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Abstract: The interaction between acridine orange (AO) and cucurbit[10]uril, Q[10] 

affords the ternary complex 2AO@Q[10]. Subsequent addition of dodine (DD) 

displaces AO from the Q[10] cavity, and results in a fluorescent output. The effect of 

20 different pesticides, as well as a number of common interferents, on the fluorescent 

output is presented. Results revealed that the system is capable of the selective 

recognition of DD, with a limit of detection (LOD) for DD of 1.12 × 10-7 M. 
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Introduction 

Herbicides account for around 80% of all pesticide use, and have been extensively 

applied over the years against a variety of weed species. [1-3] However, with their use 

comes a range of toxicity issues, which can negatively impact on both the environment 

and human health. [4-8] Dodine (DD), 1-dodecylguanidinium acetate, is a generally 

used cationic surfactant, but also a protective and non-systemic fungicide. [9-10] In 

addition, DD also generally exists in industrial waste water and sewage, and has been 

extensively used in medical treatments, the chemical industry and for food packaging 

disinfection treatment. [11-12] Given the short UV absorption (200 nm) of DD, it is 

difficult to achieve the requirements of trace detection in high performance liquid 

chromatography [13-14], so the methods of residue analysis mainly include ion-pair 

high performance liquid chromatography [15] and high performance liquid 

chromatography-tandem mass spectrometry [16]. However, these techniques have 

complex sample pretreatment procedures, cumbersome operation, and require a large 

amount of organic solvent and long analysis time. Given this, there is a real need to 

develop systems that can readily detect DD at low concentrations. One potential method 

currently attracting attention is the use of macrocyclic systems that possess a cavity 

capable of readily encapsulating guests. [17-23] Cucurbit[n]urils (Q[n]s) are a 

relatively new class of macrocycle that have been shown to display rich host-guest 

chemistry [24-30]. The cavity of the Q[n] inside and outside is of different polarity, and 

when a compound is inside or outside the Q[n] cavity the fluorescence properties might 

well differ. By use of photochemical techniques, it is possible to sense or detect non-

fluorescent or weakly fluorescent analytes [31-36]. Cucurbit[10]uril, Q[10], with its 

large cavity can selectivity include two guests, and the photochemical properties of such 

host-guest complexes allow for the sensing analytes such as metal ions, pesticides and 

drugs. With this in mind, we have recently exploited Q[10] for the detection of the 

fungicide DD. The approach involved a competitive interaction and the formation of a 

fluorescent turn-on system. [37-41] Herein, we investigate a related fluorescent turn-on 

system based on Q[10] for the detection of DD, which utilizes the dye acridine orange 

(AO) as the initial guest, see scheme 1. 



 

 
Scheme 1. Sensing behavior of 2AO@Q[10] probe toward DD. 
 
 
 

Experimental 

Materials  

Acridine Orange (AO) was obtained from Aladdin (Shanghai, China). Q[10] was 

prepared and purified according to the literature method. [41] All pesticides used were 

obtained from commercial sources, and further purification was not necessary. Stock 

solutions of pesticides (1×10-3 mol/L), AO (1×10-3 mol/L) and Q[10] (1×10-5 mol/L) 

were prepared using double-distilled water. In addition, a variety of pesticides have 

been employed herein including Carbaryl (CAR), Acetamiprid (ATM), Triadimefon 

(TDF), Thiamethoxam (TTA), Dinotefuran (DFA), Pymetrozine (PTZ), Pyrimethanil 

(PMA), Paraquat (PQ), Hymexazol (HMZ), Azaconazole (ACZ), Flusilazole (FSZ), 

Mepronil (MEP), Carbendazim (CBZ), Bathocuproine (BCP), Napropamide (NPM), 

Fenoxaprop-ethyl (FE), Pyroquilon (PQL), Mefenacet (MN), Tebuconazole (TBZ), 

Penconazole (PCZ). The preparation process of the solutions employed herein was to 

dilute the stock solution to obtain the corresponding required concentration. This 

involved initially storing the stock standard solution at room temperature for several 

hours prior to use. When preparing the standard working solution, double distilled water 

was gradually dropped into the stock standard solution. All other chemicals were of 

analytical reagent grade. 



1H NMR spectroscopy 

Experiments were recorded at 25 °C, using a JEOL JMM-ECZ400 spectrometer with 

D2O as the field frequency lock. The observed chemical shift is reported in parts per 

million (ppm) relative to the built-in tetramethylsilane (TMS) standard (0.0 ppm). 

UV-Vis absorption spectroscopy 

The UV-vis absorption spectra of the host-guest complexes were recorded using an 

Agilent 8453 spectrophotometer at room temperature. The UV-vis absorption 

experiments were performed as follows: 100 µL of a 1×10-3 mol/L stock solution of AO 

and various amounts of an aqueous 1×10-5 mol/L Q[10] solution were transferred into 

a 10 mL volumetric flask, and then the volumetric flask was filled to the final volume 

with distilled water. Samples of these solutions were combined to give solutions with 

an NQ[10]/NG = 0, 0.1, 0.2, 0.3, . ., and 1.0. The Job’s plot method was used to determine 

the inclusion ratio of the substance, NG/(NG + N Q[10]) = 0, 0.1, 0.2, 0.3, . . ., 1.0. The 

UV-vis absorption spectra of the solution were measured at room temperature after 2 h. 

Fluorescence spectra 

AO of concentration 1×10-5 mol/L was obtained by diluting the stock solution. A certain 

proportion of Q[10] solution was gradually added to free AO. The maximum emission 

wavelength (λem) of the sample is 540 nm, and the excitation wavelength (λex) is 484 

nm. The fluorescence emission spectra of the system were measured with a slit of 10 

nm and an emission slit of 10 nm. 

To the probe solution of the 2AO@Q[10] system (1×10-5 mol/L), 5 equiv. of 

pesticide solution (5×10-5 mol/L) was gradually added in proportions. Fluorescence 

spectra were obtained upon excitation at 484 nm (emission and excitation bandwidths: 

10 nm) at room temperature, and the emission intensity was monitored at 540 nm. 

To the probe solution of the 2AO@Q[10] system (1×10-5 mol/L), a certain amount 

of common ions and molecules in water and fruits and vegetables were added into the 

solution system. Fluorescence spectra were obtained upon excitation at 484 nm 



(emission and excitation bandwidths: 10 nm) at room temperature, and the emission 

intensity was monitored at 540 nm. The fluorescence emission spectrum was measured 

according to the above method. 

Limit of detection (LOD) measurement  

The calculation technique used for the LOD was based on the standard derivation of 10 

measurements without the guest molecule (σ) and the slope of the linear calibration 

curve (K) based on the formula LOD = 3σ/K. In the absence of guest molecules, the 

standard deviation for 10 measurements can be deduced using:σ = # !
"#!

∑ (x$ − x()%"
$&! , 

where n is 11 measurements. 

 
Results and discussion 
The interaction between Q[10] and AO was monitored by 1H NMR spectroscopy 

(Figure 1) in D2O. It was evident from the upfield shifts of the proton signals (versus 

the free guest) that two AO guest molecules could be encapsulated within the Q[10] 

cavity, thereby forming an inclusion complex of the type 2AO@Q[10]. The presence 

of only a single set of resonances for AO suggested fast exchange of the ternary 

complex on the NMR timescale; a similar situation was observed for Q[10] and 

protonated acridine. [42] 

 
Figure 1. 1H NMR spectra: (a) AO; (b) Q[10]: AO=1:2; (c) Q[10]. 
 

Spectral data were obtained in water at pH 5.6 (free pH value in the absence of buffer) 

working at dye concentrations of 10−5 mol/L. The interaction between Q[10] and AO 

was further studied using UV-vis spectroscopy. The free host Q[10] shows no 



absorbance at λ > 210 nm. Figure 2 shows the variation in the UV spectra obtained for 

aqueous solutions containing a fixed concentration of AO and variable concentrations 

of Q[10]. The absorption maxima at 492 nm corresponded to the AO monomers. [43] 

Upon addition of Q[10] to the aqueous AO solution, the absorption band of the guest 

AO exhibits a decrease of the absorption peak at 492 nm with a blue shift to 466 nm. 

The spectral changes observed upon addition of Q[10] were due to the aggregation of 

AO and inclusion of dimer molecules in the Q[10] cavity. The data for absorbance (A) 

vs. the ratio of the number of moles (N) of the host Q[10] and guest AO can be fitted 

by a 2:1 binding model. Furthermore, a Job’s plot (Figure 2c) confirmed the 

stoichiometry of the host-guest complex. 

 

Figure 2. (a) UV-vis titration of AO (1.0×10-5 mol·L-1) on increasing concentrations of Q[10]; (b) 
the concentrations and absorbance vs. NQ[10]/NAO plots; (c) Continuous variation Job’s plot for Q[10] 
and the guest on the basis of UV-vis titration spectra. 

 

Fluorescence spectroscopy was further performed, and as shown in Figure 3, the strong 

fluorescence associated with AO in aqueous solution was quenched on addition of Q[10] 

(Figure 3a), and the titration curve (Figure 3b) fitted a 2:1 stoichiometry. It was found 

that under UV irradiation, the addition of 10 μM Q[10] afforded a dramatic change in 

the emission (Figure 3 inset). According to the previous UV-vis spectroscopic data and 

the 1H NMR spectra, AO in the form of a dimer is encapsulated in the cavity Q[10]. 

The complexes formed by adding Q[10] were dimeric in nature and the self-quenching 

effect due to π-π interactions must be the reason for the decrease in fluorescence. [43] 
 



 
Figure 3. (a) Fluorescence spectra of AO (1.0×10-5 mol·L-1) on increasing concentrations of Q[10] 
Ex. Wavelength: 484 nm, Ex. Slit:10 nm; inset: fluorescence color changes of AO solution before 
and after addition of Q[10] under illumination at 365 nm with a portable UV lamp; (b) the 
concentrations and intensity vs. NQ[10]/NAO plots. 
 

 
Given the results above, this system has the potential to be used for the detection of 

pesticides. Fluorescence experiments were performed with 20 common pesticides, 

including Carbaryl (CAR), Acetamiprid (ATM), Triadimefon (TDF), Thiamethoxam 

(TTA), Dinotefuran (DFA), Pymetrozine (PTZ), Pyrimethanil (PMA), Paraquat (PQ), 

Hymexazol (HMZ), Azaconazole (ACZ), Flusilazole (FSZ), Mepronil (MEP), 

Carbendazim (CBZ), Bathocuproine (BCP), Napropamide (NPM), Fenoxaprop-ethyl 

(FE), Pyroquilon (PQL), Mefenacet (MN), Tebuconazole (TBZ), Penconazole (PCZ), 

Dodine (DD), and it was observed (Figure 4) that only the use of DD afforded a 

pronounced fluorescent enhancement. From the titration spectra (Figure 5), a plot of 

fluorescence intensity versus NDD/ N2AO@Q[10] revealed that the fluorescent 

enhancement (ΔI) has a linear correlation with DD concentration, and the limit of 

detection (LOD) for DD was 1.12×10-7 M. 
 



 
Figure 4. (top) The effect of 20 pesticides (5 equiv. of host–guest complex) on the relative 
fluorescence response (λ em = 540 nm) of 2AO@Q[10] (1.0 ×10-5 mol⋅L-1) (2:1), Ex. Wavelength: 
484 nm, Ex. Slit: 10 nm; (bottom) Photographs of 2AO@Q[10] systems containing 5 equiv. of host–
guest complex and different 20 pesticides under exposure to UV light (365 nm). 

 

Figure 5. (a) Titration fluorescence spectra of 2AO@Q[10] (1.0 ×10-5 mol⋅L-1, 2:1) upon addition 
of increasing amounts dodine (0, 0.1, 0.2⋅⋅⋅⋅⋅⋅0.9, 1.0, 1.2, 1.4⋅⋅⋅⋅⋅⋅1.8, and 2.0 equiv.); (b) Plots of 
NDodine/N2AO@Q[10], (c) Non-linear fitting curves for changes in the fluorescence intensity of the 
inclusion complex in the presence of different concentrations of dodine. 
 

Table 1. Standard deviation and detection limit calculation for DD 
Fluorescence Intensity   Standard deviation(σ)  Slope(K)   Detection 
limit(3σ/K) 
144.5917 
146.2517 
140.7159 
138.1885 
140.2242 
139.9547                3.73            997×106 M-1     1.12×10-7 M 
135.4037 



137.1586 
133.4779 
134.7138 
139.4833 

 

In acidic or neutral solutions, AO mainly exists in the protonated form, and the 

absorption peak at 492 nm is the main absorption peak, while in alkaline solutions, AO 

mainly exists in the un-protonated form, and the original main absorption peak was blue 

shifted to 435 nm (Figure 6a). From the pKa titration curve, the pKa of AO is about 9.7 

(Figure 6b). From the fluorescence emission spectra of AO at different pH values 

(Figure 7), it was also observed that over the pH range 2-9, the fluorescence intensity 

of AO at 540 nm does not change. However, when the pH>9, the fluorescence intensity 

emission decreases significantly, and by fitting the pKa titration curve, the pKa of AO 

is about 9.7. This is consistent with UV-vis spectral data. 

 

 
Figure 6. (a) UV-Vis absorption of AO (1.0×10−5 mol•L−1) at different pH in Tris-HCl; (b) The 
variation in absorbance with pH at 492 nm in Tris-HCl. 
 

 



Figure 7. (a) Fluorescence absorption of AO (1.0×10−5 mol•L−1) at different pH in Tris-HCl (λ 
ex＝484 nm); (b) plots of fluorescence absorption at 540 nm for AO at various pHs.  
 

The system has also been evaluated for its efficiency when operating in the presence of 

common interferents such as metal ions and common interferences. The results (Figure 

8, Table 1) revealed that in the presence of DD, the interferents tested had little impact 

on the observed fluorescence intensity. 

 
Figure 8. Fluorescence intensity changes of 2AO@Q[10] (1.0×10−5 mol•L−1) and 2AO@Q[10]＋
DD (1.0×10−5 mol•L−1) with different interferents (λex＝484 nm).  
 

Table 2 Results of the selectivity study 
Complex Other Interferents     Interference 

multiple multiple  Ba2+，Co2+, Fe3+ 
100 

 K+ 150 
2AO@Q[10]+DD Ca2+, Ni2+, Zn2+ 200 

 HPO42- 250 

 
 

Sr2+, Mg2+, Na+ 300 

 NH4+, Carbamide 400 
 

To shed further light on the recognition process involving DD and the 2AO@Q[10] 

complex, the addition was carried out in D2O and monitored by 1H NMR spectroscopy. 

Following gradual addition of DD (Figure 9), the proton resonances associated with the 

guest AO shifted downfield (Ha = 0.11; Hb = 0.22; Hc = 0.22; Hd = 0.22; He = 0.27 ppm), 

which suggested that these protons are being removed from the Q[10] cavity. 

Meanwhile, the DD protons (H1, H2, H3 and H4) experienced an upfield shift relative to 



free DD. These observations further demonstrated that the included AO guest was 

displaced by the DD molecule in the cavity of the Q[10]. 
 
 

 
Figure 9. 1H NMR spectra obtained from the titration of AO with Q[10]: (a) AO; (b) Q
[10]:AO=1:2; (c) Q[10]:AO:DD=1:2:1; (d) Q[10]:AO:DD=1:2:2; (e) DD. 
 
 

Conclusion 

In this report, we have constructed a probe using the dye acridine orange (AO) and 

cucurbit[10]uril (Q[10]), which is capable of the selective detection of dodine (DD). 

The probe operates by a competitive displacement process, whereby added DD 

displaces two AO guests from the Q[10] cavity. This displacement means that the 

fluorescence of the AO is no longer quenched by the Q[10], and an obvious fluorescent 

signal is achieved.	We propose this supramolecular system can be not only extended to 

identify DD fluorescent probes with long-wavelength emission but also expanded to 

other platforms/applications such as cell imaging, drug delivery and textile dyeing. 
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