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Abstract

A Zn*-selective fluorescent probe derived from pyrene derivatives was synthesized and characterized based on c=N
isomerization which indicated that the O and N atoms in P indeed played important roles in the course of binding with
Zn**. The fluorescence intensity of the probe at 522 nm was enhanced with the addition of Zn®*" over other metal ions. In
the concentration range of 1-9 uM, there was an obvious linear correlation between the fluorescent intensity at 522 nm
and the concentration of Zn?*. The limit of detection (LOD) was obtained as low as 0.33 pM of Zn?*. The UV-vis spectra
also indicated that the binding of between the probe and Zn?**. The design concept will provide ideas for the development
of fluorescent probes.

Keywords: Fluorescent probe; Pyrene derivatives; Zn?*; Heavy metals.

1. Introduction

Metal ions, as indispensable substances in human survival and development and life activities, are essential trace
elements for human body. When excessive metal ions enter human body through respiration, diet and other ways,
they will cause harm to human body. Meanwhile, their enrichment in the environment will also cause environmental
pollution and ecological damage. There is a need for efficient and sensitive methods to detect metal ions in the
environment and organisms that are easy to operate and provide fast and accurate results. Among the current
scientific detection methods for metal ions [1-8], most of them rely on large instruments. Fluorescent probe has
gained a high popularity in the detection of metal ions in the environment and ecology due to its excellent
characteristics such as wide source, easy modification, high sensitivity, high selectivity, convenient operation and
rapid response. The development and exploration of fluorescence probes with better performance has gradually
become a research hotspot, so it is of great significance to design and synthesize a fluorescence probe with high
selectivity and high sensitivity in aqueous solution. Zn?*" deficiency can lead to developmental delays and
neurological diseases. However, excess will cause a series of physiological dysfunction in human immunity [9]. Due
to the 3d'%s° electronic structure of Zn%, there is no vacant d orbital, so it does not have the D-D electronic
transition that transition metal elements usually have. At the same time, because Zn** has no unpaired single
electron, it does not exhibit any magnetism, so that it has no detectable spectral and nuclear magnetic signal,
resulting in certain difficulties in the determination of Zn?*. Reported fluorescent probes widely use signaling
mechanisms of photoinduced electron/ energy transfer (PET) [10], excimer/exciplex formation [11], intramolecular
charge transfer (ICT) [12], Fluorescence Resonance Energy Transfer (FRET) [13] C=N isomerization has been
applied to design fluorescent probes for the detection of various metal ions. It was found that C=N isomerization is
the predominant decay process of excited states in compounds with unbridged C=N structure, which usually results
in nonfluorescence of those compounds. In contrast, it is reasonable to amplify fluorescence upon binding with metal
ions to an elaborately designed molecule framework by blocking C=N isomerization rather than by covalent bridging
of the C=N bond [14]. With this in mind, we can reasonably expect that C=N isomerization may also be inhibited by
complexation to the recognition moiety linked to the fluorophore. Pyrene and its derivatives can form excimer, and
the fluorescence quantum produced by the excited state has high yield and long time, the fluorescence emission
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spectrum is different from that of monomer, and the changes in the microenvironment are extremely sensitive, etc.,
so that this kind of derivative is widely used in the field of microenvironment changes [15, 16]. Wu et al. synthesized
a novel fluorescence “on” probe by pyrene 1-formaldehyde and carbamide hydrazine [17], which can be used to
detect Cu®* ions in living cells. Yaru et al. successfully synthesized a fluorescence enhanced Fe** pyrene probe for
the detection of Fe** [18].

In this paper, pyrene derivatives with better fluorescence properties were selected to design a new probe, which
can detect Zn** qualitatively and quantitatively, respectively.

2. Experimental Section
2.1. Reagents and Instruments

Anhydrous ethanol, pyrene formaldehyde, 98% salicylaldehyde, 85% hydrazine hydrate dimethyl sulfoxide,
disodium ethylenediaminetetraacetate (EDTA), 4-hydroxyethyl piperazine ethanesulfonic acid (HEPES), Ethyl
acetate. Before using the reagents, no special treatment was performed. All reagents were analytical pure.

UV-vis spectra were carried on a Hitachi U-2910 spectrophotometric. Fluorescent spectra were recorded using a
Hitachi F-4600 spectrofluometer.

2.2. Synthesis of P
Synthesis route of P was shown in Scheme 1.

Scheme-1. Synthesis route of P
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Synthesis of compound 1: In a 250 mL round bottom flask, 0.40 g of pyrene formaldehyde and 16 mL of
hydrazine hydrate, an appropriate amount of 50 mL anhydrous ethanol were added. The reaction was heated and
refluxed for 4 h, and then cooled to room temperature. The yellow solid product obtained by suction filtration and
stored from light.

Synthesis of compound P: 80 mg of compound, 145 uL salicylaldehyde (slightly excessive) and an appropriate
amount of 50 mL anhydrous ethanol were added into a round bottomed flask. The reaction was heated and refluxed
for 6 h, and then cooled to room temperature. Yellow solid P obtained by suction filtration and stored from light.

2.3. General Spectroscopic Methods

The stock solutions of P and metal ions (1.0 mM) were obtained by dissolving salts and P in deionized water
and DMSO, respectively, and the testing solutions was freshly prepared before measurements by diluting the stock
solutions.

3. Results and Discussion

3.1. Selectivity Measurement

To further investigate the selectivity of probe P, fluorescence and UV-vis responses of P toward various metal
ions and anions studies were carried out. In the ethanol media, most metal ions (Na*, Ag®, Zn?*, Pb%, Cu®, Co?,
Cd?*, Ni**, ca**, Mg®*, Hg?*, Cr** and Fe®"). Except for the obvious spectral effects of Fe** and Cu®* on the probe,
however, there was no spectral interference to the determination of Zn** (Fig. 1). After the addition of Zn**, the
fluorescence peak showed an obvious redshift with peak appeared at 522 nm, which can be used as an excellent
probe for the determination of Zn?*.
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Fig-1. Fluorescence spectra of P (10 uM) with different metal ions (100 pM) in ethanol
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3.2. Effect of Water Content on P Performance

The influence of medium conditions on the ability of P to recognize Zn** was also examined. It can be seen
from Fig. 2 that with the increase of alcohol, the fluorescence intensity of P at 522 nm did not change significantly.
However, when Zn?* was added to the solution, the solution had an obvious peak value at 522 nm. With the increase
of water content, it can be observed the precipitates, which affected the junction of probe P and Zn?*". With the
increase of alcohol content, the fluorescence intensity increased, and subsequent experiments were conducted in the

ethanol.

Fig-2. Effect of water content in ethanol-water system on the performance of Zn** (100 uM) selected for probe P (10 uM)
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3.3. Titration Experiment of P with Zn**

As shown in Fig. 3, with the increasing concentration of Zn?*, the fluorescence intensity of the characteristic
absorption peak of probe P at 522 nm also gradually increased, and there was a linear relationship in the range of 1-9
uM. This experiment again significantly proves that probe P was an ideal probe for Zn?**. The correlation coefficient
was R*=0.973, the linear equation F=3.829¢+8.186, and the lowest detection limit was 0.33 pM.

Fig-3. Fluorescence profiles of different concentrations with Zn?* (0.1-90 uM) by probe P (10 uM); (Inset) Linear plot of Zn?* (1-9 uM)
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With the increase of Zn?*, the absorption spectrum of the system also presented regular changes as displayed in
Fig. 4. An isoelectric point appeared at 307 nm, meanwhile, absorbance at 375-450 nm decreased with the increase
of concentration with increasing at 250-300 nm, which strongly proved the binding of the probe and Zn%".

Fig-4. The absorption spectra of probe P (10 uM) under different concentrations of Zn®* (0.1-90 pM)
0.5 q

Abs

250 300 350 400 450
Wavelength(nm)

3.4. The Reversibility of P- Zn?*

As shown in the Fig. 5, when Zn?* was added to the probe solution, the fluorescence peak appeared at 522 nm
(Fig. 5b), and there was a redshift compared with only 10 uM probe solution (Fig. 5a). When EDTA was added, the
fluorescence intensity at 522 nm decreased sharply, and was almost the same as that of the probe (Fig. 5c). Upon
addition of the different concentration of Zn?", fluorescence intensity at 522 nm did not recover or increase. The
possible reason was that EDTA displayed significantly stronger complexation ability with Zn®*. The results showed
that the system had poor reversibility.

Fig-5. Reversibility of P binding to Zn?" in ethanol : a. P (10 uM) ; b. P (10 uM) + Zn? (10 uM) ; ¢. P (10 pM) + Zn?* (10 uM) + EDTA (10

pM); d. P (10 uM) + Zn* (10 uM) + EDTA (50 pM) ; e. P (10 uM) + Zn* (10 uM) + EDTA (50 pM) + Zn* (50 uM) ; f. P (10 uM) + Zn** (10

uM) + EDTA (50 uM) + Zn?* (100 uM)
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3.5. Interference Studies from other Metal lons and Anions

The influence of common metal cations and anions on the identification of Zn®* by P was further investigated,
as shown in Fig.6. In addition to HCOg3, CO5” and Ac’, the other ions interfered with the fluorescence intensity of P-
Zn*. The anti-interference ability of the P-Zn”* system was low in the presence of most ions, so it is necessary to
further optimize the structure of P to be used as a reference for the follow-up research.
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Fig-6. Spectral response of probe P (10 uM) for identifying Zn?"(10 uM) in the presence of different metal cation (50 uM) in ethanol (left) and

anions (50 uM) (right).
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4. Conclusions

In summary, we have presented a new pyrene-based Zn** probe. It exhibited a clear Zn**-induced change in the
intensity at 522 nm. Thus, we expect that this strategy will serve as a practical tool for environmental samples
analysis and biological studies.

5. Acknowledgment

This work was financially supported by the Natural Science Foundation of Hainan Province (No. 821RC559,
No. 820RC626), Hainan Province Science and Technology Special Fund (No. ZDYF2022SHFZ076), and the
Research and Training Foundation of Hainan Medical University (NO. X202211810103, 202211810009).

References

[1]

[2]

(3]

[4]
[5]

[6]

[7]
[8]
[9]
[10]
[11]
[12]

[13]

[14]

Li, Y., Wang, L., and Zheng, M. G., 2023. "Thin-layer chromatography coupled with HPLC-DAD/UHPLC-
HRMS for target and non-target determination of emerging halogenated organic contaminants in animal-
derived foods[J]." Food Chem., vol. 404, p. 134678.

Makarishcheva, D. D., Kolesnikova, O. N., and Tregubova, V. E., 2022. "Development of a quantitative
determination method for aluminum ions in adsorbed drugs using atomic absorption spectrometry with
electrothermal atomization[J]." Pharm Chem J., vol. 56, pp. 527-531.

Mondal, S. and Subramaniam, C., 2019. "Point-of-care, cable-type electrochemical Zn2+ sensor with
ultrahigh sensitivity and wide detection range for soil and sweat analysis[J]." ACS Sustain Chem. Eng., vol.
7, pp. 14569-14579.

Nie, P., Dong, T., He, Y., and S., X., 2018. "Research on the effects of drying temperature on nitrogen
detection of different soil types by near infrared sensors[J]." Sensors, vol. 18, p. 391.

Nugraha, W. C., Nagai, H., and Ohira, S. I., 2020. "Semi-continuous monitoring of Cr(VI) and Cr(l1l)
during a soil extraction process by means of an ion transfer device and graphite furnace atomic absorption
spectroscopy[J]." Anal Sci., vol. 36, pp. 617-620.

Parts, L., Drews, M., and Eha, K., 2021. "Development and validation of a method for selenium
determination by flame atomic absorption spectrometry in dietary supplements and food samples[J]."
Toxicol lett, vol. 350, p. 148.

Sun, N., Ding, Y., and Tao, Z. X., 2018. "Development of an upconversion fluorescence DNA probe for the
detection of acetamiprid by magnetic nanoparticles separation[J]." Food Chem., vol. 257, pp. 289-294.

Sun, X. H., Guo, F., and Ye, Q. Y., 2023. "Fluorescent sensing of glutathione and related bio-
applications[J]." Biosensors-Basel, vol. 13, p. 16.

Kowada, T., Watanabe, T., and Amagai, Y., 2020. "Quantitative imaging of labile Zn2+ in the golgi
apparatus using a localizable small-molecule fluorescent probe[J]." Cell Chem. Biol., vol. 27, p. 1521.
Tang, B., Huang, H., and Xu, K. H., 2006. "Highly sensitive and selective near-infrared fluorescent probe
for zinc and its application to macrophage cells [J]." Chem. Commun., vol. 42, pp. 3609-3611.

Lekha, P. K., Ghosh, T., and Prasad, E., 2011. "Utilizing dendritic scaffold for feasible formation of
naphthalene excimer." J. Chem. Sci., vol. 123, pp. 919-926.

Peng, X. J., Du, J. J., and Fan, J. L., 2007. "A selective fluorescent sensor for imaging cd in living cells [J]."
J. Am. Che. Soc., vol. 129, pp. 1500-1501.

Swanson, R., Raghavendra, M. P., and Zhang, W. Q., 2007. "Serine and cysteine proteases are translocated
to similar extents upon formation of covalent complexes with serpins-fluorescence perturbation and
fluorescence resonance energy transfer mapping of the protease binding site in CrmA complexes with
granzyme B and caspase-1 [J]." Biol. Chem., vol. 282, pp. 2305-2313.

Liu, W. M., Xu, L. W., and Sheng, R. L., 2007. "A water-soluble “switching on” fluorescent chemosensor
of selectivity to Cd2+ [J]." Org Lett, vol. 9, pp. 3829-3832.

80



[15]

[16]

[17]

[18]

Academic Journal of Chemistry

Wang, Y., Huang, C. S., and Jia, N. Q., 2020. "Molecular fluorescent probe for monitoring cellular
microenvironment and active molecules[J]." Prog Chem, vol. 32, pp. 204-218.

Xia, P. P., Chen, J. T., and Shi, G. F., 2022. "Research progress of naphthalimide derivatives optical probes
for monitoring physical and chemical properties of microenvironment and active sulfur substances[J]."
Chinese J. Org. Chem., vol. 42, pp. 3620-3629.

Wu, W. N., 2018. "AEE active schif base-bearing pyrene unit and further Cu2+ induced self-assembly
process[J]." Sens Actuat B. Chem., vol. 258, pp. 393-401.

Yuan, Y. R, Yu, L., and Liu, Q. H., 2022. "“Multi-dentate chelation induces fluorescence enhancement of
pyrene moiety for highly selective detection of Fe(l11)[J]." Anal Sci., vol. 38, pp. 1095-1103.

81



