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Abstract: Difenoconazole (DIF) is a representative variety of broad-spectrum triazole fungicides and liposoluble pesticides. However, the water solubility of DIF is so poor that its application is limited in plant protection. In addition, the conventional formulations of DIF always contain abundant organic solvents, which may cause pollution of the environment. In this study, two DIF/cyclodextrins (CDs) inclusion complexes (ICs) were successfully prepared, which were DIF/β-CD IC and DIF/hydroxypropyl-β-CD IC (DIF/HP-β-CD IC). The effect of cyclodextrins on the water solubility and the antifungal effect of liposoluble DIF pesticide were investigated. According to the phase solubility test, the molar ratio and apparent stability constant of ICs were obtained. Fourier transform infrared spectroscopy, thermal gravity analysis, X-ray diffraction and scanning electron microscopy were used systematically to characterize the formation and characteristics of ICs. The results noted that DIF successfully entered the cavities of two CDs. In addition, the antifungal effect test proved the better performance of DIF/HP-β-CD IC, which exceeded that of DIF emulsifiable concentrate. Therefore, our study provides informative direction for the intelligent use of liposoluble pesticides with cyclodextrins to develop water-based environmentally friendly formulations.
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1  Introduction

In worldwide agricultural production, pesticides are very important substances by controlling diseases, insects, and weeds [1–3]. Most pesticides are inherently hydrophobic and liposoluble. Nearly all the active ingredients of pesticides cannot be used directly, requiring other additives to form formulations [4]. Owing to their limited water solubility, liposoluble pesticides are always processed into pesticide formulations using large quantities of organic solvents, surfactants, and carriers, such as emulsifiable concentrates (EC) and wettable powder (WP) [5]. Conventional pesticide formulations can result in serious environmental and ecosystem problems [6]. Thus, the levels of organic solvents in pesticide formulations must be reduced, such as by improving the water solubility of liposoluble pesticides [7,8].

Difenoconazole (DIF) is a representative variety of broad-spectrum triazole fungicides and liposoluble pesticides developed by Giba Geigy in 1988 [9–11]. DIF destroys the fungal cell membrane by interfering with ergosterol biosynthesis [12,13]. As a broad-spectrum fungicide, DIF is applicated worldwide in controlling diseases in vegetables, fruits, rice, and wheat [14–17]. However, the water solubility of DIF at 20°C is negligible (15 mg⋅L−1) because of its structure as shown in Fig. 1 [18], it is usually formulated as EC, emulsion in water, and WP. Therefore, improving water solubility and formulating an environmentally friendly formulation of DIF is a promising approach to minimize the organic solvents and harm to the environment. Several studies have suggested that the formulation of cyclodextrins (CDs)/pesticides inclusion complexes (ICs) is an effective way for enhancing the water solubility of liposoluble pesticides [19,20].
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Figure 1: Structure of DIF

CDs are a series of cyclic oligosaccharides, which made up by at least six α-D-glucopyranose units and up to 12 α-D-glucopyranose units, as discovered in 1981 by Villiers from starch degradation [21,22]. At present, relevant research has focused on α-cyclodextrin (α-CD), β-cyclodextrin (β-CD), γ-cyclodextrin (γ-CD), and hydroxypropyl-β-cyclodextrin (HP-β-CD), which is the derivative of β-CD and has excellent solubility in water [23–25]. The cavity of CD molecules is hydrophobic, whereas the outer surface is hydrophilic [26,27]. Thus, hydrophobic molecules can enter the relatively hydrophobic cavities of CDs [28,29]. Therefore, as host molecules, CDs can enhance the water solubility of guest liposoluble molecules by formatting ICs, thereby demonstrating the wide applicability of CDs in pesticides [30–32], medicines [33–35] and food [36–38].

In this study, as shown in Fig. 2, β-CD and HP-β-CD as host molecules were applied and DIF was applied as guest active ingredient to form DIF/CDs ICs. The saturated aqueous solution method and the freeze-drying method were successfully used to form DIF/β-CD IC and DIF/HP-β-CD IC to ameliorate the physicochemical features of DIF, respectively. Fourier transform infrared spectroscopy (FTIR), thermal gravity analysis (TGA), X-ray diffraction (XRD) and scanning electron microscopy (SEM) were used systematically to characterize the formation and characteristics of two ICs. Antifungal effects of DIF ICs and traditional DIF ECs were compared using Phytophthora infestans (Mont.) de Bary and Colletotrichum scovillei. Our research offers valuable information for the improved utilization of DIF and CDs in liposoluble pesticides to develop water-based environmentally friendly formulations.
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Figure 2: Structures of (A) β-CD and (B) HP-β-CD

2  Materials and Methods

2.1 Materials

DIF (MW ≈ 406, 95.6% purity) and 250 g⋅L−1 DIF EC were acquired from Zhejiang Udragon Bioscience Co., Ltd. (Hangzhou, China). Pure β-CD (MW ≈ 1135) and HP-β-CD (MW ≈ 1425) were purchased from Shandong Binzhou Zhiyuan Biotechnology Co., Ltd. (Binzhou, China). Anhydrous ethanol was purchased from Beijing Beihua Fine Chemicals Co., Ltd. (Beijing, China). Phytophthora infestans (Mont.) de Bary, Colletotrichum scovillei, potato dextrose agar (PDA), deionized water and sterilized water were obtained from the College of Science, China Agricultural University.

2.2 Phase Solubility Studies

Phase solubility studies were performed according to the previous literature based on Wang et al. [39] and García et al. [40]. First, 0.5 g DIF was weighed to 25 mL various concentrations aqueous solutions of β-CD or HP-β-CD (2, 4, 6, 8, 10, 12, 14 and 16 mM). The obtained suspensions were shaken on a thermostatic oscillator (THZ-C, Taicang, China) at 20°C for 24 h to achieve equilibrium between DIF and CDs. The suspensions were filtered with a 0.22 μm syringe filter and diluted. The contents of DIF in filtrate solutions were analyzed by high-performance liquid chromatography (Agilent 1100, USA). By calculating and plotting, different solubilities of DIF in different aqueous solutions of CDs and phase solubility curves were obtained. From the phase solubility curves, the apparent stability constant (Ks) was calculated by the Eq. (1):


Ks=SlopeS0(1−Slope)
(1)

where S0 is the solubility of DIF in deionized water without CDs at 20°C and Slope is the slope of the curves.

2.3 Preparation of ICs

DIF/β-CD IC was made by the saturated aqueous solution method [41]. Briefly, the deionized water was used to dissolve 7.95 g β-CD at 50°C for 1 h to form a saturated aqueous solution. The desired amount of DIF (molar ratio of 1:1) was solubilized in anhydrous ethanol and added to above saturated aqueous solution drop by drop under magnetic stirring. The mixture was continuously stirred at 50°C for 8 h. The solution was stirred and cooled to 10°C for 12 h. The solid and liquid of the suspension was separated by Büchner funnel and anhydrous ethanol was used to wash the solid to remove free DIF. The last solid was vacuum-dried for 48 h to obtain DIF/β-CD IC and for further studies.

DIF/HP-β-CD IC was made by the freeze-drying method [42]. Briefly, the deionized water was used to dissolve 9.98 g HP-β-CD at 50°C for 1 h to form an aqueous solution. The desired amount of DIF (molar ratio of 1:1) was solubilized in anhydrous ethanol and added to above aqueous solution drop by drop under magnetic stirring. The mixture was continuously stirred at 50°C for 8 h. The solution was stirred and cooled to 10°C for 12 h. The solid and liquid of the suspension was separated by Büchner funnel, and the liquid was lyophilized using a lyophilizer (FD-1C-50, Shanghai, China). Finally, DIF/HP-β-CD IC was obtained and used for further studies.

2.4 Preparation of Physical Mixtures (PMs)

PMs were prepared by simply mixing DIF and β-CD or DIF and HP-β-CD in a mortar for 30 min. The molar mixing ratio of CDs and DIF was 1:1. DIF/β-CD PM and DIF/HP-β-CD PM were obtained and used for further studies.

2.5 Characterization of the Samples

DIF, CDs, ICs, and PMs were characterized using FTIR, XRD, TGA, and SEM.

2.5.1 FTIR Analysis

FTIR spectrometer (SHIMADZU IRTracer-100, Japan) was used to measure the FTIR spectra of different samples based on the KBr disk technique at 25°C. The scanning range was from 4000 to 400 cm−1.

2.5.2 XRD Analysis

XRD analysis was studied from an X-ray powder diffractometer (Bruker D8 Focus, Germany). The XRD patterns were collected using Cu Kα radiation (40 kV, 40 mA) at ambient temperature and an Ni filter between angular domain (2θ) from 3° to 60°.

2.5.3 TGA

TGA was performed using a synchronous thermal analyzer (PerkinElmer STA6000, USA). 3–5 mg samples were weighed in crucibles. The experiment was performed under a high-purity nitrogen atmosphere at a flow rate of 100 mL⋅min−1. The temperature range was from 25°C to 550°C and the heating rate was 10 °C⋅min−1.

2.5.4 SEM Analysis

The SEM images of different samples were obtained using a SEM (Hitachi SU8010, Japan). Samples were put on a sample rack with aluminum strips, sputter-coated with gold, and then observed by SEM.

2.6 Antifungal Effect

The main fungi studied in this experiment were Phytophthora infestans (Mont.) de Bary and Colletotrichum scovillei, which are pathogenic fungi of potato late blight and pepper anthracnose, respectively. The antifungal effect of ICs and DIF EC was determined using the petri dish mycelial growth rate method in the laboratory. The experiment was carried out in the super clean platform. Different sample solutions of various concentrations were prepared in sterilized water. Thawed PDA (13.5 mL) were mixed with above solutions (1.5 mL) to obtain the DIF concentration of 0.01, 0.1, 0.5, 5.0, 50.0, and 500.0 mg⋅L−1 in the ultimate solutions and poured into sterile petri dishes. When PDA with pesticide solutions were cool down and solidified, a 7 mm PDA with fungus was placed on each center of them. Then the sterile petri dishes were put in a constant temperature at 25°C and dark incubator for several days for the fungus growing. Finally, the mycelium diameter (mm) of each sample was obtained. PDA with sterilized water was applied as a control. Each concentration group was repeated three times. The growth inhibition rate I (%) was calculated by Eq. (2):


I(%)=C−TC×100
(2)

where C is the average mycelium diameter (mm) of the control group; T is the average mycelium diameter (mm) of the DIF treatment groups. I (%) was transformed into a probability value. The toxicity regression equation was obtained from the relationship of probability value and logarithm of the DIF concentration. The concentration that inhibited 50% fungus growth (EC50 values) for each formulation was calculated by the toxicity regression equation.

3  Results and Discussion

3.1 Phase Solubility Studies

Fig. 3 shows the phase solubility curves of DIF and CDs binary systems. There were positively correlated between the solubility of DIF and concentrations of CDs. The R2 values were 0.98017 of β-CD with DIF and 0.99916 of HP-β-CD with DIF, indicating that the solubility of DIF and CDs concentrations have linear correlation. Based on the descriptions of Higuchi et al. [43] and Patel et al. [44], the curves can be considered as AL type, which indicates that the molar ratio of inclusion of the guest and host molecules is 1:1. Owing to the inclusion of CDs and DIF, the solubility of DIF in 16 mM solution of β-CD and HP-β-CD increased by 16.9 and 60.5 times, respectively.
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Figure 3: Phase solubility curves of DIF with (A) β-CD and (B) HP-β-CD

The Ks value, which could be determined by the phase solubility curves, represents binding strength of DIF onto the CD cavity. The suitable Ks value for ameliorating the physicochemical properties and bioactivity of liposoluble molecules is 200–5000 L⋅mol−1 [45]. A low Ks value indicates the instability of the IC. Conversely, a high Ks value shows that the IC was firmly bound. The Ks value were 740.1 L⋅mol−1 of DIF/β-CD and 4475.1 L⋅mol−1 of DIF/HP-β-CD. This suggests that DIF could be formed stable ICs with the two CDs. Moreover, HP-β-CD was tighter than β-CD in the combination with DIF. The results illustrated that CDs could significantly increase the solubility of DIF in water after inclusion, and the effect of HP-β-CD was better.

3.2 Samples Characterization

3.2.1 FTIR Analysis

Whether DIF enters the cavity of CDs can be proved by FTIR. In addition, there are a lot of useful information that can be applied to determine the formation of an IC, such as the shape, position, and strength of the characteristic peaks of the functional groups [46–48]. Fig. 4 shows the FTIR spectra of the different samples.
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Figure 4: FTIR spectra of the (A) DIF/β-CD and (B) DIF/HP-β-CD systems

The stretching vibration (2977–3116 cm−1) of the hydrocarbons on the benzene ring of DIF disappeared and the skeleton vibration (1585–1606 cm−1) of the phenyl ring of DIF was obviously weakened in the two ICs. The C–O stretching vibration (1226 cm−1) of DIF was weakened and shifted to 1236 and 1239 cm−1 for DIF/β-CD IC and DIF/HP-β-CD IC, respectively. For two PMs, the spectra exhibited the simple superpositions of DIF and CDs, indicating that the resulting compounds were simple mixtures. Therefore, DIF molecules were embedded in the cavity of two CDs, thereby forming ICs.

3.2.2 XRD Analysis

To identify the IC formation of DIF with CDs, XRD is always a useful method [49,50]. The changes of the characteristic diffraction peaks, including the new peaks emerging, the original peaks disappearing, and the peak intensity decaying, indicate the formation of ICs. The XRD patterns are shown in Fig. 5.
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Figure 5: XRD patterns of the (A) DIF/β-CD and (B) DIF/HP-β-CD systems

The DIF characteristic diffraction peaks are at 2θ = 11.05°, 20.04°, and 25.40°, which are attributed to its crystal structure. In Fig. 5A, β-CD exhibits a crystalline nature with the salient peaks at 9.06°, 12.73°, and 27.08°. But for DIF/β-CD PM, the diffraction peaks could be seen at 9.06°, 11.03°, 12.73°, 20.00°, 25.36°, and 27.08°, which include the peaks of two substances themselves, indicating that DIF/β-CD IC could not be prepared by mixing the powders simply. In contrast, for DIF/β-CD IC, the characteristic peaks are at 2θ = 10.45°, 16.24°, and 19.75°, which are not present in other samples, indicating the successful formation of DIF/β-CD IC. In Fig. 5B, HP-β-CD exhibits its amorphous structure with two broad diffraction peaks. However, DIF/HP-β-CD PM shows the notable characteristic diffraction peaks of DIF, indicating that the PM is a simple mixture of the two substances. In contrast, DIF/HP-β-CD IC exhibits its amorphous structure, similar with HP-β-CD, whereas the DIF peaks disappeared, indicating the successful formation of DIF/HP-β-CD IC. SEM can verify these results.

3.2.3 TGA

TGA can show the thermal properties of the samples and is an available method for determining the formation of ICs [51]. The TGA diagrams of the different samples are shown in Fig. 6.
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Figure 6: TGA thermograms of the (A) DIF/β-CD and (B) DIF/HP-β-CD systems

A single weightlessness process from 250°C to 350°C can be seen in the TGA thermogram of DIF. However, there are two weightlessness processes in the other samples, of which the first stages were attributed to the dehydration of CDs at 50°C–100°C. The second stage was attributed to the substance’s degradation at 250°C–400°C for DIF/β-CD PM and at 250°C–375°C for DIF/HP-β-CD PM. For the two ICs, in the second stage, the temperatures at the beginning of the heat loss were higher than those of DIF and PMs, that is, 275°C and 300°C in DIF/β-CD IC and DIF/HP-β-CD IC, respectively, owing to the thermal decomposition of DIF at a higher temperature. The results indicated that ICs were formed between DIF and CDs, thereby improving the thermal stability of DIF.

3.2.4 SEM Analysis

The morphology of different samples can be shown visually by SEM, which is a powerful method to analyze the surface characteristics [52–54]. As shown in Fig. 7, the SEM images of different samples were compared to determine the formation of ICs. DIF exhibited a rough and irregular shape, β-CD had clear edges in a prismatic crystal, and HP-β-CD was mostly porous and spherical. For the PMs, the SEM images exhibited a simple mixture of DIF and CDs. For the ICs, the apparent appearance of the particles was completely different from that of the DIF and CDs. The morphology of DIF/β-CD IC comprised small new crystals, whereas that of DIF/HP-β-CD IC had almost no regular crystal morphology. We can see the similar results in the XRD. These results demonstrate the clear difference in the morphology of ICs, DIF, and CDs, indicating the successful formation of ICs.
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Figure 7: SEM images of (A,E) DIF, (B) β-CD, (C) DIF/β-CD IC, (D) DIF/β-CD PM, (F) HP-β-CD, (G) DIF/HP-β-CD IC, and (H) DIF/HP-β-CD PM

3.3 Analysis of the Antifungal Effect Experiment

The petri dish mycelial growth rate method was used to evaluate the antifungal effect of the ICs and conventional formulations. The antifungal effect against Phytophthora infestans (Mont.) de Bary and Colletotrichum scovillei of the DIF/β-CD IC, DIF/HP-β-CD IC, and DIF EC systems are shown in Fig. 8 and Table 1.
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Figure 8: Antifungal effect against Phytophthora infestans (Mont.) de Bary and Colletotrichum scovillei of (A, D) DIF/β-CD IC, (B, E) DIF/HP-β-CD IC, and (C, F) DIF EC. In each section, the concentrations of DIF were 0, 0.01, 0.1, 0.5, 5, and 50 mg⋅L−1
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For the antifungal effect against Phytophthora infestans (Mont.) de Bary, the EC50 values of DIF/β-CD IC, DIF/HP-β-CD IC and DIF EC were 0.451, 0.221, and 0.284 mg⋅L−1, respectively. The antifungal effect of DIF/HP-β-CD IC was better than those of DIF/β-CD IC and DIF EC, with DIF/β-CD IC having the poorest antifungal effect. For the antifungal effect against Colletotrichum scovillei, the EC50 values of DIF/β-CD IC, DIF/HP-β-CD IC, and DIF EC were 0.199, 0.149 and 0.144 mg⋅L−1, respectively. The results showed that the antifungal effect of DIF/HP-β-CD IC was better than that of DIF/β-CD IC and equivalent to that of DIF EC. This was consistent with the antifungal effect results against Phytophthora infestans (Mont.) de Bary. In summary, due to the inclusion complex of DIF and CDs, the solubility of DIF in water was improved, which enhanced the fungicidal effect of DIF to varying degrees.

4  Conclusions

In this study, DIF/β-CD IC and DIF/HP-β-CD IC were formed to increase the solubility of DIF by the saturated aqueous solution method and the freeze-drying method, respectively. According to the phase solubility method, the 1:1 molar ratio and apparent stability constant of ICs were calculated. FTIR, TGA, XRD and SEM were applied to prove ICs formation. The results indicate the successful formation of ICs. For the antifungal effect test, the effect against Phytophthora infestans (Mont.) de Bary and Colletotrichum scovillei of DIF/HP-β-CD IC was better than that of DIF/β-CD, and was comparable to that of DIF EC. Our research not only provides informative direction for the intelligent use of liposoluble pesticides for reducing the amount of organic solvent used, but also shows that CDs can be utilized in liposoluble pesticides to develop water-based environmentally friendly formulations.
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Table 1: Toxicity equations and ECs of DIF/B-CD IC, DIF/HP-B-CD IC, and DIF EC against Phytophthora

infestans (Mont.) de Bary and Colletotrichum scovillei

Phytophthora infestans (Mont.) de Bary

Toxicity equation

R-square (COD)

ECso (mg-L™)

DIF/B-CD IC
DIF/HP-B-CD IC
DIF EC

y=5.3812+1.1022x
y=25.7783 +1.1856x
y=5.6277+1.1471x

0.9920
0.9938
0.9782

0.451
0.221
0.284

Colletotrichum scovillei

Toxicity equation

R-square (COD)

ECso (mg-L™")

DIF/B-CD IC
DIF/HP-B-CD IC
DIF EC

y=5.6411+0.9150x
y=5.7779 +0.9412x
y=15.7476 + 0.8890x

0.9972
0.9888
0.9874

0.199
0.149
0.144
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