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Pesticide slow-release formulations provide a way to increase the efficiency of active components by
reducing the amount of pesticide that needs to be applied. Slow-release formulations also increase the
stability and prolong the control effect of photosensitive pesticides. Surfactants are an indispensable
part of pesticide formulations, and the choice of surfactant can strongly affect formulation
performance. In this study, emamectin-benzoate (EMB) slow-release microspheres were prepared

by the microemulsion polymerization method. We explored the effect of different surfactants on the
particle size and dispersity of EMB in slow-release microspheres. The results indicated that the samples
had uniform spherical shapes with an average diameter of 320.5 £5.24 nm and good dispersity in the
optimal formulation with the polymeric stabilizer polyvinyl alcohol (PVA) and composite non-ionic
surfactant polyoxyethylene castor oil (EL-40). The optimal EMB pesticide slow-release microspheres
had excellent anti-photolysis performance, stability, controlled release properties, and good leaf
distribution. These results demonstrated that EMB slow-release microspheres are an attractive
candidate for improving pesticide efficacy and prolonging the control effect of EMB in the environment.

Pesticides play an important role in agriculture by preventing crop loss caused by major diseases and pests. The
effective availabilities of traditional pesticide formulations are usually less than 30% due to losses caused by poor
dispersion, droplet drift, and biodegradation, among other factors. As a result, the ultimate rate of pesticides
reaching target pests is often below 0.1%"2 The loss of large amounts of pesticides in non-target areas is a serious
threat to food security and the environment®*. Therefore, it is important for researchers to improve the usage rate
of pesticides and to extend their duration of activity in the environment®-'°.
Synthesis and development of advanced pesticide formulations has become necessary to increase the effective-
ness of pesticides in the field''-13. Despite the fact that a sufficient amount of pesticides are typically applied dur-
ing spraying, pesticide microemulsions (ME), water dispersible granules (WDG), and other traditional pesticide
formulations are usually below the effective concentration for controlling pests within a short period of time!>7%,
This problem occurs due to the loss and degradation of active ingredients from photolysis, hydrolysis, micro-
biological degradation, or oxidation/reduction. Consequently, only a small amount of pesticide that is applied
produces the desired control effect. The construction of pesticide slow-release formulations could effectively
reduce volatilization, degradation, and loss of pesticides to non-target environments, and allow for sustained and
effective release of active ingredients over a longer period of time'*~'6. Pesticide slow-release formulations are
currently one of the most effective approaches to improving pesticide usage rates!’-2>.
Recently, the development of nanomaterials and related technologies has provided new ideas for the creation
of pesticide slow-release formulations®*-?%. Using nanomaterials to encapsulate pesticides through absorption,
* coupling, and packaging could allow for pesticide slow-release formulations with different structures®. In par-
- ticular, effective and broad-spectrum biogenic pesticides, such as emamectin benzoate (EMB; (4"R)-4"-deoxy-
: 4”-(methylamino)-avermectin B1 benzoate, chemical structure shown in Supplementary Fig. 1, have high

insecticidal activity, and can target pests with ultra-high efficiency and with low toxicity to mammals and human
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beings®*-**. However, some characteristics of EMB, including short persistent effect, photolysis, and soil absorp-
tion have caused problems during application. Encapsulation of EMB into specific carriers to create a slow-release
system can prevent direct exposure of active ingredients to the environment, reducing evaporation and degra-
dation of EMB®*-34, In addition, the particle size of the slow-release system also influences pesticide activity and
usage rage®. Pesticides with a small particle size have the benefit of good distribution and sufficient contact with
crop leaf surfaces, which means that small particles can enhance deposition and permeation on leaf surfaces, thus
enhancing the pesticide effect and usage rate’=*. Surfactants are one of the main factors affecting size during syn-
thesis of pesticide slow-release particles®’. However, there are few reports on the influence of different surfactants
on pesticide slow-release formulations.

To study the effect of surfactants on slow-release formulations of pesticides, we constructed EMB slow-release
microspheres using the biodegradable polymer, polylactic acid (PLA), as the carrier. The influence of ten different
varieties of surfactants on the size of EMB microspheres was investigated and the optimized formulation was
screened. We also investigated the morphology and structure, slow-release property, stability, anti-photolysis
capability, and foliar deposition of the EMB microsphere. The results showed that the optimal EMB slow-release
microsphere effectively improved the photostability of the active pesticide ingredient. In addition, the EMB
microsphere had a clear slow-release property and good surface deposition, both of which are important for
increasing the duration of EMB in the environment and improving the pesticide usage rate.

Results and Discussion

Preparation of the EMB slow-release microsphere. EMB is a broad-spectrum, highly effective pes-
ticide but its sensitivity to environmental conditions and easy adsorption in soil have limited its application. At
present, the traditional commercial EMB formulations mainly include emulsifiable concentrate (EC), suspension
concentrate (SC), and microemulsion (ME). These traditional EMB formulations are open systems that result
in a short duration in the field and low utilization efficiency. Here, we used the safe, environmentally-friendly,
and biodegradable polymer material PLA as a pesticide carrier to load EMB, and prepared EMB slow-release
microspheres using an emulsion polymerization method combined with physical dispersion technology (Fig. 1).
To ensure effective encapsulation, pesticides should be dispersed into small droplets so they are stable in the dis-
persion phase, prior to being effectively packaged in carrier materials. Surfactants have an important effect on the
morphology, average size, dispersity, and stability of the pesticide system. Poly(vinyl alcohol) (PVA) is a polyhy-
droxy compound that is commonly used as an emulsifier with surface activity, emulsifying ability, and dispersing
ability. PVA also has a thickening effect as a colloid-protecting agent. Aqueous solutions of PVA are widely used
as stabilizers in emulsion polymerization, and they can improve the stability of emulsion polymerization systems.
However, PVA contains too many hydrophilic groups and surface activity is relatively low. Combining PVA with
other surfactants can effectively improve surface activity. Therefore, in order to obtain the optimal particle size
and dispersibility, we chose PVA as the stabilizer and investigated the cooperative effects of PVA with other sur-
factants in our experiment.

The influence of surfactant on particle size and dispersibility. We investigated the influence of
surfactant on the particle size and dispersibility of the EMB slow-release microsphere. Table 1 shows the aver-
age particle sizes and polydispersity index (PDI) of the EMB slow-release microsphere stabilized with different
surfactants. The results showed that the EMB slow-release microsphere prepared with EL-40 is optimal; aver-
age particle sizes of the EL formulation were less than 500 nm. The PDI value of samples prepared with EL-40
was 0.259 & 0.064, which reflects good uniformity and stability for the system®>*¢. EL-40 has a better dispersion
effect as a typical nonionic surfactant in emulsion system than anionic surfactants. The anionic surfactant may
induce particle aggregation via electrostatic interaction due to positively charge of EMB in solution’. EL-40 has
a more appropriate hydrophile-lipophile balance (HLB) value of 13-14 for the o/w emulsion system, and there-
fore the EL-stabilized microspheres have relatively small particle size. The SEM (Fig. 2a,b) and TEM (Fig. 2¢,d)
images showed that the EMB slow-release microsphere with EL-40 as a surfactant had an average diameter of
473.47 + 8.49 nm with uniform spherical shapes, and a smooth surface. Small pesticide particles have the benefits
of good permeability, adhesion, and spreading properties, and thus enhance the pesticide effect and usage rate.
In order to further optimize the EMB microsphere, we also investigated the effect of the mass ratio of PVA/EL-40
on the particle size and on PDI (Fig. 3). Results showed that the microsphere size could be further decreased to
320.54+5.24 nm with a PVA/EL-40 mass ratio of 1.5, and PDI less than 0.3, indicating a good size distribution.
Supplementary Fig. 2 and Fig. 4 show the TEM image and size distribution of the EL-stabilized microsphere
with the optimal PVA/EL-40 mass ratio, which illustrates that the EMB microsphere has good dispersity and
size distribution under different electron microscope magnification levels. The loading content and entrapment
efficiency of EMB in the EL-stabilized microsphere were also measured. The results indicated that the specimen
had loading content of 40.8% and entrapment efficiency of higher than 83.2%. High pesticide loading content
and entrapment efficiency in carriers are extremely desirable for the design of efficient pesticide formulations. It
would not only save time, manpower, and resources during the preparation process but also avoid extensive use
in the spraying process and reduce environmental pollution®.

Infrared spectrum analysis. Fourier transform-infrared (FT-IR) measurement was used to verify that
EMB was encapsulated in the slow-release microsphere. Fig. 5 shows the FT-IR spectra of the technical EMB,
blank PLA, and the EMB-PLA slow-release microsphere. The typical absorption peaks at 1731 cm™! for C=0,
3459 cm ! for OH, and 1608 cm ™! for benzene skeleton vibration appear in the spectra of EMB. For PLA, 1758
cm ™! is attributed to the C=O stretching vibration peak and 1086 cm™! is attributed to the COC stretching vibra-
tion peak. Microspheres showed strong peaks at 3459 cm™!, 1608 cm ™!, 1086 cm ™, as well as 1758 cm ™, which
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EL 40 473.47 +8.49 0.25940.064
Span 60 3227.00 £440.94 0.35940.111
Tween 80 649.80+£9.81 0.22140.007
Span 80 1271.33 £53.53 1.000+0.000
Tween 60 623.33+£20.37 0.27040.090
Emulsifier 500 752.60 £43.69 0.20240.060
Emulsifier 600 519.37£23.27 0.2384-0.088
Emulsifier 700 596.30 £14.96 0.22740.039
Emulsifier 1601 1116.37 £138.45 0.25040.031
AEO-9 1537.33 £93.66 0.20340.102

Table 1. The influence of surfactant on the average particle size and PDI of the EMB slow-release microsphere.
S.D: standard deviation of three measurements.

were characteristic bands of EMB and PLA (Fig. 5). The results indicated that EMB was encapsulated successfully
into the PLA carriers to form the EMB slow-release microsphere.

Slow release property of the EMB microsphere. Developing a pesticide formulation with controlled
and slow release properties is essential for environmentally sensitive active ingredients because of their short
active duration. The release behaviours of EMB slow-release microspheres were investigated using the techni-
cal EMB and commercial WDG as controls (Fig. 6). EMB technical was completely released after 24 h, and the
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Figure 2. SEM images (a,b) and TEM images (c,d) of the EMB slow-release microspheres stabilized by EL-40 at
different magnifications.
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Figure 3. The influence of mass ratio of PVA/EL-40 on the mean particle size and PDI of the EMB slow-release
microsphere.

cumulative release of commercial WDG reached 97% after 96 h. Compared with EMB technical and commercial
WDG, the microsphere released EMB at relatively slow speeds and maintained its sustained release for longer
periods. The EMB release profiles from the microsphere consisted of a relatively short burst release followed by a
gradual release phase over 200 hours. These properties could not only increase the efficiency of pesticide applica-
tions and decrease the spraying dosage but also reduce environmental pollution.

Stability evaluation. To verify the anti-photolysis performance of EMB in the slow-release microsphere, the
photolytic rate of EMB was estimated by artificial irradiation. Analysis of the photolysis rate of EMB to irradiation
time is shown in Fig. 7a. The photolytic percentages of EMB were 13.06% and 55.05% for the microsphere and
the EMB technical after 36 h, respectively, and were 22.65% and 72.74%, respectively, after 72h. The results of
UV irradiation confirmed that the microsphere could significantly prevent photolysis of EMB, resulting from the
protective effect of the carrier wall. The storage stability of the microsphere was also evaluated by measuring EMB
content at different temperatures (25°C, 0°C, 54°C; Fig. 7b). Results showed that the microsphere remained sta-
ble with no major changes in the loading content during storage at room temperature or 0 °C. A small loss of EMB
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Figure 4. SEM images of the optimal EMB slow-release microsphere with the mass ratio 1.5 of PVA/EL-40 at
different magnifications.
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Figure 5. FT-IR spectra of PLA, EMB, and the optimal EMB slow-release microsphere (EMB-PLA).
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Figure 6. Cumulative release profiles of the optimal EMB slow-release microsphere using the commercial EMB
WDG and technical EMB as controls .

was observed after 14 days at 54 °C due to the accelerated degradation of EMB at higher temperatures (Fig. 7b).
These results show that the EMB slow-release microsphere can be kept in a relatively stable state during storage.

Dispersion behaviour and contact angle on cucumber leaf. We investigated the dispersion and
contact behaviour of microsphere droplets on cucumber leaves before and after drying by environment scan-
ning electron microscopy (ESEM) and contact angle measurements (Fig. 8a-g), respectively. Microspheres were
sprayed on cucumber leaves using the commercial EMB microcapsule and WDG as controls. ESEM images
(Fig. 8a) clearly show the vein distribution on the surface of a clean cucumber leaf. As shown in Fig. 8, compared
to the EMB WDG (Fig. 8b) and the commercial EMB microcapsule (Fig. 8c), the EMB microsphere (Fig. 8d)
has a good dispersion property on the cucumber leaves. The dried active ingredient in the EMB slow-release
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Figure 7. Comparison of the EMB photolysis percentage of the EMB microsphere and the technical EMB
under UV irradiation (a), and EMB contents of the EMB slow-release microsphere before and after 0°C for 7
days and 54 °C for 14 days (b).

Figure 8. ESEM images (a—d) and contact angle (e-g) on cucumber leaf of the EMB slow-release microsphere
and the commercial EMB formulations using a clean cucumber leaf as a control (a): the commercial EMB WDG
(b,e), the commercial microcapsule (c,f) and the EMB slow-release microsphere (d,g).

microsphere was embedded between the veins due to their small size (Fig. 8d), which is conducive to reducing
the loss and droplet drift of pesticides, and improving the utilization rate. In addition, the contact angles of the
EMB microsphere droplets were also analysed as an evaluation criterion in the wettability research. As shown
in Fig. 8e-g, the contact angles of the commercial WDG, commercial EMB microscapsule, and slow-release
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microsphere were 76.51°, 77.01°, and 76.01° on the cucumber leaves, respectively. The results illustrated that the
contact angles of the EMB microsphere droplets were not significantly reduced compared with the commercial
formulation, which may be due to the presence of a large amount of pesticide adjuvant in the commercial for-
mulation. Although there was a very small amount of pesticide adjuvant in our microspheres, the similar contact
angle on the cucumber leaves was retained due to the small size of the microsphere.

In summary, we prepared a controlled slow release microsphere for the widely-used insecticide EMB based
on emulsion polymerization in order to improve its stability and efficacy. The influence of different surfactants
on average size and on PDI of the EMB slow-release microsphere was investigated, and an optimal system was
obtained using EL-40 as the surfactant. The optimal EMB microsphere has good slow-release performance and a
longer activity period compared to the technical EMB and commercial WDG. Meanwhile, the EMB slow-release
microsphere had significant anti-photolysis capability and good stability due to the protection afforded by the
carrier encapsulation. Its small particle size and good dispersity also strengthen its deposition and distribution
performance as a cucumber foliar spray, thus improving pesticide efficacy. Such advantages are conducive to
reducing the number of times EMB needs to be sprayed and the effective dosage of EMB, potentially resulting in
reduced environmental impacts.

Materials and Methods

Chemicals. Technical emamectin benzoate (technical grade active ingredient) was purchased from Hebei
Veyong Bio-Chemical Co., Ltd., China. Poly(vinyl alcohol) (PVA) with a Mw of 30,000-70,000 and a hydrolysis
of 87-89% was purchased from Sigma-Aldrich Shanghai Trading Co., Ltd. Polylactide (PLA) was purchased from
NatureWorks. Calcium dodecylbenzenesulfonate (emulsifier 500), styryl phenol polyoxyethylene ether (emulsi-
fier 600), alkylphenol formaldehyde resin polyoxyethylene ether (emulsifier 700), and phenylethyl phenol poly-
oxyethylene polyoxypropylene ether (emulsifier 1601) were purchased from Cangzhou Hongyuan Agrochemical
Co., Ltd. Polyoxyethylene sorbitan monooleate (Tween 80) and polyethylene glycol sorbitan monostearate (Tween
60) were purchased from J&K Scientific Ltd. Sorbitan monooctadecanoate (span 60) and sorbitan (Z)-mono-
9-octadecenoate (span 80), polyoxyethylene castor oil (EL-40), and aliphatic alcohol polyethylene oxide ether
(AEO-9) were purchased from Haike Hong Chong Biotechnology Co. Ltd. (Beijing, China). The water used in all
analytical experiments was Milli-Q water (18.2MQ.cm, TOC < 4 ppb) prepared with a Milli-Q Advantage A10
system (Millipore, Milford, MA, USA). Other chemical reagents were of analytical grade and were purchased
from Haike Hong Chong Biotechnology Co. Ltd. (Beijing, China).

Preparation of EMB slow-release microspheres. EMB slow-release microspheres were prepared using
an oil-in-water (O/W) emulsion method combined with an ultrasonic and shearing physical emulsification
process. Briefly, PLA and EMB were dissolved in methylene chloride as the oil phase. For the water phase, we
choose ten different surfactants including EL-40, span 60, Tween 80, span 80, Tween 60, emulsifier 500, emul-
sifier 600, emulsifier 700, emulsifier 1601, or AEO-9, and mixed them with PVA aqueous solution. Then, the oil
phase was dripped slowly into a large volume of the water phase under high shear emulsification (FA25, FLUKO,
Ruhr-gebiet, Germany) to prepare a coarse emulsion. The coarse emulsion was further uniformly dispersed by
ultrasonic emulsification (JY 92-IIN, SCIENTZ, Ningbo, China). After the uniform emulsion was obtained, it was
solidified under magnetic stirring overnight (RW20, IKA, Staufen, Germany). The hardened EMB slow-release
microspheres were collected via centrifugation and washed three times with deionized water. Centrifugal prod-
ucts were freeze-dried (FD-81, EYELA, Tokyo, Japan) to yield a free-flowing powder.

Characterization of the EMB slow-release microspheres. Morphology of the EMB slow-release
microspheres was investigated by scanning electron microscopy (SEM, JSM-6700 F, JEOL Ltd., Akishima-shi,
Japan) with an accelerating voltage of 5kV. Prepared samples were added dropwise onto the silicon slice surface
and dried at room temperature, and then coated with a thin layer of platinum using a sputtercoater (EM ACE600,
Leica, Vienna, Austria) for SEM measurement. The samples were also characterized by transmission electron
microscope (TEM) (Philips 6 CM120, Netherlands). The sizes of EMB slow-release microspheres were measured
at 25°C with laser scatter using a zetasizer (Zetasizer NanoZS90; Malvern, Worcestershire, UK).

Fourier transform-infrared (FT-IR) spectroscopy. FT-IR spectra of the technical EMB, PLA, and the
EMB slow-release microsphere (EMB-PLA) were determined using a Thermo Nicolet Avatar-330 FT-IR instru-
ment. Spectra data were collected in the transmission mode by averaging 32 scans over a wavenumber range of
4000—400cm L.

Determination of pesticide loading content and entrapment efficiency. The loading content and
entrapment efficiency of EMB in the slow-release microspheres was measured by fully dissolving the micro-
spheres in methylene chloride. The final solution was dried via reduced-pressure distillation to obtain dry pre-
cipitation. The EMB precipitate was dissolved in methanol and EMB concentrations were determined by UV-vis
spectrophotometry (TU901, Shimadzu Corporation, Kyoto, Japan) at a wavelength of 245nm.

Loading content — total mass of EMB loaded in specimens % 100%

total mass of specimens

Entrapment efficiency — total mass of EMB loaded in specimens % 100%

total mass of EMB
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In vitro release of the EMB slow-release microspheres. The EMB slow-release property was evalu-
ated using a dynamic dialysis method. EMB slow-release microspheres were dispersed in 10 mL methanol/water
mixture in the dialysis membrane. The dialysis membrane was sealed into a brown flask with 90 mL of the mixed
solution of methanol and water as the release medium. The flask was incubated in an incubator shaker at 300 rpm
at 25°C. At various time intervals, 5mL solution outside the dialysis membrane was withdrawn and was replaced
with a fresh mixed solution. The concentration of EMB was measured using a UV-vis spectrophotometer to
determine the kinetic profile of release. The technical EMB (TC) and commercial WDG were used as controls.

Stability studies. The UV-shielding properties of the EMB slow-release microspheres were tested with the
technical EMB as a control. In details, the microspheres were dispersed and divided equally into culture dishes,
which were illuminated under a UV lamp (500 W) with a maximum emitting light of 365 nm wavelength at 25°C.
At specified time intervals (12, 24, 36, 48, 60, and 72 h), the culture dish was taken out of the reactor and the EMB
concentration of samples was analysed. A physicochemical stability test of the EMB slow-release microspheres
was also conducted according to CIPAC MT 46 and GB/T 19136-2003. The samples were respectively packed in
glass tubes and stored at 0 £ 2 °C for 7 days and 54 &+ 2 °C for 14 days, and the changes in EMB loading contents in
the slow-release microspheres were studied.

Dispersion and contact property measurement on cucumber leaf. Cucumbers were cultivated in
artificial climatic cabinets and were used as model plants to study the distribution and contact angle of the EMB
slow-release microspheres. The commercial EMB microcapsule and WDG were used as controls. The samples
were sprayed onto the surfaces of clean, live cucumber leaves and dried in air for environment scanning elec-
tron microscopy (ESEM; Quanta FEG 250; American) measurement to investigate the distribution of the micro-
spheres on cucumber leaves. Contact angles of the EMB microsphere droplets on cucumber leaves were also
measured with a contact angle apparatus (JC2000D2M; Zhongchen Digital Technology Apparatus; China). A
piece of cucumber leaf was attached to the slide and a 5L droplet of each sample was deposited on the leaf by a
microliter syringe and the contact angle image was captured immediately.

References
1. Anamika, R, Sunil, K. S, Jaya, B. & Anil, K. B. Controlled pesticide release from biodegradable polymers. Cent. Eur. ]. Chem. 12,
453-469 (2014).
2. Sandeep, K., Gaurav, B., Amit, S., Sidhu, M. C. & Neeraj, D. Synthesis, characterization and on field evaluation of pesticide loaded
sodium alginate nanoparticles. Carbohydrate Polymers 101, 1061-1067 (2014).
. Alan, K. Recent developments of safer formulations of agrochemicals. Environmentalist 28, 35-44 (2008).
. Qian, L. & Li, T. Review of reproductive toxicity of environmental chemical pollutants. Env Occup Med. 22, 167-71 (2005).
5. Liu, B. X. et al. Construction of a controlled-release delivery system for pesticides using biodegradable PLA-based microcapsules.
Colloids and Surfaces B: Biointerfaces 144, 38-45 (2016).
6. Li, D. et al. Preparation of uniform starch microcapsules by premix membrane emulsion for controlled release of avermectin.
Carbohydrate Polymers 136, 341-349 (2016).
7. Wang, Y., Cui, H. X,, Sun, C. G., Zhao, X. & Cui, B. Construction and evaluation of controlled-release delivery system of Abamectin
using porous silica nanoparticles as carriers. Nanoscale Res. Let. 9, 655 (2014).
8. Cui, B. et al. Evaluation of stability and biological activity of solid nanodispersion of lambda-cyhalothrin. Plos ONE 10, e0135953
(2015).
9. Feng, L. et al. Preparation and evaluation of emamectin benzoate solid microemulsion. Journal of Nanomaterials 2386938 (2016).
10. Khot, L. R. et al. Applications of nanomaterials in agricultural production and crop protection: A review. Crop Protection 35, 64
(2012).
11. Kah, M. & Hofmann, T. Nanopesticide research: Current trends and future priorities. Environment International 63, 224-235 (2014).
12. Gutiérrez, J. M. et al. Nano-emulsions: New applications and optimization of their preparation. Curr Opin Colloid Interface Sci 13,
245-251 (2008).
13. Solans, C. & Solé, I. Nano-emulsions: Formation by low-energy methods. Current Opini on in Colloid & Interface Science 17,
246-254 (2012).
14. Gan, J. Y., Hussain, M. & Rathor, N. M. Behaviour of an alginate-kaolin based controlled release formulation of herbicides
Thiobencarb in simulated ecosystems. Pestic Sci 42, 265-272 (1994).
15. Li, Z. Z. et al. Controlled release of avermectin from porous hollow silica nanoparticles: influence of shell thickness on loading
efficiency, UV-shielding property and release. J. Control Release 111, 81-88 (2006).
16. Mogul, M. G. et al. Controlled release of biologically active agents for purposes of agricultural crop management. Resour. Conserv.
Recycl. 16, 289-320 (1996).
17. Kulkarni, A. R., Soppimath, K. S., Aminabhavi, T. M., Dave, A. M. & Mehta, M. H. Glutaraldehyde crosslinked sodium alginate
beads containing liquid pesticide for soil application. Journal of Controlled Release 63, 97-105 (2000).
18. Campos, E. V. R,, de Oliveira, J. L., Fraceto, L. E. & Singh, B. Polysaccharides as safer release systems for agrochemicals. Agron.
Sustain. Dev. 35, 47-66 (2015).
19. Dust, J. M. & Secord, M. D. Kinetic and spectroscopic studies of the hydrolysis of bis (2,4-dinitrophenyl ether)s of poly (ethylene
glycol). Journal of Physical Organic Chemistry 8, 810-824 (2004).
20. Roy, A, Singh, S. K., Bajpai, J. & Bajpai, A. K. Controlled pesticide release from biodegradable polymers. Cent. Eur. J. Chem. 12,
453-469 (2014).
21. Campos, E. V. R, de Oliveira, J. L. & Fraceto, L. E. Applications of controlled release systems for fungicides, herbicides, acaricides,
nutrients, and plant growth hormones: A Review. Adv. Sci. Eng. Med 6, 373-387 (2014).
22. Cao, L. D. et al. Quaternized chitosan-capped mesoporous silica nanoparticles as nanocarriers for controlled pesticide release.
Nanomaterials 6,126 (2016).
23. Mogul, M. G. et al. Controlled release of biologically active agents for purposes of agricultural crop management. Resour. Conser.
Recycl 16, 289-320 (1996).
24. Huang, Q. R, Yu, H. L. & Ru, Q. M. Bioavailability and delivery of nutraceuticals using nanotechnology. ] Food Sci 75, 50-57 (2010).
25. Dizaj, S. M., Vazifehasl, Z., Salatin, S., Adibkia, K. & Javadzadeh, Y. Nanosizing of drugs: effect on dissolution rate. Res Pharm Sci 10,
95-108 (2015).
26. Kakran, M. et al. Fabrication of quercetin nanocrystals:comparison of different methods. Eur | Pharm Biopharm 80, 113-121 (2012).
27. Wang, X., Feng, J., Bai, Y., Zhang, Q. & Yin, Y. Synthesis, properties, and applications of hollow micro-/nanostructures. Chem. Rev.
116, 10983-11060 (2016).

LN

SCIENTIFICREPORTS |7: 12761 | DOI:10.1038/s41598-017-12724-6 8



www.nature.com/scientificreports/

28. Mobtaker, H. G., Ahmadj, S. J., Dehaghi, S. M. & Yousefi, T. Coupling system application in photocatalytic degradation of
methylorange by TiO,, TiO,/SiO, and TiO,/SiO,/Ag. Rare Metals. 34(12), 851-858 (2015).

29. Gogos, A., Knauer, K. & Bucheli, T. D. Nanomaterials in Plant Protection and Fertilization: Current State, Foreseen Applications, and
Research Priorities. J. Agric. Food Chem. 60, 9781-9792 (2012).

30. Zheng, C. H. Development of a 1.0% emamectin benzoate microemulsion. Anhui Chemical Industry 28, 49-51 (2012).

31. Zhu, J. et al. Photodegradation of emamectin benzoate and its influence on efficacy against the rice stem borer, Chilo suppressalis.
Crop Protection 30, 1356-1362 (2011).

32. Guo, M. C. et al. Preparation and characterization of enzyme-responsive emamectin benzoate microcapsules based on a copolymer
matrix of silica-epichlorohydrincarboxymethylcellulose. RSC Advances 5, 93170-93179 (2015).

33. Shang, Q., Shi, Y. L., Zhang, Y. H., Zheng, T. & Shi, H. Y. Pesticideconjugated polyacrylate nanoparticles: novel opportunities for
improving the photostability of emamectin benzoate. Polymers for Advanced Technologies 24, 137-143 (2013).

34. Cheng, X. K. et al. Effect of emamectin benzoate on root-knot nematodes and tomato yield. PLoS ONE 10, 0141235 (2015).

35. Sahu, B. P. & Das, M. K. Formulation, optimization, and in vitro/in vivo evaluation of furosemide nanosuspension for enhancement
of its oral bioavailability. Journal of Nanoparticle Research 16, 2360 (2014).

36. Siqueira-Moura, M. P, Primo, F. L., Espreafico, E. M. & Tedesco, A. C. Development, characterization, and photocytotoxicity
assessment on human melanoma of chloroaluminum phthalocyanine nanocapsules. Materials Science and Engineering C 33,
1744-1752 (2013).

Acknowledgements

The authors thank the National Key Research and Development Program of China (2016YFD0200500), the Major
National Scientific Research Program of China (2014CB932200), the National Natural Science Foundation of
China (31701825), the Agricultural Science and Technology Innovation Program (CAAS-XTCX2016004) and the
Basic Scientific Research Fund of National Nonprofit Institutes (BSRF201503) for funding this study.

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval to the final
version of the manuscript. Y.W., A.W,, CW,, and C.S. conducted the experiment and Y.W. drafted the manuscript.
Y.W. and H.C. participated in the design of the study and performed the analyses. Y.W., A W,, C.S., and C.W.
participated in the experimental measurements. H.C. supervised the research and finalized the manuscript. B.C.,
Z.Z.,CS,X.Z,Y.S.,, EG.,, and G.L. contributed reagents, materials, and analytical tools.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-12724-6.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 12761 | DOI:10.1038/s41598-017-12724-6 9


http://dx.doi.org/10.1038/s41598-017-12724-6
http://creativecommons.org/licenses/by/4.0/

	Synthesis and characterization of emamectin-benzoate slow-release microspheres with different surfactants

	Results and Discussion

	Preparation of the EMB slow-release microsphere. 
	The influence of surfactant on particle size and dispersibility. 
	Infrared spectrum analysis. 
	Slow release property of the EMB microsphere. 
	Stability evaluation. 
	Dispersion behaviour and contact angle on cucumber leaf. 

	Materials and Methods

	Chemicals. 
	Preparation of EMB slow-release microspheres. 
	Characterization of the EMB slow-release microspheres. 
	Fourier transform-infrared (FT-IR) spectroscopy. 
	Determination of pesticide loading content and entrapment efficiency. 
	In vitro release of the EMB slow-release microspheres. 
	Stability studies. 
	Dispersion and contact property measurement on cucumber leaf. 

	Acknowledgements

	Figure 1 Schematic description of preparing the EMB slow-release microspheres.
	Figure 2 SEM images (a,b) and TEM images (c,d) of the EMB slow-release microspheres stabilized by EL-40 at different magnifications.
	Figure 3 The influence of mass ratio of PVA/EL-40 on the mean particle size and PDI of the EMB slow-release microsphere.
	Figure 4 SEM images of the optimal EMB slow-release microsphere with the mass ratio 1.
	Figure 5 FT-IR spectra of PLA, EMB, and the optimal EMB slow-release microsphere (EMB-PLA).
	Figure 6 Cumulative release profiles of the optimal EMB slow-release microsphere using the commercial EMB WDG and technical EMB as controls .
	Figure 7 Comparison of the EMB photolysis percentage of the EMB microsphere and the technical EMB under UV irradiation (a), and EMB contents of the EMB slow-release microsphere before and after 0 °C for 7 days and 54 °C for 14 days (b).
	Figure 8 ESEM images (a–d) and contact angle (e–g) on cucumber leaf of the EMB slow-release microsphere and the commercial EMB formulations using a clean cucumber leaf as a control (a): the commercial EMB WDG (b,e), the commercial microcapsule (c,f) and t
	Table 1 The influence of surfactant on the average particle size and PDI of the EMB slow-release microsphere.




