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Abstract: A reaction-based two-photon (TP) ratiometric fluorescence probe Z2 has been 

developed and successfully applied to detect and image fluoride ion in living cells and 

tissues. The Z2 probe was designed designed to utilize an ICT mechanism between  

n-butylnaphthalimide as a fluorophore and tert-butyldiphenylsilane (TBDPS) as a response 

group. Upon addition of fluoride ion, the Si-O bond in the Z2 would be cleaved, and then a 

stronger electron-donating group was released. The fluorescent changes at 450 and 540 nm, 

respectively, made it possible to achieve ratiometric fluorescence detection. The results 

indicated that the Z2 could ratiometrically detect and image fluoride ion in living cells and 
tissues in a depth of 250 μm by two-photon microscopy (TPM). 
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1. Introduction 

Fluoride anion as an essential element of human body plays significant roles in chemical and 

biological processes [1–3], which is widely added to toothpastes, pharmaceutical agents and drinking 
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water due to the beneficial effects for preventing dental caries [4], enamel demineralization while 

wearing orthodontic appliances and treatment of osteoporosis [5,6]. However, excessive intake of 

fluoride ion may result in skeletal fluorosis [7–9], urolithiasis [10], kidney failure [11], or even  

cancer [12]. Moreover, sodium fluoride (NaF) is associated with various cell signal components, and 

can induce apoptosis at a higher concentration in mammalian cells [13,14]. Hence, it is very important 

to develop an efficient method to monitor quantitatively fluoride anion, particularly NaF in biological 

systems. Among the analytical methods developed so far [15–18], fluorescence imaging has been 

proved to the most practical one owing to the simplicity, specificity and sensitivity. However, most of 

the reported fluorescence probes for detecting fluoride ion were excited by one-photon (OP) [19–31]. 

To imaging fluoride ion in biological systems, TP fluorescence probe would be the much better choice 

due to the deeper penetration depth, lower tissue auto-fluorescence and self-absorption, reduced 

photobleaching and photodamage, and high spatial resolution [32–38]. Up to now, very few TP 

fluorescent probes for imaging fluoride anion in biological matrices have been developed [39,40]. 

Considering these facts, we developed a reaction-based two-photon ratiometric fluorescence Z2 to 

detect and image fluoride ion in this study. The ratiometric fluorescence strategy offered more reliable 

quantitative measurement results compared with conventional fluorescence turn-on probes, which were 

affected seriously by the experimental conditions.  

The TP ratiometric fluorescence Z2 was designed according to an internal charge transfer (ICT) 

mechanism utilizing n-butylnaphthalimide as a fluorophore owing to its good photostability, large 

Stokes shift and excellent ICT structure, and TBDPS as a response group due to the high affinity 

between F− and silicon [40]. Upon addition of fluoride ion, The Si-O bond of the Z2 probe would be 

cleaved to release a stronger electron-donating group, which could greatly stabilize the charge-transfer 

excited state of naphthalimide fluorophore to reveal a larger Stokes shift, thereby, achieving 

ratiometric fluorescence detection. As expected, the results showed that the Z2 could ratiometrically 
detect and image fluoride ion in living cells and tissues in a depth of 250 μm by two-photon 

microscopy (TPM). 

2. Experimental Section  

2.1. Cell Culture 

HeLa cells were obtained from the biomedical engineering center of Hunan University (Changsha, 

China). The cells were propagated in Dulbecco’s Modified Eagle Medium (DMEM) supplemented 

with 10% (v/v) fetal bovine serum, penicillin (100 μg/mL), and streptomycin (100 μg/mL). Cells were 

maintained under a humidified atmosphere of 5% CO2 and at 37 °C incubator. For cell imaging 

studies, cells were seeded into a confocal dish and incubated at 37 °C in a CO2 incubator for one day. 

Then the cells were washed for three times with PBS buffer (pH 7.4) and divided into three groups. 

The first group was used as a reference and the Z2 probe was added to the second gorup, and finally in 

the third group, the cells were treated with Z2 and fluoride (15 μM) for 20 min. At last all of these 

cells were washed with PBS buffer for three times to remove the free compounds before analysis. The 

treatments illustrated above were operated in DMEM at 37 °C in a CO2 incubator.  
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2.2. Tissue Culture 

Tissue slices were prepared from Hela cells. A total of 2 × 106 Hela cells diluted in 100 μL of 

serum-free PBS medium were injected subcutaneously into the right flank of 6- to 8-week-old 

BALB/c-nude mice to inoculate tumors. After Hela cells inoculation was for 15 days, mice were sacrificed. 

Tumors were transferred and embedded with O.C.T (Sakura Finetek, USA, Torrance, CA, USA) for 

preparing frozen sections. The tissues were cut into 400 μm- thick slices using a vibrating-blade 

microtome. The slices were incubated with 50 μM of Z2 for 12 h at 4 °C. After washing with PBS for 

three times, the slices were mounted with 10% glycerol and sealed with nail varnish on a glass substrate.  

2.3. Measurement of Two-Photon Cross Section 

The two-photon cross section (δ) was determined using a femtosecond (fs) fluorescence 

measurement technique [41]. To measure δ of Z2 and the reaction product (1) of Z2 (5.0 × 10−6 M) 

with F− (1.0 × 10−4 M), the reaction mixture dissolved in 20 mM HEPES (30% DMSO, pH 7.4) was 

kept at 25 °C for 1 h before the measurement. The two-photon induced fluorescence intensity was 

measured at 700–880 nm using Rhodamine 6G as the reference, whose two-photon property has been 

well characterized in the literature [42]. The intensities of the two-photon induced fluorescence spectra 

of the reference and the samples emitted at the same excitation wavelength were determined. The TPA 

cross section was calculated according to Equation (1):   

sr r r
s r

s s s r

SC n

C n S

φδ = δ
φ

 (1)

The subscripts s and r stand for the sample and reference, respectively; δ is the TPA cross sectional 

value, φ as the fluorescence quantum yield and n as the refractive index of the solvents; C is the 

concentration and S as the intensity of two-photon fluorescence emission. 

2.4. Fluorescence Imaging 

Two-photon fluorescence images of the dye labeled cells and tissues were obtained by exciting the 

probes with a modelocked titanium-sapphire laser source (Mai Tai DeepSee, Spectra-Physics, Irvine, 

CA, USA, 80 MHz, 90 fs) set at wavelength 780 nm with FV1000 laser confocal microscope I × 81 

(Olympus, Tokyo, Japan)  with 20 objective, numerical aperture (NA) = 0.4. The image signals in the 

500–600 nm range were collected by internal PMTs in a 12 bit unsigned 1024 × 1024 pixels image at 

40 Hz scan speed. 

2.5. Instruments and Materials 

1H-NMR and 13C-NMR spectra were recorded on a JEOL-ECS-400MHz (JEOL Ltd., Tokyo, Japan) 

using tetramethylsilane (TMS) as an internal standard. Mass spectra were obtained by a Thermo LTQ 

Orbitrap XL Mass spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) and a LQC 

system (Finngan MAT, San Jose, CA, USA). UV-Vis absorption spectra were recorded on a TU-1810 

spectrophotometer (PEXI, Beijing, China). The OP excited fluorescence spectra were measured out on 

a RF-5310PC spectrofluorophotometer (Shimadzu, Tokyo, Japan) and TP excited fluorescence spectra 
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and the fluorescent quantum yield were determined on a FLSP920 fluorescence spectrometer 

(Edinburgh Instruments Ltd., Livingston, UK). TP fluorescence images were recorded by an Olympus 

FV1000 laser confocal microscope. The pH values were calibrated with a model 868 pH meter  

(Leici, Shanghai, China). Unless otherwise noted, materials from commercial suppliers were used 

without further purification. 

2.6. Synthesis and Characteristic of Z2 

2.6.1. Synthesis of N-Butyl-4-Br-1,8-naphthalimide (3)  

To a solution of 4-Br-1, 8-naphthalic anhydride (2.77 g, 10.0 mmol) in C2H5OH (50 mL) was added 

1-aminobutane (0.88 g, 12.0 mmol). The mixture was stirred under reflux in a N2 atmosphere for 6 h. 

After cooling down to room temperature, the solvent was removed in vacuo, and the crude product was 

purified by silica gel column chromatography (CH2Cl2) to give 2.52 g of 3 (75%). 1H-NMR (CDCl3)  

δ 8.57 (dd, Ј = 7.3, 0.84 Hz, 1 H), 8.46 (dd, Ј = 8.44, 1.04 Hz, 1 H), 8.32 (d, Ј = 7.8 Hz, 1 H), 7.95 (d,  

Ј = 7.8 Hz, 1 H), 7.77 (dd, Ј = 4.1, 7.4 Hz, 1 H), 4.13 (t, Ј = 7.6 Hz, 2 H), 1.73–1.63 (m, 2 H), 

1.48−1.37 (m, 2 H), 0.96 (t, Ј = 7.4 Hz, 3 H) ppm; 13C-NMR (CDCl3) δ 163.0 (2C), 133.2, 132.0, 

131.2, 131.1, 130.5, 130.2, 128.9, 128.1, 123.1, 122.2, 40.4, 30.2, 20.5, 14.0 ppm. MS (ESI):  

[M + H]+ 332.2035. 

2.6.2. Synthesis of N-Butyl-4-methoxy-1,8-naphthalimide (2) 

K2CO3 (1.66 g, 18.0 mmol) was added into a solution of 3 (1.99 g, 6.0 mmol) in CH3OH (40 mL). 

The mixture was stirred under reflux in a N2 atmosphere for 24 h. After cooling down to room 

temperature, the solvent was removed in vacuo, and the crude product was filtered and washed by H2O 

to give 2 (1.36 g, 80%). 1H-NMR (CDCl3) δ 8.57 (dd, Ј = 7.3, 1.2 Hz, 1 H), 8.52 (dd, Ј = 8.2, 1.8 Hz,  

2 H), 7.68 (dd, Ј = 8.4, 7.4 Hz, 1 H), 7.02 (d, Ј = 7.3, 8.3 Hz, 1 H), 4.16 (t, Ј = 7.5 Hz, 2 H), 4.11  

(s, 3 H), 1.74−1.65 (m, 2 H), 1.49−1.38 (m, 2 H), 0.97 (t, Ј = 7.4 Hz, 3 H) ppm; 13C-NMR (CDCl3)  

δ 164.5, 163.9, 160.7, 133.3, 131.4, 129.3, 128.5, 125.9, 123.4, 122.4, 115.1, 105.1, 56.1, 40.1, 30.2, 

20.4, 13.8 ppm. MS (ESI): [M + H]+ 284.1283. 

2.6.3. Synthesis of N-Butyl-4-hydroxy-1,8-naphthalimide (1) 

Compound 2 (1.14 g, 4.0 mmol) was dissolved in HI solution (57%, 50 mL), and then the mixture 

was stirred under reflux in a N2 atmosphere for 7 h. After cooling down to room temperature, the 

solution was adjusted to a neutral pH by a Na2CO3 saturated solution. Then the precipitate was filtered 

and washed by H2O to give 1 (0.86 g, 80%). 1H-NMR (DMSO-d6) δ 11.88 (s, 1 H), 8.53 (d, Ј = 7.6 Hz, 

1 H), 8.48 (d, Ј = 7.0 Hz, 1 H), 8.36 (d, Ј = 8.2 Hz, 1 H), 7.77 (t, Ј = 7.7 Hz, 1 H), 7.16 (d, Ј = 8.2 Hz, 

1 H), 4.02 (t, Ј = 7.2 Hz, 2 H), 1.63−1.54 (m, 2 H), 1.39−1.27 (m, 2 H), 0.92 (t, Ј = 7.3 Hz, 3 H) ppm; 
13C-NMR (DMSO-d6) δ 164.2, 163.5, 160.7, 134.0, 131.6, 130.0, 129.4, 126.1, 122.8, 122.3, 113.1, 

110.4, 40.2, 30.3, 20.3, 14.3 ppm. MS (ESI): [M + H]+ 270.0521. 
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2.6.4. Synthesis of Z2 

A solution of 1 (0.81 g, 3.0 mmol) in N, N-dimethylformamide (DMF, 50 mL) was added with 

imidazole (0.18 g, 3.3 mmol). After the mixture was stirred under N2 atmosphere for 15 min,  

tert-butyldiphenylsilyl chloride (TBDPSCl) (78 μL, 3.3 mmol) was added dropwise to the mixture. 

After the reaction mixture was stirred at room temperature for 6 h, the solvent was removed in vacuo, 

and the crude product was recrystallized from CH2Cl2 to give Z2 (1.06 g, 70%). 1H-NMR (CDCl3, 

shown in Figure S1) δ 8.78 (d, Ј = 8.3Hz, 1 H), 8.65 (d, Ј = 7.3Hz, 1 H), 8.16 (d, Ј = 8.2 Hz, 1 H), 

7.82−7.70 (m, 5 H), 7.48 (d, Ј = 7.3 Hz, 1 H), 7.46−7.36 (m, 5 H), 6.62 (d, Ј = 8.2 Hz, 1 H), 4.14 (t,  

Ј = 7.5 Hz, 2 H), 1.73−1.63 (m, 2 H), 1.47-1.36 (m, 2 H), 1.21 (s, 9 H), 0.95 (t, Ј = 7.4 Hz, 3 H) ppm; 
13C- NMR (shown in Figure S2) δ 164.6, 163.9, 157.4, 135.3 (4C), 134.8, 132.8, 131.5, 131.1, 130.5, 

129.8, 128.8, 128.2 (4C), 127.7, 126.1, 125.4, 122.8, 115.5, 114.4, 40.1, 30.2, 26.6 (3C), 20.4, 19.7, 

13.8 ppm. HRMS (ESI, shown in Figure S3): Calc. for C32H33N1O3Si1 [M + H]+ 508. 2302;  

Found: 508.2324.  

3. Results and Discussion 

3.1. Interaction between Z2 and F− 

To understand the mechanism of the interaction between Z2 and F−, NMR titration was carried out 

(Figure 1). Addition of F− ion resulted in the proton peaks of the naphthalimides moiety (“a–d” and “g”) 

upfield shifting, and the proton peaks “e” and “f”, which belonged to the TBDPS moiety, decreasing 

and disappeared at last. Meanwhile two new proton peaks (“h” and “i”) reflected the by-product 

TBDPSF appeared and elevated along with the increased concentrations of F−. This result indicated the 

reaction of Z2 and F− proceeded with the proposed mechanism in Scheme 1, which was in accordance 

with that presented in a previous paper [40]. 

 

Figure 1. 1H-NMR titration spectra of Z2 (1.0 mM) with F− ion (0, 1, 2, and 5 equivalents) in DMSO-d6.  
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Scheme 1. Synthetic route of Z2 and the proposed mechanism of its response to F−.  

3.2. Photophysical Property of Z2  

The photophysical properties of Z2 were studied systematically in HEPES buffer (20 mM, pH 7.4) 

containing 30% DMSO (v/v). The UV-Vis absorption spectrum and fluorescence excitation spectrum 

of Z2 were examined first (Figure S4). Under these conditions, Z2 exhibited a strong response toward 

F−. Upon adding F−, the absorption maxima at 365 nm decreased and a new band at 456 nm appeared 

(Figure S5). In the fluorescence measurements a new fluorescence maxima at 540 nm increased along 

with the disappearance of the fluorescence emission peak at 440 nm (Figure 2a). Moreover, a good linear 

relationship of F540/F450 (regression factor, R = 0.9858) with the concentration of F− (0.1–1.0 mM) was 

observed (Figure 2a inset). The fluorescence emission could achieve stability in 150 min after adding 

F− (Figure 2c). In addition, Z2 showed negligible fluorescence responses toward pH changes (Figure 2b), 

which demonstrated Z2 was insensitive to biologically relevant pH values. In order to evaluate the 

selectivity of Z2 toward F−, the ions of Cl‒, Br‒, I‒, NO3
‒, SO4

2‒, H2PO4
‒, AcO‒ and cysteine (Cys)  

(1 mM each) were added separately. Only F− induced unique fluorescence changes, and the others did 

not cause any fluorescence emission change (Figure 2d). Therefore, Z2 was highly selective for F− and 

could be employed to monitor F− without interference from the other analytes mentioned above. The 

results were similar with those in a just published paper, in which the authors used different synthesis 

conditions to get the same product. They studied only OP fluorescence properties and the recognition 

capacity in 90% DMSO solution [43]. 
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Figure 2. (a) OP Fluorescence spectra change of Z2 toward different concentrations of F− 
(0, 5, 10, 20, 40, 60, 80 100, 125, 150, 200, 250, 375, 500, 750, 1000, 1500 μM); (b) Effect 

of pH on fluorescence responses of Z2; (c) Fluorescence change of Z2 with the reaction 
time; (d) Fluorescence responses of Z2 toward F- and other analytes (1 mM). λex = 410 nm; 

Z2: 5 μM; 20 mM HEPES and 30% DMSO; pH 7.4 except for (b); F−: 1 mM except (a).  

The TP absorption cross-section intensity of Z2 and 1 were evaluated, respectively. As shown in 

Figure 3a, the maximum TP action cross section value of Z2 was 121 GM at around 720 nm, and  

112 GM at 800 nm after adding F−. Furthermore, the dose-dependent ratio F540/F440 of Z2 displayed a 

good linearity for F− (regression factor, R = 0.9878) with the concentration (0.1–1.0 mM), which 

predicted the probe could be used to detect F− quantitatively by TP excitation (Figure 3b). 

 

Figure 3. (a) Two-photon action cross section of Z2 (red) and 1 (blank); (b) TP Fluorescence 

spectra change of Z2 toward F− with different concentrations (0, 5, 10, 20, 40, 60, 80, 100, 

125, 150, 200, 250, 375, 500, 750, 1000, 1500 μM). Z2: 5μM; 20 mM HEPES pH 7.4, 

30% DMSO; λex = 780 nm. 
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3.3. Imaging F− in Live Cells and Deep Tissues 

To demonstrate the ability of Z2 to image F− in live cells, HeLa cells were used as the model cells. 

After cells incubated with Z2 (10 μM) for 20 min, bright blue fluorescence could be observed inside 

cells (Figure 4e) upon excitation at 780 nm. After 15 μM of NaF was added to the above cells, strong 

green fluorescence appeared (Figure 4i). The distinct changes of fluorescence responses clearly 

indicated that Z2 was capable of ratiometric fluorescence imaging of F− in living cells.  

 

Figure 4. TPM fluorescence imaging of HeLa cells. a, d, j, g: Blank HeLa cells;  

b, e, h, k: Incubated with Z2 (10 μM) for 20 min; c, f, i, l: Incubated with Z2 (10 μM) for 

20 min and then treated with F− (15 μM) for another 20 min; a, b, c: Bright-field image;  

d, e, f: Blue channel at 400–450 nm; j, h, i: Green channel at 500–550 nm; g, k, l: Overlap 

channels. The scale bar is 20 μm. 

Next, we investigated the utility of Z2 in deep tissue imaging. TPM images were obtained from a 

part of a tumor tissue slice. The Z-scanning confocal imaging revealed that bright TP fluorescence 

emission was still present at 250 μm of penetration depth and no auto-fluorescence signal existed. The 

TPM images at depths of 50, 100, 150, 200, and 250 μm showed the F− distribution in each XY plane.  

 

Figure 5. The confocal fluorescence imaging of a part of a fresh tumor tissue slice stained 

by Z2 (15 μM). (A) Z-scan TP fluorescence images of Z2 at different penetration depths 

using different channels; (B) Bright-field image of the tissue (a), TP fluorescence image 

after adding Z2 at blue channel of 400–450 nm (b), and at green channel of 500–550 nm 

(c), overlay images of bright-field and green channel (d), the 3D reconstruction from 50 

confocal Z-scan TPE imaging sections at depth of 0–500 μm with 60 × magnification (e). 

The scale bar was 60 μm. 
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These results indicated that Z2 was able to ratiometrically detect F− at the depths of 50–250 μm in 

tissues using TPM (Figure 5A). Then the 3D reconstitution of confocal XYZ scanning micrographs 

was obtained from 50 confocal Z-scan TPE imaging sections at depth of 0–500 μm (Figure 5B), which 

demonstrated that the Z2 was evenly distributed in the tumor tissue and achieved a high signal-to-noise 

ratio between the tissue and the background. 

4. Conclusions 

In summary, we have developed a reaction-based TP ratiometric fluorescence Z2, which displayed 

significant two-photon action cross-section, good photostability, insensitivity toward biologically pH 

changes, high selectivity for fluoride ion and a marked ratiometric fluorescence emission change  

(100 nm). Moreover, Z2 was successfully applied to ratiometric imaging of fluoride ion both in live 

cells and tissues at 50–250 μm depth. The results suggested that Z2 could act as a valuable tool for 

monitoring fluoride ion in the complicated physiological environment, and might find use in medical 

research and clinical diagnostics. 
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