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Abstract
Zinc ion is closely related to human health. Its content in human body is small, while the effect is large.
However, it is not the more the better, must be in a scienti�c balance. Therefore, it is signi�cant to the
rapid detection of Zn2+ in the environment and organism. Herein, a �uorescent probe based on 2-hydroxy-
1-naphthalene formaldehyde and furan-2-carbohydrazide was conveniently synthesized via Schiff base
reaction. And this probe has been successfully applied to the accurate and quantitative detection of Zn2+

in real samples, showing turn on �uorescence, good selectivity, very low detection limit, real time response
and reusability. In addition, this probe has the potential application to trace Zn2+ in living cells with low
cytotoxicity. 

1. Introduction
Zinc ions (Zn2+), as one of the essential trace elements related to human's growth and health, exists in
many of the enzymes [1–5]. Many physiological processes are inseparable from the participation of Zn2+,
such as gene transcription, bio-signal transduction, intelligence development, cell immune [6–8]. Zinc
de�ciency will lead to neuronal death, hypertension, chronic kidney disease and worsens kidney
complications, oxidative stress, growth retardation and hypogonadism [9–14]. Zinc is a necessary trace
element in the body, the content is small, and the effect is large. However, it is not the more the better,
must be in a scienti�c balance. A large amount of Zn2+ can inhibit the activity and bactericidal force of
phagocytes, thereby reducing the immune function of the human body [15]. In addition, the ratio of
Zn2+/Cu2+ in the human body has a normal range. Due to the increase of Zn2+/Cu2+ ratio caused by a
large amount of Zn2+ supplementation, cholesterol metabolism in the body is disturbed, resulting in
hypercholesterolemia, which leads to hypertension and coronary heart disease [16]. Large doses of Zn2+

preparation can cause zinc poisoning, resulting in toxic effect on digestive and nerve systems, and even
causing cancer [17]. Therefore, the rapid detection of Zn2+ in the environment and organisms has
important practical signi�cance.

At present, a variety of Zn2+ detection and analysis methods have been developed, including electron
mobility sensor, gravimetric method, colorimetric method, polarographic method and �ame atomic
absorption spectrophotometry [18–22]. However, these methods have some unavoidable disadvantages
that hinder their application for rapid detection, such as the troublesome procedures, serious interference
from other elements, the participation of inert gas, professional operation technology and being di�cult
to realize real time detection.

Optical analysis technology based on small organic molecules has outstanding advantages such as high
sensitivity, good selectivity, simple detection equipment, visualization, etc., and has developed into a
powerful tool for molecular biology, cell biology, analytical chemistry, environmental detection and clinical
diagnosis [23–25]. During recent years several probes based on small organic �uorophores have been
developed, and successfully used in the detection of Zn2+ in aqueous environments and living cells [26–
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35]. However, the �uorescent probes with fast response time, low cytotoxicity and wide application range
still need to be further developed to realize the determination of this metal ion (Table S1). Herein, a
�uorescent probe with speci�c selectivity and high sensitivity for the simple and rapid detection of Zn2+

in oral zinc supplements, drinking water and living cells was established (Scheme 1).

2. Experimental

2.1. Materials and Equipment
2-hydroxy-1-naphthalene formaldehyde (98%), furan-2-carbohydrazide (98%), HEPES and
ethylenediamine tetraacetic acid disodium salt (EDTA-2Na) were purchased from Sun Chemical
Technology (Shanghai) Co., Ltd. and used directly. All solvents (AR) were provided by market suppliers
and did not special process. The water through the experiment was deionized water. Common metal ions
and anions were prepared using their nitrates and sodium salts, respectively.

The structures of the compounds were identi�ed using nuclear magnetic resonance spectra (NMR) and
high resolution mass spectra (HRMS). The detection performances of the probe were evaluated by UV-
visual absorption and �uorescence spectra.

2.2. Spectral measurements
UV-visual absorption and �uorescence spectra were acquired in CH3CN/HEPES (1/1, v/v, pH 7.2) at room
temperature. The slit width and the excitation wavelength (λex) of �uorescence spectra were set to 10
nm/10 nm and 428 nm, respectively.

2.3. Synthesis of probe NFC
2-hydroxy-1-naphthalene formaldehyde (0.2 mmol, 35 mg) and furan-2-carbohydrazide (0.2 mmol 25.2
mg) were dissolved in anhydrous C2H5OH (10 mL) and stirred at re�ux for 3 h. After the solution was
cooled to room temperature, the precipitate was collected by suction �ltration, and washed 2–3 times
with ice C2H5OH to obtain pale yellow solid (25 mg, Yield, 44.6%). 1H NMR (DMSO-d6) δ: 12.65 (s, 1H),
12.24 (s, 1H), 9.52 (s, 1H), 8.24–8.22 (d, J = 10 Hz, 1H), 8.03 (s, 1H), 7.96–7.94 (d, J = 10 Hz, 1H), 7.92–
7.90 (d, J = 10 Hz, 1H), 7.64–7.61 (t, J = 7.5 Hz, 1H), 7.44–7.41 (t, J = 7.5 Hz, 1H), 7.36–7.35 (d, J = 5Hz,
1H), 7.25–7.23 (d, J = 10 Hz, 1H), 6.77–6.76 (d, J = 5Hz, 1H). 13C NMR (DMSO-d6) δ: 158.41, 154.15,
147.53, 146.65, 133.28, 132.08, 129.46, 128.29, 124.06, 121.17, 119.35, 115.96, 112.83, 109.03. HR-MS
(m/z): found 281.0928 ([M + H]+), 304.0782 ([M + Na]+), calcd for C16H12N2O3 280.0848.

2.4. Fluorescence imaging
HepG2 cells, purchased from market supplier (China Center for Type Culture Collection (CCTCC)), were
cultured in DMEM with 10% fetal bovine serum (FBS) at 37°C. HepG2 cells were �rst treated with 10 µM
probe NFC for 30 min, and further cultured with 20 µM Zn2+ for 20 min. Then the treated cells were
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washed with PBS three times and �uorescence images were acquired using laser scanning confocal
microscope.

Cytotoxicity assay was evaluated by MTT assay. A549 cells supplied by CCTCC were placed in a 96-well
plate and adhered for 24 h. Subsequently, the cells were added with a series concentrations of probe NFC
(0, 10, 20, 30, 40, 50 µM) and cultured for another 24h. After staining with the MTT formazan (5 mg/mL)
for 4 h, the absorbance value was measured at 470 nm.

2.5. Treatment process of real water samples
The detection ability in real water samples was evaluated in pond water and drinking water, respectively.
HEPES were respectively dissolved in these pond water and drinking water, and adjusted the pH value to
7.2. These the HEPES buffer solutions prepared from tap water and pond water were mixed with CH3CN

(CH3CN/HEPES buffer, 1/1, v/v), respectively. Then different concentrations of Zn2+ and the stock
solution of probe NFC were added into the water samples. After equilibrium for 2 min, their �uorescence
spectra were tested. The commercial zinc supplement (calcium and zinc gluconate oral solution) was
made in Hubei noon time pharmaceutical co., LTD of China. The calcium and zinc gluconate oral solution
was diluted 2000 times with CH3CN/HEPES buffer and added directly to the probe solution.

3. Results And Discussion

3.1. Optical behavior of probe NFC with Zn2+

UV-Vis absorption spectra of probe NFC (10 µM) with increasing content of Zn2+ (0–17 µM) were
collected in CH3CN/HEPES (1/1, v/v, pH 7.2). The solution of probe NFC only showed three absorption
bands, located at 262 nm, 325 nm and 362 nm, respectively (Fig. 1). Along with the addition of a series of
Zn2+, the absorbance of the original three absorption bands gradually decreased. Meanwhile, the new
bands at 337 nm and 428 nm became more and more prominent. And the color of the probe solution
changed from colorless to light yellow (Fig. 1 inset). In addition, four isosbestic points at approximately
284 nm, 333 nm, 339 nm and 387 nm were appeared, which suggests that a new complex was formed
between the probe molecule and Zn2+.

The �uorescence sensitivity of probe NFC was investigated by the titration experiment of Zn2+. With the
increase of Zn2+ concentration (0–17 µM), the �uorescence intensity of the probe solution increased
gradually (Fig. 2). The �uorescence signal transformation of probe NFC solution could be differentiated
expediently under the UV light by the naked eye. Therefore, the probe provides a very handy tool for the
easy monitoring of Zn2+ in water sample without expensive equipment. What’s more, a good linear
relationship could be established between �uorescence intensity (486 nm) and the concentration of Zn2+

(0–9 µM): y = 27.97 x + 39.12 (R2 = 0.9912) (Fig. 2 inset). The detection limit (DL) could also be calculated
as 11.8 nM using the equation DL = 3σ/S, where σ represents the relative standard deviation of the probe
solution (σ = 0.11), and S represents the slope of the linear equation (S = 27.97). In addition, the
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complexation constant (K) between the �uorescent molecule and Zn2+ could also be obtained as 1.13 ×
105 M− 1 using the Benesi-Hildebrand equation between �uorescence intensity at 486 nm and the
concentration of Zn2+ (Fig. 3) [36]. These results show that probe NFC can recognize Zn2+ with high
sensitivity.

In order to investigate the detection performance of the probe, the selective experiment was also
performed. The solution of probe NFC (10 µM) showed very weak �uorescence emission. After the
addition of Zn2+ (17 µM), the �uorescence signal was signi�cantly enhanced. Cd2+ ions (17 µM) only
slightly increased the �uorescence intensity of the probe and in some cases may cause interference
signal. However, the addition of other anlytes (17 µM), including common metal ions and anions, could
not signi�cantly change the �uorescence intensity of the probe solution except for Cd2+ ions (Fig. 4).
Furthermore, compared with the �uorescence intensity at 486 nm of probe NFC with various analytes in
the absence (black bar) and presence (red bar) Zn2+, the �uorescence intensity at 486 nm of probe NFC
with Zn2+ was not signi�cantly disturbed by other analytes (Fig. 5). Besides, the reversible �uorescence
response of probe NFC to Zn2+ was done using EDTA-2Na to verify the reusability. The �uorescence
intensity at 486 nm of probe NFC (10 µM) was greatly enhanced after the addition of Zn2+ (17 µM), and it
was weaken under the complexation of EDTA-2Na (20 µM). What’s more, the probe remained responsive
to Zn2+ when this reversible changes were repeated for 5 times (Fig. 6). Thus, this probe has excellent
selectivity and e�cient reusability for the detection of Zn2+.

The response time of the probe to Zn2+ and the effect of pH on the detection performance of the probe
were investigated, respectively. The �uorescence intensity at 486 nm of the probe solution (10 µM) was
very weak, while the �uorescence intensity increased rapidly and reached immediately the maximum
value after the addition of Zn2+ (17 µM) (Fig. 7). This indicates that the probe can realize the real-time
detection of Zn2+.

Additionally, the �uorescence intensity at 486 nm of probe NFC decreased markedly when pH was less
than 5. This should be attributed to the fact that protons bind to probe molecules more easily than Zn2+,
which hinders the interaction between Zn2+ and probe molecules. When pH was more than 9, the
�uorescence intensity of the probe also reduced signi�cantly, due to that the presence of a large number
of hydroxide ions prevented Zn2+ from binding to the probe molecule. As a result, the appropriate pH
should be in the range of 6–8 (Fig. 8).

The effect of solution composition between CH3CN and water on the performance of the probe was also
investigated. When the volume fraction of CH3CN was less than 20%, the �uorescence intensity

difference of the probe before and after the addition of Zn2+ was very small. This is mostly because that
excessive water leads to the aggregation of probe molecules, which not only hinders the binding of probe
molecules to Zn2+, but also causes �uorescence quenching. When the volume fraction of CH3CN was

greater than 30%, the �uorescence intensities (486 nm) of the probe and probe with Zn2+ showed a
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signi�cant difference (Fig. 9). Therefore, in the acetonitrile volume fraction greater than 30% water
solutions, this probe could realize the detection of Zn2+.

3.2. Complexation model and detection mechanism
To explore the detection mechanism, Job’s plot was �rst used. The total concentration of probe NFC and
Zn2+ was �xed at 30 µM, and the change of �uorescence intensity with the molar ratio of Zn2+ to probe
NFC was recorded. The intersection point of the �tting curve was about 0.5, showing that probe NFC
molecules bind to Zn2+ at a molar ratio of 1:1 (Fig. S4). This result was further con�rmed by HRMS. After
the addition of Zn2+, the molecular peak of probe NFC at 281.0928 disappeared. And a new peak at
343.0068 appeared (Fig. S5). It was consistent with the complex peak of probe NFC and Zn2+ with a
molar ratio of 1:1. Moreover, the hydroxyl group peak of probe NFC in 1H NMR spectrum weakened after
the interaction between the probe and Zn2+ (Fig. S6), indicating that hydroxyl group was involved in the
coordination with Zn2+. Based on the above results, the complexation model of probe NFC and Zn2+ was
recommended (Scheme 2). For probe NFC molecule only, the photo-induced electron transfer (PET)
process from C = N double bond to the naphthalene group blocked the �uorescence of the naphthalene
group. When the probe molecule bonded with Zn2+, the electrons of probe NFC molecule were occupied
by Zn2+, the PET process was destroyed, and the �uorescence of the naphthalene group was restored. In
order to better illustrate the �uorescent mechanism between probe NFC and Zn2+, density functional
theory (DFT) was calculated using Gaussian 09 at DFT/B3LYP/6-31G (d, p) level (Fig. 10). The electron
cloud of the highest occupied molecular orbital (HOMO) of the probe molecule was distributed mainly on
the naphthalene group and C = N double bond, and the electron cloud of the lowest unoccupied molecular
orbital (LUMO) scattered throughout the probe molecule, and their energy levels were − 5.56 eV and − 1.64
eV, respectively. However, when the probe molecule formed a complex with Zn2+, the electron cloud of
HOMO were concentrated around Zn2+ because of the strong electron-withdrawing ability of Zn2+, the
energy levels of HOMO and LUMO were − 3.86 eV and − 1.73 eV, respectively. Thus the PET process of
probe NFC was off and the �uorescence became strong.

3.3. Application in water samples
The probe was �rst used for the detection of Zn2+ in actual water samples to evaluate its detection
performance (Table 1). Zn2+ was not detected in the pond water and drinking water. After adding various
concentrations of Zn2+ standard solutions, the recoveries were found to be in the range of 95.7–102.4%,
and the relative standard deviation (RSD) values were in the range of 1.9–3.3%. Furthermore, this probe
was used to detect Zn2+ contained in the commercial zinc supplement. A commercial zinc supplement
solution (10 mL) contains Ca2+ (5.4 mg/mL), Zn2+ (0.43 mg/mL), lysine hydrochloride (10 mg/mL), and
other excipients including NaOH, NaCl, lactic acid, saccharose and puri�ed water. The content of Zn2+

contained in an oral liquid was estimated to be (0.38 ± 0.017 mg)/mL, which is close to the tagged value
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of 0.43 mg/mL. These results prove that this probe can be used as an effective tool for the precise and
quantitative test of Zn2+ in real samples.

Table 1
The detection results of Zn2+ using probe NFC in water samples

Sample Spiked (µM) Found (µM) Recovery (%) RSD (%)

Pond Water 0

2

4

8

no no -

2.047 ± 0.044 102.4 2.2

4.048 ± 0.086 101.2 2.2

7.654 ± 0.153 95.7 1.9

Drinking water 0 no no -

2 2.038 ± 0.065 101.9 3.3

4 4.064 ± 0.098 101.6 2.5

8 7.831 ± 0.186 97.9 2.3

3.4. Application in cell imaging
The detection of Zn2+ using this probe in living HepG2 cells was also carried out. These HepG2 cells
incubated with probe NFC (10 µM) for 30 min showed very slight �uorescent emission (Fig. 4a). However,
when these cells were incubated successively with probe NFC (10 µM) for 30 min, and Zn2+ (15 µM) for
10 min, they exhibited obvious cyan �uorescence (Fig. 4b). And this �uorescence signal and bright �eld
cells (Fig. 4c) showed good coincidence (Fig. 4d). The cytotoxicity of probe NFC was very low by MTT
test. When the concentration of the probe was no more than 30 µM, the viability of A549 cells was above
85% (Fig. S7). These results preliminarily indicate that this probe can be used for the visual detection of
intracellular Zn2+ and has low cytotoxicity.

4. Conclusion
In summary, a �uorescent probe was conveniently synthesized using 2-hydroxy-1-naphthalene
formaldehyde as the �uorophore, and furan-2-carbohydrazide as the binding group. It exhibited
signi�cant �uorescence enhancement with the participation of Zn2+. And this probe has been
successfully applied to the accurate and quantitative detection of Zn2+ in water medium, showing good
selectivity, very low detection limit, real time response and reusability. The detection limit, stoichiometric
ratio and binding constant (K) were also calculated to be 11.8 nM, 1:1 and 1.13 × 105 M− 1, respectively.
Meanwhile, the cell �uorescence imaging experiment demonstrates that this probe has the potential
application to trace Zn2+ in living cells with low cytotoxicity.
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Figure 1

UV-Vis spectra of probe NFC (10 μM) with different content of Zn2+. Inset: images of probe NFC (10 μM)
without and with Zn2+ (17 μM).
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Figure 2

Fluorescence spectra of probe NFC with a series of Zn2+. Inset: The linear relationship between
�uorescence intensity at 486 nm and the concentration of Zn2+ ions (0 – 9 μM), and images of probe
NFC (10 μM) without and with Zn2+ (17 μM).
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Figure 3

Benesi-Hildebrand equation between �uorescence intensity at 486 nm and the concentration of Zn2+.
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Figure 4

Fluorescence spectra of probe NFC with various analytes.
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Figure 5

Fluorescence intensity at 486 nm of probe NFC with various analytes in the absence and presence of
Zn2+. (1) Zn2+, (2) Cd2+, (3) Ni2+, (4) Co2+, (5) Cu2+, (6) Ca2+, (7) Mg2+, (8) Pb2+, (9) Hg2+, (10) Ba2+,
(11) Fe2+, (12) Li+, (13) Na+, (14) K+, (15) Ag+, (16) Al3+, (17) Cr3+, (18) Fe3+, (19) F-, (20) Cl-, (21) Br-,
(22) SO32-, (23) SO42-, (24) NO3-, (25) NO2-, (26) PO43-, (27) CO32-, (28) S2O32-, (29) Ac-.
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Figure 6

Reversible changes in the �uorescence intensity (486 nm) of probe upon the sequential addition of Zn2+
and EDTA.
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Figure 7

Change trend of �uorescence intensity (486 nm) of the probe with time before and after adding Zn2+
ions.
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Figure 8

Change trend of �uorescence intensity (486 nm) of the probe with pH values before and after adding
Zn2+ ions.
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Figure 9

Change trend of �uorescence intensity (486 nm) of the probe with volume fraction of CH3CN before and
after adding Zn2+ ions.
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Figure 10

Optimized structures and molecular orbitals of probe and probe + Zn2+ calculated by using B3LYP/6-31
G (d, p) as implemented on Gaussian 09.

Figure 11
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(a) Fluorescence image of HepG2 cells incubated with probe NFC (10.0 μM); (b) Fluorescence image and
(c) bright �eld image of HepG2 cells incubated successively with probe NFC (10 μM) and Zn2+ (15 μM);
(d) Overlay image of image b and c.
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