS-1 (10 uM), without (A—D) and with (E—H) incubation of
Ag* (30 uM) for 30 min.
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Encouraged by the outstanding properties of this probe for
the detection of Ag" in solution, the potential intracellular
applications of probe DCPS-1 were investigated using confocal
laser scanning microscopy. The cytotoxicity of probe DCPS-1 to
cells was evaluated using a standard MTT assay. The results
indicated that probe DCPS-1 exhibited very low cytotoxicity to
living HeLa and 293T cells for 48 h (Fig. S10t). Living cell
imaging assay was performed using HeLa cells. As shown in
Fig. 6A-D, co-staining living HeLa cells with Hochest 33342
revealed that DCPS-1 alone exhibited strong fluorescence
emission. While, the fluorescence intensity significantly
decreased after incubation with Ag" for 30 min (Fig. 6E-H).
These results demonstrated that DCPS-1 is a useful tool for the
detection of Ag" in both environmental and in living cells.

Conclusions

In summary, a colorimetric and far-red fluorescent probe DCPS-
1 for Ag” was successfully developed. The vivid color change and
turn-off emission make it simple and visual indicator for Ag".
Besides, probe DCPS-1 also exhibited high specificity and
sensitivity, with the detection limit of 21.1 nM. Moreover, DCPS-
1 was applied in the detecting and imaging of Ag" in living cells
successfully, which indicated that probe DCPS-1 is suitable for
tracking intracellular Ag” species. All these characteristics make
it a useful tool for Ag" detection in both environment and
biomedical research field.
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