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Abstract

:

Reports on fungicide-based agronanochemicals in combating disastrous basal stem rot disease in the oil palm industry are scant. Herein, we describe the potential of fungicide nanodelivery agents based on hexaconazole-micelle systems produced using three different surfactants; sodium dodecylbenze sulfonate (SDBS), sodium dodecyl sulfate (SDS) and Tween 80 (T80). The resulting nanodelivery systems were characterized and the results supported the encapsulation of the fungicide into the micelles of the surfactants. We have investigated in detail the size-dependent effects of the as-synthesized micelles towards the inhibition growth of Ganoderma Boninense fungi. All the nanodelivery systems indicate that their size decreased as the surfactant concentration was increased, and it directly affects the fungal inhibition. It was also found that Tween 80, a non-ionic surfactant gave the lowest effective concentration, the EC50 value of 2, on the pathogenic fungus Ganoderma boninense compared to the other anionic surfactants; SDBS and SDS. This study opens up a new generation of agronanofungicide of better efficacy for Ganoderma disease treatment.
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1. Introduction


Basal stem rot disease (BSR) is a leading concern in the palm oil upstream industry. This soil-borne disease is caused by a facultative saprophyte organism called Ganoderma boninense. This fungus has contributed to major economic loss to countries in Southeast Asia, especially Malaysia. Some control strategies have been introduced but the use of currently available fungicide resulted in less efficiency, user and environmental concerns. The application of hexaconazole fungicide in BSR management has been introduced earlier and its ability to lengthen the lifespan of infected oil palm was proven [1]. However, the direct application of hexaconazole as a fungicide in battling BSR disease is not reaching the maximal effect towards the target site due to leaching and dissipation problems [2,3,4]. Therefore, many formulations have been developed to improve and increase the efficiency of current strategies. The nanotechnology approach in developing new formulations is progressing tremendously. Previously works have documented nanoformulations for handling BSR disease using hexaconazole-based fungicide on different delivery systems such as layered double hydroxide (LDH) [5] and chitosan [6] and the results are very promising. The use of surfactants in nanoformulations with their superior hydrophobicity–hydrophilicity and antagonistic properties towards pathogenic microbes [7] has been very advantageous. The surfactants have been shown to play a promising role in formulating agronanochemical products as they can reduce surface tension, maintain the turgidity of droplets on the target site and lower the pH solution to ensuring the ingredients to be preserved. The effect of different surfactants towards fungal disease in plants such as Fusarium head blight, Beauveria bassiana [8] and powdery mildew [9] have been reported recently. Currently, the study on the use of surfactants for the treatment of the Ganoderma boninense pathogen, a causal pathogen for BSR disease, is still lacking. Here, we describe our work on the design and synthesis of micelle-based hexaconazole nanodelivery systems using three different surfactants; sodium dodecylbenzene sulfonate (SDBS), sodium dodecyl sulfate (SDS) and Tween 80 (T80). They were used separately, acted as the shell and the fungicide, hexaconazole was encapsulated into it, acted as the core. Their physicochemical and fungicidal potency towards Ganoderma boninense pathogen were characterized and compared.




2. Results and Discussion


2.1. Critical Micelle Concentration


The hexaconazole micelles nanodelivery systems based on three surfactants; HMBS, HMDS and HMT were prepared by a simple method, the nanoprecipitation method. The loading content of hexaconazole for HMBS, HMDS and HMT is 14.9%, 35.7%, 19.1% with an encapsulation efficiency of 40.7%, 52.1% and 35.4%, respectively. The formation of three hexaconazole micelles was supported by the CMC determination as shown in Figure 1. The CMC value of HMBS, HMDS, and HMT was found to be 0.72, 0.63 and 0.67% w/v, respectively. It was observed that after the incorporation of hexaconazole in the surfactant solution, the value of CMC increases slightly compared to bare surfactants of SDBS, SDS and Tween 80, with a value of 0.01, 0.39 and 0.02% w/v. The slight changes of CMC value in micelle formation showing the CMC synergism. The presence of an organic solvent in the mixture also affects the enthalpy and entropy values in the micellization process, thus influencing the ordered structure through hydrogen bonding in an aqueous solution [10]. The finding indicates that the presence of surfactants in the mixture increases the mixture’s hydrophilicity, solubility and CMC.




2.2. Powder X-ray Diffraction


Powder X-Ray Diffraction (XRD) analysis was conducted for all the hexaconazole-micelles delivery systems prepared using surfactants; sodium dodecylbenzene sulfonate (HMBS), sodium dodecyl sulfate (HMDS) and Tween 80 (HMT) and their physical mixture counterparts (Figure 2).



Based on XRD patterns of the physical mixture, the results obtained are comparable to the peaks shown for pure surfactants (Figure 2A,B). The XRD pattern of HMBS (Figure 2C) shows a broad peak at 3.22° (*) indicating SDBS crystal peak while HMDS (Figure 2D) has exhibited some distinct peaks below 10° such as 2.62, 4.9 and 7.18° ( [image: Molecules 26 05837 i001]) signifying that SDS surfactant also has crystalline property in the mixture. The high intensity of the XRD pattern of SDS in the HMDS sample has suppressed the XRD reflection peak of hexaconazole. Similar reflection peaks at 10.44, 11.64, 15.94, 16.9, 20.24, 21.08, 21.54, 23.94, 26.04, 27.18, 29.4, 30.34 and 30.82° ( [image: Molecules 26 05837 i002]) can be seen in the XRD patterns, due to hexaconazole with only some changes in their intensity. Assuming that all the surfactants—SDBS, SDS and T80—used in this work have no reflection peak in their XRD patterns of the as-synthesized micelles (Figure 2F–H), it can be concluded that the surfactants formed the micelle system in an amorphous state [11].




2.3. Fourier-Transform Infrared Spectroscopy


The Fourier-transform infrared (FTIR) spectra of HMBS, HMDS and HMT confirmed the encapsulation of hexaconazole into their surfactant micelles systems, as shown in Figure 3. The major FTIR bands of the pure surfactants also have been included, so that a clearer picture of the resulting chemical properties of the resulting hexaconazole-micelles samples can be obtained.



In FTIR spectra of SDBS (Figure 3A), there was symmetric and asymmetric CH2/CH3 vibration mode at 2925 and 2854 cm−1, C=C aromatic at absorption band of 1602 cm−1 and C-H bending of benzene at 1010 and 832 cm−1 [12] can be observed. For SDS (Figure 3B), the C-H bond vibration was observed at 2917 and 2849 cm−1, bands at 1467 cm−1 were assigned to CH2 stretching and bending mode, the bands at 1220 and 1078 cm−1 representing SO2 asymmetric in vibration and asymmetric C-H bending of CH2 group were detected at 825 and 588 cm−1 [13]. In T80 FTIR spectra (Figure 3C), two broad bands of 2925 and 2858 cm−1 belonged to C-H stretching of the methylene group and the 1735 cm−1 band was due to C=O stretching. The absorption band at 1460 cm−1 indicates the C-H stretching of a methylene group, and additional bands at 1089 and 725 cm−1 refer to the C-O-C stretching and CH2 rocking mode, respectively [14].



After the encapsulation of hexaconazole into the micelle of the surfactant, four characteristic peaks of hexaconazole; C=N, aromatic ring structure, C-H bend and a strong C-Cl stretching band at 1560, 1430, 808 and 658 cm−1, respectively, were observed in all the three micelle systems, as shown in Figure 3D–F, respectively. These bands indicate the formation of the nanodelivery system, where hexaconazole was encapsulated into the surfactant-micelles. The first broad band shown by each micelle system was shifted between 3210–3220 cm−1, possibly due to the weak electrostatic force of the attachment of ions from the hexaconazole moiety with H atoms of the hydroxyl group.



HMBS spectrum (Figure 3D) also shows the SDBS presence; the C-H bending of benzene is observed at 1133 and 1018 cm−1. The band intensity of SDBS at 1184 cm−1 is decreased, which may be due to the dissociation of the sulfonate group to forming the acyl group. This formation was observed when the HMBS sample exhibited a sharp band at 1133 cm−1 indicating the mixture of hexaconazole and SDBS has generated a bonding between carbonyl and carbon group (acyl group), automatically decreasing the intensity of the alkoxy group at 1043 cm−1 where less of the alkyl group was bonded directly to the oxygen atoms.



HMDS shows major bands of SDS surfactant at 2956 and 2863 cm−1, assigned to C-H bond vibration, 1463 cm−1 for CH2 stretching and bending mode and 1214 cm−1 related to the SO2 asymmetric vibration (Figure 3E). HMT displays C-H stretching of methylene group at 2927 and 2863 cm−1, C=O stretching at 1733 cm−1, C-H bending of methylene group at 1465 cm−1 and C-O-C stretching at 1093 cm−1 which are associated with the T80 surfactant (Figure 3F).




2.4. Thermal Analysis


Figure 4 depicts the TGA/DTG curves of all the pure surfactants, HMBS, HMDS and HMT samples. SDBS surfactant has shown four stages of weight loss, observed at 57, 472, 554 and 735 °C, with percentage loss of 1.8, 47.3, 3.1 and 11.8%, respectively (Figure 4A). The first weight loss step indicates the removal of adsorbed and structural water molecules. The second one is due to the thermal degradation of the alkyl chain of the molecule, the third and fourth weight loss at around 500 °C may be attributed to the thermal decomposition of the benzene ring, and leaving only surfactant head, forming sodium hydrogen sulfite (NaHSO3) [15].



The thermograms of the SDS surfactant (Figure 4B) exhibit four stages of weight loss. The first thermal decomposition which lies at 107 °C with a loss of 0.8% normally comes from water adsorption. The second and third thermal events with 23–49% weight loss are referring to the oxidation of the total alkyl chain of dodecyl sulfate anions that are present in SDS [16]. The last stage, corresponding to 3.58%, may be related to metallic sulfate formation, similar to the SDBS compound.



Based on the results, the occurrence of a few temperature differences in SDS could possibly be caused by incomplete alkyl chain thermal degradation. As an example, the moiety started to degrade after the elimination step of its physically adsorbed water, but it was not fully degraded, therefore it continued to decompose again in the second step until the complete degradation process had occurred [17]. Figure 4C is the thermogram for T80 surfactant, showing two thermal events—a thermal loss at 121 and 406 °C with a value of 2.4 and 94.8%—which correspond to the attached water removal and polyoxyethylene (POE) chains, respectively [18].



The TGA curves of the hexaconazole-micelle nanodelivery system are shown in Figure 4D–F. For all three samples, they show thermal degradation at a single temperature interval between 290–370 °C with a mass loss between 97–98% and were assigned to the degradation of hexaconazole fungicide in the micelles. For HMBS, there is another thermal event at 315 °C with a small loss of 1.4%, which corresponds to the evaporation of volatile compounds such as ionic sulphonates, as indicated by FTIR analysis [19]. In light of all the TGA/DTG results, it can be concluded that the addition of surfactants had increased the thermal stability of the fungicide degradation as was discussed previously [5].




2.5. Differential Scanning Calorimetry


The melting activity of pure surfactants and their hexaconazole-micelle nanodelivery systems; HMBS, HMDS and HMT were examined using the differential scanning calorimeter method as shown in Figure 5.



The endothermic peak at 474 °C on the SDBS thermogram (Figure 5A) is referred to as the SDBS melting point followed by decomposition which coincides with weight loss in the TGA curve (Figure 4B) of about 47.3% at 472 °C. For the SDS thermogram (Figure 5B), the occurrence of four endothermic events was observed. The first stage at 108 °C was associated with the detachment of physically and chemically attached water molecules, while the second and third thermal events with 23–49% weight loss at 199 and 274 °C, respectively, referred to the oxidation of total alkyl chain of dodecyl sulfate anions that were present in the SDS moiety. The last stage occurrence at 760 °C, corresponding to 3.58% mass loss, may be related to the oxidation process producing metallic sulfate. The decomposition step in the T80 surfactant (Figure 5C) at 370 °C is highly related to the main group in surfactant, which is polyoxyethylene (POE) chains.



Figure 5D–F show the thermograms of HMBS, HMDS and HMT micelles, showing the same range of endothermic events. All the micelle curves demonstrate two endothermic events, observed at 113–115 °C and 300–370 °C. The first step was associated with strongly held water molecules while the second step was due to the hexaconazole fungicide melting point, which matched with the results of thermal events in its TGA curve for the micelle systems (Figure 4E,F), as discussed earlier. Since no peak can be observed at the surfactant melting point, this infers that all the surfactants were dispersed in the micelle samples.




2.6. Surface Morphology


Figure 6 illustrates the FESEM micrograph of hexaconazole-micelles nanodelivery formulations. As shown in the figure, all the micelles show irregular nanocube shapes and they are agglomerated together. The latter is due to the drying process of the sample.




2.7. Particle Size and Its Stability


Apart from chemical properties, we also explored the effect of surfactant type and its concentration on the size of the resulting hexaconazole-micelle nanodelivery systems. This is to study the size-efficacy relationship of the system towards the inhibition of the Ganoderma boninense pathogen. The micelles were also prepared at a higher concentration than the CMC point, to obtain the maximum effect of the surfactants [20]. The micelles with particle sizes below 100 nm were subsequently chosen for this study.



Hexaconazole micelle nanodelivery systems prepared using different concentrations of SDBS (w/w%) are labeled as HMBS-X, where X indicates the (w/w%): HMBS-1%, HMBS-2 for 2% and HMBS-4 for 4%, respectively. The same label was also used for hexaconazole–SDS (HMDS) and hexaconazole-T80 (HMT) systems. The resulting micelles systems show a good kinetic micellar growth when the sample achieved a monomodal distribution. The preparation stage that involves sonication and dilution also contributed to the low sample aggregation.



All the prepared samples revealed that the size of the resulting hexaconazole-micelle nanodelivery systems decreased when the concentration of the surfactant added was increased (Figure 7). The densely packed surfactants on the particle surfaces of the hexaconazole caused the surface energy to decrease, resulting in a better homogenous dispersion [21]. The particle size of every system is summarized in Table 1. For SDBS, as the SDS surfactant concentration in the micelle solution was increased from 1% to 4%, the size of the HMBS and HMDS was decreased from 83 nm to 35 nm and from 80 nm to 69 nm, respectively. On the other hand, for the T80 surfactant, the concentration used was 6–10%, resulting in the size of HMT decreased from 88 nm to 74 nm. This trend shows that the particle size is highly dependent on the surfactant concentration and in good agreement with previous works described elsewhere [22]. The particle size obtained by the HMBS system was found to be the lowest, albeit that the surfactant concentration for HMT is higher than that for HMBS and HMDS. Based on this study, therefore, it is suggested that the particle size of the resulting nano micelles is also dependent on the type of the surfactants, as well as its concentration.



After six months of storage, all the nano micelles which were kept in dried form were re-dispersed, and their PSD was measured again. This was undertaken to obtain their final particle size distribution and to see their stability over storage time, such as whether aggregation and coalescence amongst the nano micelles are possible. Based on Table 1, agglomeration or coalesceence between the nanoparticles cannot be ruled out. The changes in PSD might be due to the particle–particle interactions, due to an increase in the surface free energy. The results indicate that the PSD for all the systems was gradually increased to a range of 90–150 nm over the 6 months of storage time.




2.8. In Vitro Antifungal Activity of Hexaconazole-Micelles Nanodelivery System


The fungicidal activity of hexaconazole-micelles nanodelivery systems against Ganoderma boninense was tested with range concentrations of 1–10,000 ppb and the growth pattern is displayed in Figure 8. In general, the growth curve has shown that G. boninense was still growing at a concentration of 50 ppb when treated with HMBS and HMDS, compared to the zero growth for HMT sample. The inhibition zone of the Ganoderma pathogen by each surfactant type of the hexaconazole-micelles nanodelivery system is shown in Figure 9.



To study the effect of surfactant concentration on the pathogen inhibition, the percentage of inhibition for all the hexaconazole-micelle nanodelivery systems were recorded on day 7 and the results were analyzed. Each concentration of different surfactants used to produce the hexaconazole-micelle nanodelivery systems was used in this study and the significant difference among three samples in each surfactant system are compared, as shown in Figure 10.



The hexaconazole-micelle produced based on sodium dodecylbenzene sulfonate (HMBS) (Figure 10A), the inhibition starts to occur at 1 ppb. However, in the range of 1–10 ppb, not much difference inhibition can be observed between the samples. It was observed that the mean and standard deviation of each sample, HMBS-1, HMBS-2 and HMBS-4, are showing significance at a concentration of 50 and 100 ppb. The plot also indicates that the sample prepared with a higher percentage of SDBS, HMBS-4 had significant inhibition of 74–88%, followed by HMBS-2 and HMBS-1 with a value of 58–76% and 48–64%, respectively. Starting at 500 ppb and above, there is no significant difference for all three samples, as they have fully inhibited the G. boninense fungi growth.



There is no obvious inhibition at low concentration for micelle-based sodium dodecyl sulfate (HMDS) (Figure 10B) that can be observed. The micelle-SDS samples showing rapid inhibition, starting at 10 ppb to 50 ppb, and significant differences were observed. The percentage inhibition for HMDS-1 increases from 29 to 90%, followed by HMDS-2 with 12 to 79% and the lowest is the SDS concentration, HMDS-1 with value 0 to 42%. The mean inhibition for each sample does not show a significant effect when up to 500 ppb were used, similar to the HMBS system.



Figure 10C represents the HMT system, where the inhibition of the samples towards Ganoderma starts as earlier as at 1 ppb. The sample with the highest percentage of T80, i.e., HMT-10 has shown a triple inhibition value of 32% compared to the lower surfactant concentration. It was observed that there is no significant inhibition between HMT-6 and HMT-8, for the concentration up to 5 ppb. At 10 ppb, the HMT-10 shows significant inhibition with about 95%, which is almost double the value of that of HMT-6. The inhibition continues and the G. boninense was fully inhibited at 100 ppb by both HMT-8 and HMT-10.



Table 2 summarizes overall EC50 values for all the hexaconazole micelles nanodelivery systems based on different surfactants. As shown in the table, increasing the surfactant concentration resulting in a lower EC50 value. For all the three types of micelles, the EC50 value for HMT was found to be the lowest with a value of 2–13, but the surfactant amount used was the highest, 6–8%, compared to the other systems. The smaller particles of HMT are presumably the reason for this.



The correlation of micelle size with the Ganoderma inhibition has been studied and the results are summarized in Figure 11. For all the systems, the plot shows almost a linear relationship between particle size and EC50 value, where the latter increased when the particle size was increased. This finding suggests that the inhibition efficiency towards G. boninense growth was higher when the particle size is reduced. This is due to the higher surface area when the particle size becomes smaller, indicating that the nano micelles’ formulation was capable of diffusing into the fungal cell membrane more effectively, disrupting the cell and then causing cell death [23].



Table 3 demonstrates the interaction between the concentration and surfactant towards the Ganoderma boninense growth under the two-way ANOVA. Table 3 indicates that concentration and type of surfactants affect fungal growth. By comparing both factors, the concentration applied has a highly significant effect on the fungal growth, because the F-value for the concentration is higher than the surfactants.



By comparing the surfactant types used for the formulation, it can be concluded that Tween 80 gives the highest significant effect to the growth, followed by SDS, and SDBS is the lowest. This finding can be associated with the presence of polyoxyethylene units in the Tween 80 surfactant. This polyoxyethylene group reduced the hydrophobic character of surfactant and thus increases the adsorption efficacy on hydrophobic surfaces such as hexaconazole [20].



This occurrence is also supported by the obtained EC50 values as mentioned earlier in Table 2. The efficient adsorption of Tween 80 in its micelle nanodelivery system, HMT has lowered the EC50 value, showing better micelle inhibition towards the pathogen. However, the most significant interaction occurred between hexaconazole and SDS, with a value of 377 while the least interaction was observed between hexaconazole and SDBS, with a value of only 18.





3. Materials and Methods


3.1. Chemical Reagents


Hexaconazole (C14H17Cl2N3O), purity (95%) was purchased from Guangzhou, China. Sodium dodecylbenzene sulfonate (MF = C18H29NaO3S, MW = 342.4, 99%), sodium dodecyl sulfate (MF = NaC12H25SO4, MW = 288.372, 98%), Tween 80 (MF = C64H124O26, MW = 1310) and all other reagents were obtained from Sigma Aldrich and used as received without any further purification. Deionized water was used during this study.




3.2. Micelle Preparation


An aqueous solution was prepared by dissolving 1.226 g of sodium dodecylbenzene sulfonate (SDBS) or sodium dodecyl sulfate (SDS) or Tween 80 (T80) into 150 mL deionized water. Then, 100 mL acetone containing 6.614 g hexaconazole was introduced into the aqueous solution prepared above while stirring using a magnetic stirrer at 40–45 °C until complete evaporation. The micelle solution was placed in an oil bath shaker for about 16 h at a temperature of 70 °C. The sample was then centrifuged and subsequently dried in an oven at 40 °C. The as-synthesized samples were labeled as hexaconazole–based SDBS (HMBS), hexaconazole-based SDS (HMDS), hexaconazole-based T80 (HMT) micelles, respectively. For the physical mixture, hexaconazole and surfactants were mixed thoroughly in a mortar and pestle. The ratio of fungicide and surfactant prepared for the study was the same as for the micelles prepared above.




3.3. Measurement of Critical Micelle Concentration


The critical micelle concentration (CMC) of the micelle was determined using the pyrene fluorescence probe spectrometry [24]. In this technique, the solutions with different concentrations of hexaconazole micelles in the range of 1 × 10−2–4.0% were prepared in 10 mL deionized water. The mixtures were shaken until homogenous samples were produced. 1.0 mL of pyrene solution in methanol (0.3 g/L) was added to each vial. The mixtures were then shaken again to maximally dissolve pyrene in the prepared solution. After sonication for 30 min, the samples were incubated at room temperature for approximately 17 h. The supernatant solution was collected and analyzed using a UV-Visible spectrophotometer at 230 and 319 nm. The absorbance difference of (λ230 − λ319) was plotted against the log concentration of micelles. The CMC of hexaconazole micelle was determined by taking the micelle concentration where the intersection point of two lines occurs.




3.4. Characterization of Hexaconazole Micelles


X-ray Diffraction (XRD) analysis was carried out to determine the crystallinity of hexaconazole in the micelle system using a Shimadzu diffractometer, operating with the voltage of 40 kV and the current of 25 mA. Data were collected in the 2θ range of 5–50 degrees at a scan rate of 4.0 deg/min. The composition of the synthesized micelle was also confirmed by the Fourier-transform infrared (FTIR) spectra using a PerkinElmer 1725X spectrophotometer by the ATR technique with a wavenumber of 400–4000 cm−1. The thermal properties were studied using a Mettler Toledo instrument. The samples were placed in an aluminum pan and heated in the range of 25–1000 °C with 50 mL/min nitrogen flow at a rate of 10 °C/min. Field emission scanning electron microscope (FESEM), JEOL JSM-6400 was used to study the shape and morphology of the micelle.




3.5. Measurement of Fungicide Loading in Micelle System


The loading of hexaconazole in the micelle system was conducted by diluting 10 mg of micelle into 1 mL of methanol as was described previously [25]. The hexaconazole content was measured using ultraviolet-visible spectrophotometry (UV-Vis) at a wavelength of 227 nm. The hexaconazole concentration is calculated based on the absorbance value recorded using a calibration curve. The fungicide loading was quantified using Equation (1) [26].


  Fungicide   loading   content   ( % )   =      Weight   of   hexaconazole   in   micelle       Weight   of   micelle      ×   100  



(1)






  Encapsulation   efficiency   ( % )   =      Experimental   hexaconazole   loaded   micelle       Actual   feeding   hexaconazole   of   micelle      ×   100  



(2)








3.6. Determination of Particle Size and Stability


The average particle size values were evaluated using a Zeta sizer Nano instrument (Malvern Instruments, Malvern, UK). Oil has been used as a dispersion solvent during the size determination. The temperature was fixed at 25 °C for all the measurements and the results were based on triplicate. The stability of the micelle was checked by tracing the changes in particle size distribution during storage at room temperature and after 6 months of storage.




3.7. Fungicidal Activity


3.7.1. In Vitro Antifungal Assay


The pure culture of Ganoderma boninense was maintained on potato dextrose agar (PDA) at 28 ± 2 °C. For the antifungal assay, Food Poison Technique was used. The Petri plates were prepared by impregnating desired concentration of micelle solution ranging from 0 to 10,000 ppb into sterilized PDA. After solidification of the media, they were inoculated with a 5 mm inoculum plug that was punched aseptically with a sterile cork borer from the seven-day-old culture of fungus. The plates then were sealed and incubated at a temperature of 28 ± 2 °C for 7 days. The blank agar plates with only Ganoderma boninense on it served as a control. After incubation time, the radial diameter of the fungus growth was measured in mm. The percentage inhibition of radical growth, PIRG, was evaluated by comparing the colony radius of the poisoned plate (presence of micelle, Go) and non-poisoned plate (control, Gc) as given in Equation (3) [27],


Percentage of inhibition = (Gc − Go)/Gc × 100



(3)








3.7.2. Statistical Analysis


The comparison of inhibition value was statistically analyzed using the one-way analysis of variance (ANOVA) GraphPad Prism Version 6 software (California, USA). Significant differences between samples were determined by Tukey’s Test and a value of p < 0.05 was set as significant when comparing to relevant controls. The results are presented as mean ± SD for three independent tests.






4. Conclusions


The method used for the preparation of micelle-based agronanofungicide in this work was found to be more easily compared to other previously reported micelle formulations. The use of surfactants enhanced the hexaconazole micelles’ performance by improving their solubility and bioavailability. Due to the improved properties, the amount of the active ingredient (fungicide) needed can be reduced, but with the maximal absorption of the fungicide to the infection site. The systems can be easily dissolved with water before they are applied in fields or plantations using the trunk injection or spraying procedure. This study also indicates that the surfactant concentration can be used to tune the micelle particle size and its stability which subsequently can be used to tailor to their specific application. The present study shows that the use of different surfactants resulted in different antifungal effects against Ganoderma boninense. With the tunable particle size at nanometer regime, and therefore higher efficient surface area for adsorption, the hexaconazole micelles-based formulation is a promising candidate to be used as agronanochemical, especially in battling the basal stem rot disease in oil palm.
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Figure 1. CMC diagram of SDBS (a), SDS (b), T80 (c), HMBS (d), HMDS (e), and HMT (f) using the pyrene fluorescence probe. 






Figure 1. CMC diagram of SDBS (a), SDS (b), T80 (c), HMBS (d), HMDS (e), and HMT (f) using the pyrene fluorescence probe.



[image: Molecules 26 05837 g001]







[image: Molecules 26 05837 g002 550] 





Figure 2. XRD patterns of pure SDBS (A), SDS (B), physical mixture of HMBS (C), HMDS (D), HMT (E), and their hexaconazole-micelle nanodelivery systems; HMBS (F), HMDS (G) and HMT (H). 
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Figure 3. FTIR spectra of the physical mixture of SDBS (A), SDS (B), T80 (C), and their hexaconazole-micelle nanodelivery systems of HMBS (D), HMDS (E) and HMT (F). 
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Figure 4. TGA/DTG thermograms of surfactants (a) SDBS; (b) SDS; (c) T80, and their hexaconazole-micelle nanodelivery systems: (d) HMBS; (e) HMDS; and (f) HMT. 
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Figure 5. The differential scanning calorimeter thermograms of surfactants, SDBS (A); SDS (B); T80 (C), and their hexaconazole-micelle nanodelivery systems: (D) HMBS; (E) HMDS; and (F) HMT. 
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Figure 6. Field emission scanning electron micrographs of (a) HMBS, (b) HMDS and (c) HMT under 5000× magnifications. 
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Figure 7. The dynamic light scattering particle size distribution of HMBS-1 (a), HMBS-2 (b), HMBS-4 (c), HMDS-1 (d), HMDS-2 (e), HMDS-4 (f), HMT-6 (g), HMT-8 (h) and HMT-10 (i). 
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Figure 8. Growth curves of G. boninense treated for 7 days with HMBS-1 (a), HMBS-2 (b), HMBS-4 (c), HMDS-1 (d), HMDS-2 (e), HMDS-4 (f) and HMT-6 (g), HMT-8 (h) and HMT-10 (i). 
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Figure 9. The inhibition zone of Ganoderma boninense incubated with 50 ppb of the sample after 7 days; control (a) HMBS-1 (b), HMBS-2 (c), HMBS-4 (d), HMDS-1 (e), HMDS-2 (f), HMDS-4 (g) and HMT-6 (h), HMT-8 (i) and HMT-10 (j). 
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Figure 10. The percentage of inhibition radical growth (PIRG) against concentration (ppb) of hexaconazole-micelles nanodelivery systems based on different surfactants, HMBS (a), HMDS (b) and HMT (c) at day 7. Note: means that do not share a letter are significantly different, where p < 0.05 is considered a significant value. 
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Figure 11. The relationship between the particle size and the EC50 values of the as-synthesized hexaconazole-micelle nanodelivery systems: (A) HMBS; (B) HMDS; and (C) HMT towards G. boninense. 
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Table 1. Particle size distribution (modes) of the hexaconazole-micelle nanodelivery systems using various surfactant concentrations.
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Surfactant Used

	
Surfactant Concentration (% w/v)

	
Formulation Label

	
PSD * Intensity (nm)




	
Initial

	
after 6 Months of Storage






	
Sodium dodecyl benzene sulfonate

	
1

	
HMBS-1

	
83

	
133




	
2

	
HMBS-2

	
71

	
118




	
4

	
HMBS-4

	
35

	
90




	
Sodium dodecyl sulfate

	
1

	
HMDS-1

	
80

	
150




	
2

	
HMDS-2

	
73

	
137




	
4

	
HMDS-4

	
69

	
103




	
Tween 80

	
6

	
HMT-6

	
88

	
137




	
8

	
HMT-8

	
87

	
122




	
10

	
HMT-10

	
74

	
91








* PSD = Particle Size Distribution.
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Table 2. The half-maximal effective concentration, EC50 values for hexaconazole-micelle nanodelivery systems prepared at different concentrations and different surfactant types against G. boninense after 7 days incubation.
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Samples

	
EC50 (ppb)

	
EC50 95% Confidence Interval




	
Lower Limit

	
Upper Limit






	
HMBS-1

	
52

	
40

	
68




	
HMBS-2

	
32

	
26

	
40




	
HMBS-4

	
20

	
16

	
25




	
HMDS-1

	
67

	
55

	
81




	
HMDS-2

	
21

	
16

	
28




	
HMDS-4

	
20

	
13

	
31




	
HMT-6

	
13

	
10

	
15




	
HMT-8

	
7

	
5

	
9




	
HMT-10

	
2

	
1

	
4
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Table 3. Interaction of the sample concentration and the surfactant towards the Ganoderma boninense growth.
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Growth

	
Micelle

	
Concentration

	
Surfactant

	
Concentration × Surfactant






	
p-value

	
HMBS

	
0

	
0

	
0




	
HMDS

	
0

	
0

	
0




	
HMT

	
0

	
0

	
0




	
F-value

	
HMBS

	
3909

	
55

	
18




	
HMDS

	
25,348

	
1291

	
377




	
HMT

	
12,690

	
1368

	
309

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
(a) (b) (c)
2.6' 3.0_ 3.0'
2.4- |
§ . o 25 g 25 .
k5 2.2 2 2.0- S 2.0
- © 0
S 2.0 2 1.5 . 5 1.5
8 o 2 40l e .
< 18{ , . @ 1.0 8 1
< i 0.5-
1.6- 0.5
-2.60 -2.40 -2.20 -2.00 -1.80 -1.60 -1.40 -1.20 -1.40 -1.20 -1.00 -0.80 -0.60 -0.40 -0.20 -0.00 -2.40 -2.20 -2.00 -1.80 -1.60 -1.40 -1.20 -1.00
Log concentration (% w/v) Log concentration (% w/v) Log concentration (% w/v)
(d) (e) (f)
1.4 3.5 -
1.6+ .
o 1.21 3.0 .
4 (<)
c Q O 2.51
.g 1.0 ° e 1.4 g 2.0 1
S © ' e .
_‘3’ 0.81 - . S 1.5
< 2 1.2 * < 101 o
0.6- <
0.5 1
[ J
0.4 1.0 Hrerreqemee T ———————————— ———— 0.0 -frermm—————————————— — ———— —
i A Pmn A RA fnOR NAM AR nAn AR - - - - - - -1.40 -1.20 -1.00 -0.80 -0.60 -0.40 -0.20 -0.00
1.40 1.20 -1.00 -0.80 -0.60 -0.40 -0.20 -0.00 1.40°-1.20 -1.00 -0.80 -0.60 -0.40 -0.20 -0.00 oo
Log concentration (% w/v) Log concentration (% w/v)

Log concentration (% w/v)





media/file18.png
—~
o
~

I

w
]

Radius growth (cm)
— N

o
]

'+ 1000 ppb
% 5000 ppb

e 10000 ppb

&

AN

w
1

Radius growth (cm)
N

®

N

1 1 T I

4 5 6 7

Days after incubation

=0 ppb
~ e 1 ppb
E a5 ppb
O 3+ 10 ppb
~ " |le-50 ppb
< ||« 1200ppb
S +» 500 ppb |
© 2|+ 1000 ppb /
5 L+ 5000 ppb i
0 o 10000 ppb
= 1 ,
®
S| A
0_ / ———— g ==

Days after incubation

G

AN

w
I

Radius growth (cm)
- N

o
1

=0 ppb

e 1 ppb
A5 ppb

v 10 ppb
-+ 50 ppb
'« 100 ppb
»- 500 ppb
-+ 1000 ppb
5000 ppb

e 10000 ppb

—~
g
~—

Days after incubation

w P
1

Radius growth (cm)
N

=0 ppb

e 1 ppb
A5 ppb

v 10 ppb
o 50 ppb
-« 100 ppb
»- 500 ppb
'+ 1000 ppb
» 5000 ppb

e 10000 ppb

E;

Days after incubation

H

w
1

Radius growth (cm)
- N

o
]

=0 ppb

-e- 1 ppb
a5 ppb

v 10 ppb
-+ 50 ppb
-« 100 ppb
»- 500 ppb
'+ 1000 ppb
- 5000 ppb
-e- 10000 ppb

AN

— 4

2 3 4 5 6
Days after incubation

—~
@
~

Radius growth (cm)
S

o
]

o o

()

Radius growth (cm)

N
i @
S

Radius growth (cm)

w
1

2 -

'm0 ppb

le- 1 ppb

La- 5 ppb

v 10 ppb
- 50 ppb

< 100 ppb
»- 500 ppb
‘e 1000 ppb
- 5000 ppb

—
|

e~ 10000 ppb

Days after incubation

1N

w
1

'm0 ppb

le- 1 ppb

LA~ 5 ppb

v 10 ppb
- 50 ppb
'« 100 ppb
»- 500 ppb
‘e 1000 ppb
- 5000 ppb

e 10000 ppb

NN

Days after incubation

w
1

N
]

—
|

o
]

-0 ppb

e 1 ppb
a5 ppb

v 10 ppb
-+ 50 ppb
'« 100 ppb
»- 500 ppb
‘s 1000 ppb
-~ 5000 ppb
-e- 10000 ppb|

2 3 4 5 6
Days after incubation






media/file21.jpg
(a) s s e
- () T s s+
() v e« e

d“l






media/file3.jpg





media/file22.png
(a) [ |nmesa [ Hves-2 [l #ves-4 (b) | |HvDs-1 [ Hvos-2 [IEllHMDs-4 (©) umr-s[ | nvr-s [ HvT-10

aaa aaa a3aa paa

100 ana aaa 2aa a3 100 - 100 - o~ paa aaa n?a aEn aas
~ 2 1; S~ |
& B80- 80 4
é 804 2 (> é :
& e
s ° g o 8 60 .
" 3 3
r £ ] 2
B 2 8 0 £ S
- ® = 4 !
2 a g @ > I
S 2- 2 2 3 2 | i
o sobe o (B f
= £
0- | | I 0 ﬂf’, | ' B .. 1 b !
0 1 5 10 50 100 500 1000 5C0C 10,000 0 1 5§ 10 50 100 500 1000 S0CO 10,000

0 1 5 10 50 100 500 1000 5000 10,000 "
Concentration (ppb) Concentration (ppb) Concentration (ppb)





media/file19.jpg





media/file7.jpg
B w15, GO e
o 21020272863 W

8 1098

3 o el
& | 3210 pdgsa63 181214 1014} |
8 D I '
5 o 3220 1560 1430 32 ghg 658
iy TW
5 B 2925 2858 e
&
g Woe 1467
L e 1220 107652 588

2025 2854 1002 83

1010

3500 3000 2000 1500 1000 500

Wavenumber (cm™)





media/file10.png
—_
=¥}
~
—~~
=3
~
—_
@)
~

| -0.000
£ 0.0000 ~ L (®) 100 ———
100 + = ( 3""10 /0—\11/3 : (&) 3.58% Sz — j -0.000
D 540 2% b o ! 762°C 3 2.4%
T |57¢ C 7w e g < ~ 80+ 121C
S 80+ | 0.0010 & S r-0.001 42 X --0.001
% -Q a 60.‘ '9 VGO"
° L _0.0015 @ = o §
= 60- = = 3 o --0.002
g __0.0020 2 a0 --0.002 9 £ 404
et -—4 - m
; 40 4 b § i C N— TU‘ '© -
47.3% e < S 201 2 2 20- 94.8% -0.003
472°C 0.0030 © 406°C
Lo --0.003 &
20 T T T T 0 r ¥ T T ' M v M 0 T T T T T '0004
0 200 400 600 800 1000 0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600

Temperature (°C) Temperature (°C) Temperature (°C)

(f)

—_
Q.
~
—~
®
~

1004 0000 O 1001 0.000 ¥ 100 - -0.000
\ rl 4% 23' ( ..\;‘
o 80 ' 3150 o ‘o 80 v ~~ B0
§ { LR --0.001 o\° --0.001 & 3 L -0.001
S’ . = L — g :
§60- l % g 60 - ;i 3 60
. --0.002 3 = --0.002 3 = --0.002
L4 &t e
£ 40 o £ 40+ v = 40
2 2 =) 2 o
9 2 T 9 --0.003 ®© g --0.003
2204  98% 0.003 ® 2 20- : < 2 201
2 98.5% = 368°C
298°C o 326°C
a a
0 Sy ) . -0.004 0 : : e ; -0.004 0 . . . : . -0.004
0 200 400 600 800 1000 0 100 200 300 400 500 600 0 100 200 300 400 500 600

Temperature (°C) Temperature (°C) Temperature (°C)

Derivative weight (%/°C)

Derivative weight (% /-C)





media/file14.png





media/file11.jpg
Heat Flow (W/g)

W
114-C 369-C

13°C 3550¢ E
D

300°C
115°C
LW

370°C
108°C
1990¢ 274°C B
760°C
474°C A

100 200 300 400 500 600 700 800
Temperature (:C)





media/file6.png
& e

 *

*s

*

A

LR

o —

LI
o] —

(n*e) Ajisuajug

40 50

30
20 (degree)

20

10





media/file15.jpg
.......

......

1
Kl
R 22 g e T g e
[ra— PRup—— % i
uuuuuu 3333 [P
5
&
T £H g
2] i1
K 8
s 3
EEEEEERE] = <






nav.xhtml


  molecules-26-05837


  
    		
      molecules-26-05837
    


  




  





media/file1.png





media/file16.png
(c)

(b)

(a)

Cumulative distribution (%)

o

o (= o o o
o «© o - o~ o
i 1 A 1 1 o
~
Lo
o
o
)
—
B
L2 E
@
N
)
r3
o
o~
o
- . - v e
L] ©o - ™~ o
Ajisuaju|

Cumulative distribution (%)
o

o

o

o (=] o

-— @ o - o~ o

1 1 'l 1 L
o
d
®
o
= D
0
(=]
b O o~
- E
e
S—
=]
1
)
| ©
o
| ©
L]

witiioti et ioiiin Vo

o~ o~ - \ o (=] o

Aysuaju|

Cumulative distribution (%)

[~ FEN ~ ERER - BIINE, ~ RN ~ |
b - RS JEAE, e v et -
o
—
S
£
[
S—
(]
N
w
W o w o w o ©v o
L e - T o, B o BRSOl S Beai, RS - R -
Kysuayu)

(f)

(d)

Cumulative distribution (%)

o
f=) [=) m f=) [=3
- =] Al 3] =
f=1
- —
o
[=]
- O
=]
f=
U
f=1
iy |
Lo
o
Lo
w
L
Lo ]
=1
© ¥ N Q ® © % N O
T — — ~— o L=} [ (=] (=}
Ajsuajuj
Cumulative distribution (%)
m =] [=] (=] =
R e N
t =
/. |m
[}
-
o
-
T
o
o
o
L]
o
]
[*5]
L2
w0
]
3
N © ©® © <+ ~ o
Aisuayul
Cumulative distribution (%)
o
2 RSN S
1 i L 'l '}
E
(=]
- LD
o~
(=]
- O
~N
-3
o
O
=
l o
wn
T T Ll T T T T
IS 5 W N0 N o

w

Ausuayuj

Size (nm)

Size (nm)

Size (nm)

(h)

Aisuaju)

Size (nm)

Size (nm)

Size (nm)

Cumulative distribution (%)

[=]

- w w = m )
\ L 8
,_ L 8

\ -
\ w
L &
-8
-8
-8
=
R B R R
Ayisueyu)

Cumulative distribution (%)

m (=] o o o
— (-] o - o~ o
: L : =}

&
o
&
8
8
3
N © ® © - ~ o
Aisuaju)

Cumulative distribution (%)

[=]

e aRg Y R Tea
'S ' A A %

g
o~
L 3
8
- 3
N © ® © w N ©





media/file2.png





media/file20.png





media/file23.jpg
®
o

w
TN L 2 i
§o 3 ot
o !
P w % W ] % % W% W
Particl size (um) Partice size (vm)

i





media/file5.jpg
«
«
< .

(n"e) Ayisuajux

50

40

30

20

10

20 degree)





media/file24.png
>

ECs5, value (ppb)

60

40-

20

o ¥ =06047x-3.5
R2= 0.8302

20 40 60 80
Particle size (nm)

(03]

EC5q value (ppb)

80-
L ]
60-
40- y =4.39x - 288.3
R2=0.8708
20- .
0 T r r .
65 70 75 80 85

Particle size (nm)

@)

ECso value (ppb)

[ ]
y = 0.654x - 46.64
R?=0.8418

70

75 80 85 90 95
Particle size (nm)





media/file12.png
Heat Flow (W/qg)

) T

114-C 369-C

113°C 325°C E
D
300°C
115°C
W
370°C
108°C \
1;9°c 274°C B

760°C
474°C A

100 200 300 400 500 600 700 800
Temperature (-C)






media/file9.jpg
©

®






media/file0.png





media/file8.png
Transmittance (%)

TSETYWCT . 11w o
3216 o) e63 —WW
= ¥ e

3210 W
D :

2956 2863 13! 1214 1014

e c——— g —— ‘—' '
3220 ' i
c 1

560 1430 3 2 gbg 658

M~ 1735 1460\ V™ e
B 2925 2858 1089
' 1467

AT 1220 10782 588
1010

3500 3000 2000 1500 1000 500

Wavenumber (cm™1)





media/file17.jpg
Days afterincubation

[

R
Days after incubation

™

Days after incubation

Days after incubation

B

T 4
Days after incubation

3

R
Days after incubation

7





