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ABSTRACT: Polyurethane microcapsules of avermectin B2 were prepared by means of interfacial polymerization with methylene
diphenyl diisocyanate as the wall material and triethanolamine as the initiator. The microcapsules were characterized by scanning
electron microscopy, Fourier transform infrared spectroscopy, and thermogravimetric analysis. The surfaces of the microcapsules
were found to be smooth and almost spherical, and the encapsulation efficiency was high. The avermectin B2 microcapsules
exhibited a good diffusion-controlled sustained-release performance, giving a cumulative release rate of 91.81%. The results indicated
that the polyurethane capsule protected against the photolysis of avermectin B2. Finally, the microcapsules exhibited good soil
leaching properties and were able to control the population of root-knot nematodes with an efficacy of 80.80%.

1. INTRODUCTION
Root-knot nematodes are sedentary, soil-dwelling parasites that
infect plant roots and disturb their nutrient and water uptake,
ultimately leading to significant yield losses.1 Indeed, it has
been reported that root-knot nematode disease causes an
annual loss of over $1 billion to the global economy.2

According to statistics, approximately 30% of greenhouse
vegetables worldwide are infected annually by root-knot
nematodes, resulting in yield losses of 20−40%, and in many
cases, a lack of harvest.3−5 To address this issue, avermectin is
commonly employed. Avermectin is a sixteen-membered
macrolide insecticide extracted from the MA-4680 strain of
Streptomyces avermitilis that can be isolated from the soil. A
number of avermectin derivatives exist, namely, A1a, A2a, A1b,
A2b, B1a, B2a, B1b, and B2b,6−8 wherein avermectin B2 is
known to exhibit a strong nematocidal activity.9,10 Although
this compound has been widely used to control crop diseases
caused by infectious nematodes (e.g., root-knot nematodes,
root rot nematodes, cyst nematodes, and stem nemato-
des),11,12 it is susceptible to photolysis and a has poor mobility
in the soil, thereby hindering its uptake by plants and lowering
its potential efficacy.13 However, despite the fact that various
avermectin B2 preparations are available on the market, such as

emulsifiable concentrate (EC), microemulsion (ME), and
emulsion in water (EW),14,15 they are unable to solve the
above issues. The development of microencapsulated for-
mulations of avermectin B2 is therefore of interest to improve
its anti-photolytic stability and soil migration rate to enhance
its efficacy and extend its shelf life.
Pesticide microcapsules tend to employ natural, seminatural,

or synthetic polymer materials to encapsulate active pesticide
components as tiny particles by means of physical, chemical,
and physical and chemical methods; this technology has been
shown to achieve controlled release of the encapsulated
pesticides.16,17 To date, various methods have been reported
for the preparation of microcapsules, including in situ
polymerization, interfacial polymerization, emulsion polymer-
ization, and solvent evaporation, among others.18−24 Interfacial
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polymerization is one of the most common methods used to
produce pesticide microcapsules,25 wherein the microcapsules
are synthesized at the interface between the two phases. For
example, interfacial polymerization has become the main
method for microcapsule preparation in the field of pesticides
because of its rapid encapsulation reaction, mild reaction
conditions, and low degree of penetrability.26,27 In this context,
the main-chain polymer polyurethane (PU) exhibits attractive
mechanical and chemical properties, in addition to presenting a
good environmental safety profile.28,29 As a result, PU has been
widely used in various fields, and with regard to this work, PU
is expected to improve pesticide stability, prolong its validity
period, and reduce the toxicity of the pesticide to humans,
animals, and environmental organisms. It would therefore be
expected that the encapsulation of pesticides by PU could
ultimately expand the application scope of these compounds.
Thus, we herein report the preparation of avermectin B2

microcapsules with a smooth surface and a high encapsulation
efficiency through the interfacial polymerization of methylene
diphenyl diisocyanate (MDI) as the wall material and
triethanolamine (TEOA) as the initiator. Subsequently, the
controlled release behavior, anti-photolysis stability, and soil
mobility of the prepared avermectin B2 microcapsules are
systematically studied, as is their ability to control the
population of root-knot nematodes.

2. RESULTS AND DISCUSSION
2.1. Effect of the MDI Addition Amount on Micro-

capsule Preparation. The microcapsules were synthesized
by means of interfacial polymerization. During this process, the
amount of emulsifier, the preparation temperature, the stirrer
speed during emulsion preparation, and the core/shell ratio
influence the physicochemical properties of the resulting
microcapsules. For example, the core/shell ratio has been
reported to affect the particle size, encapsulation efficiency, and
release behavior.30 Thus, we initially investigated the effects of
the MDI addition amount on the final particle size and
encapsulation efficiency.
As shown in Table 1, upon increasing the MDI addition

amount from 2.5 to 7.5 g, the D50 value increased from 2.58 to

9.84 μm, and the EE increased from 81.73 to 91.82%. These
results indicate that an increased MDI addition amount
affected both the particle size and the encapsulation rate. It
should be noted that when the MDI addition amount was 5.0
or 7.5 g, the encapsulation rate was >90%; however, the
average particle size was smaller when 5.0 g MDI addition
amount was employed. At a constant drug mass, increasing the
amount of MDI addition amount increased the thickness of the
capsule shell and increased the particle size, which resulted in a
relatively slow release of avermectin B2. Thus, considering the
average particle size and encapsulation rate, an MDI addition
amount of 5.0 g was selected as the optimal content.

2.2. Characterization of the Avermectin B2 Micro-
capsules. 2.2.1. Morphological Characteristics and Particle
Size Distributions of the Microcapsules. Figure 1A shows an
SEM image of the avermectin B2 microcapsules, which can be
seen to exhibit a regular spherical shape with a smooth and
dense surface and a uniform particle size. In agreement with
the results reported by Zhao et al.,31 the MDI-encapsulated
microcapsules possessed an ideal spherical shape. In addition,
Figure 1B shows the particle size distribution of the avermectin
B2 microcapsules. A normal-shaped particle size curve can be
seen, in addition to a relatively narrow particle size
distribution, as evidenced by a D50 value of 4.04 μm and a
particle span of 1.45. It should be noted that the particle span
represents the width of the particle size distribution, wherein a
smaller value indicates a more uniform particle size and a
greater size consistency.

2.2.2. FTIR Spectroscopy of the Microcapsules. Figure 2
shows the FTIR spectra of the technical avermectin B2, the
prepared avermectin B2 microcapsules, and the blank micro-
capsules. More specifically, in the FTIR spectrum of the
technical avermectin B2 (Figure 2A), the broad peaks at
3000−2850 cm−1 originated from the−CH3 and −CH2
stretching vibrations, while the sharp absorption peak at
1720 cm−1 was attributed to the −C�O stretching vibration.
In addition, in the FTIR spectrum of the blank micro-

capsules (Figure 2C), the three absorption peaks observed
between 1600 and 1450 cm−1 originated from vibrations of the
benzene ring skeleton, while the broad peak at 2250 cm−1

belonged to the stretching vibration of the N�C�O bond in
the isocyanate group. Compared with the spectrum recorded
for the blank microcapsules, the absorption peak of the
isocyanate group in the avermectin B2 microcapsules (Figure
2B) was significantly diminished. Furthermore, a strong
absorption peak corresponding to the C−O stretching
vibration appeared at 1250 cm−1. These results indicate that
the successful reaction between MDI and TEOA converted the
N�C�O group into a N−C�O group and an ester bond
was also formed; similar results were reported by Zheng et al.32

Moreover, the methyl and methylene absorption peaks were
significantly less intense in the spectrum of the avermectin B2
microcapsules than for the technical avermectin B2 micro-
capsule sample, indicating that avermectin B2 had been
successfully encapsulated by the capsule wall generated upon
the reaction of MDI with TEOA.

2.2.3. Thermal Analysis of the Microcapsules. The TGA
weight loss curves of the blank microcapsules, the avermectin
B2 microcapsules, and the technical avermectin B2 are shown
in Figure 3 (curves A−C, respectively). As can be seen from
curve A, the weight loss exhibited by the capsule material could
be roughly divided into two stages, namely, decomposition of
the polyurethane capsule below 450 °C, followed by the
continuous decomposition of its residue beyond this point. In
addition, from curve C, it can be seen that the weight loss of
the active avermectin B2 could also be divided into two stages.
In this case, the first stage involved decomposition of the active
drug (<270 °C), corresponding to a weight loss of 75.44%,
while the second stage constituted residue decomposition at
higher temperatures, corresponding to a weight loss of 22.43%;
the weight loss rate of the latter stage was significantly lower
than that of the former stage. Thus, from curve B, it was
deduced that the weight loss process of the avermectin B2
microcapsules initially involved microcapsule decomposition
prior to a more rapid decomposition of the avermectin B2 drug

Table 1. Effects of Different MDI Addition Amounts on the
Microcapsule Particle Size Distribution and Encapsulation
Efficiency

size distribution (μm)

sample wall material (g) D10 D50 D90 EE (%)

1 2.5 1.15 2.58 5.38 81.73
2 5.0 1.72 4.22 7.53 90.21
3 7.5 3.42 9.84 18.40 91.82
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molecules, thereby confirming the successful coating of
avermectin B2 with the isocyanate material, and demonstrating
the good thermal stability of the prepared microcapsules.

2.3. Release Behavior and Kinetics of the Micro-
capsules. 2.3.1. Comparison of Sustained Release between
the Microcapsules and Commercial Formulations. The
release behaviors of the prepared avermectin B2 microcapsules
and the commercial avermectin B2 EC were investigated, as
presented in Figure 4. In the case of the commercial specimen
(curve B), an initial rapid release was observed within 5 h (i.e.,
74.93%), with complete release taking place by 48 h. In
contrast, avermectin B2 was released more slowly from the
microcapsules (curve A), with a release of 41.98% being
reached at 5 h, followed by a slow and sustained release to a
cumulative release of 91.81% after 240 h. These results indicate
that under the same conditions, the avermectin B2 micro-
capsules exhibited a longer sustained-release profile than the
commercial avermectin B2 EC, thereby confirming the ability
of our system to exhibit a sustained release. Indeed, it should
be noted that Fu et al.33 previously reported that avermectin

Figure 1. (A) SEM image of the avermectin B2 microcapsules. (B) Particle size distribution of the avermectin B2 microcapsules.

Figure 2. FTIR spectra of (A) the technical avermectin B2, (B) the
avermectin B2 microcapsules, and (C) the blank microcapsules.

Figure 3. TGA weight loss curves of (A) the blank microcapsules, (B)
the avermectin B2 microcapsules, and (C) the technical avermectin
B2.

Figure 4. Comparison of avermectin B2 release from different
formulations. (A) Avermectin B2 microcapsules and (B) the
commercial avermectin B2 EC.
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polyurea microcapsules prepared from chitosan oligomers and
MDI exhibited a long (120 h) sustained-release performance,
thereby confirming the potential of such systems.

2.3.2. Effect of pH on the Avermectin B2 Release Rate
from the Microcapsules. Since avermectin B2 is used as a root
irrigation treatment to control nematodes, the soil environ-
ment must be considered due to its potential role in
influencing the efficacy of the formulation. Thus, the effects
of different pH levels on the release of avermectin B2 from the
microcapsules were evaluated, as shown in Figure 5. More

specifically, at pH values of 3, 5, 7, and 9, the release of
avermectin B2 showed a two-stage trend, with a significant
release (60%) being observed in the initial stage (within 24 h),
followed by a continuous and slow release (cumulative release
>80%) with no significant differences in release trends between
pH conditions. These results therefore indicate that the
prepared avermectin B2 microcapsules can be applied in soils
with different pH values, thereby rendering them potentially
suitable for future applications in both acidic and alkaline soils.
Subsequently, the zero-order, first-order, Higuchi, and

Ritger−Peppas models were used to investigate the kinetics
of avermectin B2 release from the microcapsules at different
pH values, and the associated correlation coefficients (R2) were
constructed to assess the release mechanism under each set of
conditions. As presented in Table 2, the release of avermectin
B2 from the microcapsules under the various pH conditions
examined herein fit best with the first-order model (R2 >
0.978), and in all cases, simple diffusion appeared to dominate,
with an exponentially decreasing release rate over time.

2.4. Photodegradation Experiments. Avermectin B2 is
known to be susceptible to photodegradation when exposed to
natural light, and as a result, the degradation of avermectin B2

deposited on a soil surface can reduce its effectiveness.
Therefore, anti-photodegradation formulations are necessary
to reduce the breakdown of avermectin B2 and improve its
efficiency. Figure 6 shows the stabilities of the avermectin B2

microcapsules (curve A) and the technical avermectin B2
(curve B) under natural light. As shown, the technical
avermectin B2 degraded by 53.8% within 100 h, while the
avermectin B2 present in the prepared microcapsules degraded
by only 3.33% within the same time. In addition, after 192 h,
the technical avermectin B2 had degraded by 65.95%, whereas
the encapsulated avermectin B2 had degraded by <4.43%. It is
therefore apparent that the encapsulation process delays the
degradation of avermectin B2 by >15 times, and so the
polyurethane shell can be considered to possess photo-
degradation-shielding properties.

2.5. Soil Leaching Test. The rate of pesticide movement
in a soil specimen is influenced by the nature of the pesticide
(e.g., its adsorption and degradation properties) and the field
conditions (e.g., the soil properties), wherein the nature of the
pesticide plays a key role.34,35 Although avermectin B2 has
been shown to exhibit a good biological activity against
nematodes, it is not effective in controlling nematodes in
practical applications.
More specifically, due to the poor mobility of avermectin B2

in the soil, it is difficult to provide widespread protection of the
plant roots, and the potential for nematode damage is
significant. Indeed, this was confirmed herein using a soil
column drenching test, wherein Avermectin B2 was not
detected in the leaching solutions of either formulation. As
shown in Figure 7, the detected concentrations of avermectin
B2 in the microcapsule suspension (CS) and in the

Figure 5. Effects of pH on the release of avermectin B2 from the
prepared microcapsules.

Table 2. Fitting Parameters for the Avermectin B2 Release Profiles Using Different Kinetic Models

Zero order First order Higuchi model Ritger−Peppas model

pH equation R2 equation R2 equation R2 equation R2

3 Qt = 42.271 + 0.165t 0.548 Qt = 76.746(1 − exp(−0.088t) 0.978 Qt = 3.599 + 27.906t1/2 0.762 Qt = 24.592t0.221 0.885
5 Qt = 1.745 + 0.174t 0.536 Qt = 78.627(1 − exp(−0.078t) 0.988 Qt = 3.824 + 26.408t1/2 0.752 Qt = 23.643t0.232 0.871
7 Qt = 40.930 + 0.179t 0.517 Qt = 79.075(1 − exp(−0.073t) 0.993 Qt = 3.941 + 25.012t1/2 0.732 Qt = 22.777t0.240 0.851
9 Qt = 44.800 + 0.165t 0.502 Qt = 79.636(1 − exp(−0.095t) 0.991 Qt = 3.644 + 30.046t1/2 0.716 Qt = 26.386t0.214 0.850

Figure 6. Stabilities of (A) the avermectin B2 encapsulated in the
prepared microcapsules and (B) the technical avermectin B2 under
natural light.
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commercially available avermectin B2 emulsifiable concentrate
(EC) gradually decreased in the soil samples as the depth
increased. More specifically, at a soil depth of 20−25 cm, the
commercial avermectin B2 emulsion was not detected,
although the microcapsule suspension was detected (4.25%).
At an increased depth of 25−30 cm, the microcapsule
suspension was still detected (1.26%), thereby confirming its
good mobility in the soil. These results provide a good basis for
controlling root-knot nematodes.

2.6. Bioactivity Determination for the Avermectin B2
Microcapsule Suspension in the Laboratory. To verify
the feasibility of developing an avermectin B2 microcapsule
suspension as a new pesticide formulation, trials were
conducted using the potted root irrigation method to control
the second instar larvae of the root-knot nematodes in
cucumber seedlings. Figure 8 shows the effects imparted by
the technical avermectin B2, avermectin B2 microcapsules, and
the treatment-free incubation specimen over a period of 15 d.

As shown, the avermectin B2 microcapsule suspension was
significantly more effective than avermectin B2 alone in
controlling root-knot nematodes. Table 3 shows the analytical
model for the toxicities of the technical avermectin B2 and the
prepared avermectin B2 microcapsules. As indicated, the EC50
values for these species were 1.93 and 1.28 mg/L, respectively,
and these results are consistent with the in-pot experiments. It
was therefore clear that the efficacy of avermectin B2 clearly
increased after encapsulation with polyurethane.

2.7. Field Efficacy Experiment Using the Avermectin
B2 Microcapsule Suspension. The application performance
of avermectin B2 microcapsules were verified by means of field
efficacy trials, and the results were compared with those
obtained for the technical avermectin B2 EC. Thus, the
symptoms of a 60 d root-knot nematode infection in the plant
root system can be seen in Figure 9, wherein it is apparent that
the degree of root damage was reduced in the treatment
groups after this time. In contrast, the untreated roots were
severely infected and exhibited the most severe root swelling.
Table 4 outlines the experimental results obtained during root-
knot nematode control by the avermectin B2 microcapsules
and by the technical avermectin B2 EC. More specifically, at
loadings of 225 and 375 g ai/hm2, the average degrees of
control achieved using the avermectin B2 microcapsules
reached 71.69 and 80.80%, respectively, while lower corre-
sponding values of 43.96 and 68.77% were obtained for the
avermectin B2 EC specimen. These results confirm the
superior control effect exhibited by the avermectin B2
microcapsules compared to the avermectin B2 EC at the
same dosage. Moreover, similar results were obtained for an
avermectin B2 microcapsule dosage of 225 g ai/hm2 and an
avermectin B2 EC dosage of 375 g ai/hm2, thereby indicating
the possibility of reducing the dosage while also improving the
efficacy.

3. CONCLUSIONS
In this study, avermectin B2 microcapsules were prepared by
means of an interfacial polymerization approach, wherein
methylene diphenyl diisocyanate (MDI) was used as the wall
material, and triethanolamine (TEOA) was employed as the

Figure 7. Leaching distributions of the commercial avermectin B2
emulsifiable concentrate and the avermectin B2 microcapsules from
the soil columns.

Figure 8. Photographic images of the cucumber roots infected with root-knot nematodes and the control effects of (A) the technical avermectin B2
and (B) the avermectin B2 microcapsules at concentrations of 0.625 mg/L (1), 1.25 mg/L (2), 2.5 mg/L (3), and 5 mg/L (4) on day 15 of
treatment. A corresponding image is also shown for the control check (CK).
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initiator. The surfaces of the prepared microcapsules were
found to be smooth, and they exhibited an average particle size
of 4.04 μm and an encapsulation efficiency of >90%. Fourier
transform infrared and thermogravimetric analyses confirmed
that the avermectin B2 pesticide had been successfully
encapsulated by the polymeric material. Subsequently, in

vitro release studies showed that the avermectin B2 micro-
capsules could consistently and optimally release the active
drug at pH values ranging from 3 to 9, thereby indicating their
potential for future applications in either acidic or alkaline
soils. Furthermore, photodegradation studies showed that
encapsulation was effective in improving the resistance of
avermectin B2 to photolysis. Moreover, soil column leaching
tests demonstrated that the prepared avermectin B2 micro-
capsules exhibited good mobility in the soil, and so these
combined factors resulted in superior and extended protection
of the root system. Indoor and field applications against
nematodes showed that these avermectin B2 microcapsules
were more effective than technical avermectin B2 and an
avermectin B2 emulsified suspension. Finally, the avermectin
B2 microcapsules described herein provide a new choice of
dosage form for the market while also addressing the issues
related to photodegradation and poor soil mobility, which are
commonly associated with existing dosage forms. Overall,
these results are of great significance for improving the field

Table 3. Toxicity Analysis Models for Technical Avermectin B2 and its Formulations

formulations EC50 (mg/L) regression equation correlation coefficient confidence interval

technical avermectin B2 1.93 Y = 4.63 + 1.30X 0.9997 1.8785−1.9747
avermectin B2 microcapsule suspension 1.28 Y = 4.83 + 1.57X 0.9978 1.1859−1.3820

Figure 9. Photographic images of the tomato roots infected with root-knot nematode and the control effects of (A) avermectin B2 EC and (B) the
avermectin B2 microcapsules at concentrations of 225 g ai/hm2 (1) and 375 g ai/hm2 (2) on the 60th day of treatment. A corresponding image is
also shown for the control check (CK).

Table 4. Effects of the Avermectin B2 Microcapsules on the
Control of the Tomato Root-Knot Nematodes

significant
difference

formulations
dosage

(g ai/hm2)
effect of control

(%) 5% 1%

avermectin B2
microcapsules

225 71.69 a AB

375 80.80 a A
commercial avermectin
B2 EC

225 43.96 b AB

375 68.77 ab AB
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control effect and application of avermectin B2. Studies are
currently ongoing in our group to further investigate and
improve the stabilities and safeties of the avermectin B2
microcapsule preparations with the aim of obtaining micro-
capsules suitable for use in field applications.

4. MATERIALS AND METHODS
4.1. Materials. Technical avermectin B2 (95%) was

purchased from Qilu Pharmaceutical Co., Ltd. (China).
Commercial avermectin B2 emulsifiable concentrate (5 wt
%) was purchased from Shouguang, Shandong (China). The
polymerized isocyanate (MDI, 30% NCO content) was
obtained from Wanhua Chemical Group Co., Ltd. (China),
while TEOA was purchased from Tianjin Yongda Chemical
Reagent Co., Ltd. (China). The fatty alcohol polyoxyethylene
polyoxypropylene ether (500#) emulsifier was purchased from
Jiangsu Xinde Biological Technology Co., Ltd. (China), while
the dispersant (Agrilan 700) and the defoaming agent
(SAG*1522) were provided by Nanjing Jierun Technology
Co., Ltd. (China). N-Methyl-2-pyrrolidone (NMP, analytical
reagent) and glacial acetic acid (analytical reagent) were
purchased from Sinopharm Chemical Reagent Co. (Beijing,
China). HPLC-grade methanol and acetonitrile were pur-
chased from Thermo Fisher Scientific Inc. (USA). Purified
water (Wahaha, China) was used for all reactions and
treatment processes. All other chemicals were of analytical
grade and were used without further purification.

4.2. Microcapsules Preparation. As outlined in Figure
10, MDI and TEOA were polymerized at the interface of an
oil-in-water (O/W) emulsion to prepare the avermectin B2
microcapsules. More specifically, Agrilan 700 (3.0 g) was
dissolved in purified water (30 g), and SAG*1522 (1.0 g) was
added, giving the water phase. In addition, avermectin B2 (5.0

g), 500# (2.5 g), and MDI (5.0 g) were dissolved in NMP to
give the oil phase. Subsequently, the oil phase was poured into
the water phase and dispersed into small uniform droplets
under vigorous stirring. The resulting emulsion was transferred
to a three-necked flask and mechanically stirred at 300 rpm,
during which time the aqueous TEOA solution (2.0 g, 25 wt
%) was added at a uniform rate over 3 min. The interfacial
polymerization reaction was then carried out at 50 °C for 2 h
to give a suspension of the avermectin B2-containing
microcapsules. Finally, the avermectin B2 microcapsules were
collected by centrifugation at 4000 rpm and were subsequently
freeze-dried at −80 °C for 12 h (FD-1A-80, Shanghai Lan Yi
Industrial Co., Ltd., China) (Figure 10).

4.3. Characterization. 4.3.1. Particle Size Analysis. A
laser particle size meter (Bettersize2600, Dandong Baxter
Instrument Co., Ltd., China) was used to determine the size
distribution of the prepared microcapsules. The D10, D50, and
D90 values of the microcapsules were also determined; these
values represent the corresponding particle sizes when the
cumulative particle size distribution reaches 10, 50, and 90%,
respectively, and they are used to evaluate the size distribution
range of the microcapsules. It should be noted here that the
D50 value is commonly used to represent the average size of a
microcapsule sample.

4.3.2. Measurement of the Encapsulation Efficiency (EE).
The microsphere suspension was dispersed in acetonitrile (10
mL). The resulting mixture was then subjected to
centrifugation, and the supernatant was analyzed using high-
performance liquid chromatography (HPLC, Agilent 1260,
USA) with UV detection. The HPLC separation of avermectin
B2 was carried out on an EcoPak 120 C18 column (150 mm ×
4.6 mm, 5 μm, Nano Chromechnology Co., Ltd.), with the
isocratic elution of methanol/acetonitrile/water (40:40:20, v/

Figure 10. Outline of the preparation process employed to obtain the avermectin B2-containing microcapsules. The corresponding reaction for
microcapsule formation is also shown.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00244
ACS Omega 2023, 8, 13038−13047

13044

https://pubs.acs.org/doi/10.1021/acsomega.3c00244?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00244?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00244?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00244?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00244?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


v/v) as the mobile phase. The analyte (10 μL) was injected
into the HPLC system and separated at 30 °C, using a constant
flow rate of 1.0 mL min−1 at a detection wavelength of 245
nm.36 The retention time of avermectin B2 was approximately
12.7 min. The EE was calculated according to eq 1 as follows

= ×EE(%)
mass avermectin B2 microcapsules

initial mass of avermectin B2
100

(1)

4.3.3. Scanning Electron Microscopy (SEM). A high- and
low-vacuum scanning electron microscope (JSM-6360LV, Jel
Ltd, Japan) was used to characterize the morphologies and
structures of the avermectin B2 microcapsules.

4.3.4. Fourier Transform Infrared (FTIR) Spectroscopy. A
mixture of the solid sample was mixed with KBr powder and
pressed to form a disk. The FTIR spectra of the samples were
recorded using a Thermo-Nicolet Nexus 410 FTIR spec-
trometer (Nibco Colliers Instrument Company, USA) over a
wavelength range of 4000−450 cm−1.

4.3.5. Thermodynamic Properties of the Avermectin B2
Microcapsules. An integrated TGA instrument (TGA-103,
Beijing JinYang Wanda Technology Co., Ltd. China) was used
for thermal stability analysis of dried samples of the avermectin
B2 microcapsules. The measurement conditions were as
follows: temperature increase from 25 to 750 °C at a rate of
10 °C min−1 and then natural cooling to 25 °C. All
measurements were carried out under a 20 mL min−1 flow
of nitrogen gas.

4.4. Release Rate of Avermectin B2 from the
Pesticide-Loaded Microcapsules. The release kinetics of
avermectin B2 from the microcapsules were studied using the
dialysis bag method. More specifically, the avermectin B2
microcapsule suspension (1.0 g) was added to a dialysis bag
(size: 6 cm, Mw: 8000−14,000), which was sealed and placed
in a flask containing the release medium (50 mL, 50 vol%
aqueous methanol, v/v). The release test was carried out at 25
°C and 200 rpm in a double-layer thermostatic oscillator
(HZQ-F160, Suzhou Peiying Experimental Equipment Co.,
Ltd., China). Aliquots (1.0 mL) of the medium outside the
dialysis bag were collected at different time intervals, and a
portion of freshly prepared 50% aqueous methanol (1.0 mL)
was added to supplement the removed liquid. The collected
samples were stored in a refrigerator (BCD-216SDN, Qingdao
Haier Co., Ltd, China) prior to HPLC analysis. As described
previously,37 the cumulative amount of the released avermectin
B2 was calculated according to eq 2

= + ×i
k
jjj y

{
zzzm c v

v
t c v1

0t t tact (2)

where mt‑act represents the cumulative release amount of
avermectin B2 at time t, Ct represents the concentration of
avermectin B2 in the release medium at time t, V represents
the volume of the release medium removed at each time point
(1.0 mL), and V is the total volume of the release medium (50
mL). The release curve was plotted according to the release
time and the cumulative release amount, and the release model
was used to fit the curve. More specifically, the cumulative
release curves of the microcapsules were fitted using the
following mathematical models:

(1) The zero-order release model38

= +Q Q k tt 0 0 (3)

where Qt is the amount of active ingredient released at
time t, Q0 is the amount of the active ingredient in the
release medium, and k0 is the release constant;

(2) The first-order release model39

= +Q Q k tLn Lnt 0 1 (4)

where Qt is the amount of active ingredient released at
time t, Q0 is the initial amount of the active ingredient in
the microcapsule sample, and k1 is the release constant;

(3) The Higuchi release model40

= +Q Q k tt 0 H
1/2

(5)

where Qt is the amount of active ingredient released at
time t, Q0 is the amount of the active ingredient in the
release medium, and kH is the release constant; and

(4) The Ritger−Peppas model41

=Q ktt
n

(6)

where Qt is the released amount of active ingredient at
time t, k is the release constant, and n is the kinetic
parameter.

4.5. Photodegradation Studies. Identical masses of
avermectin B2 microcapsules and technical avermectin B2
were placed in Petri dishes and incubated under natural light
conditions for 192 h to study their photolytic effects. Samples
(20 mg) were removed at different intervals, dissolved in
methanol (25 mL), and analyzed by HPLC to detect any
changes in the avermectin B2 content.42

4.6. Soil Leaching Test. The soil leaching characteristics
of different avermectin B2 preparations were determined using
a soil column leaching test. More specifically, the test soil (720
g) was weighed through a 20-mesh sieve and used to fill a
cylindrical PVC plastic tube (5 cm × 35 cm) to give a soil
column measuring approximately 30 cm. The surface layer of
the soil column was paved with quartz sand (1.0 cm thickness)
and saturated with a 0.1 mol L−1 CaCl2 solution.43

Subsequently, an aliquot (1.0 mL) of the desired avermectin
B2 solution preparation (10 mg/mL) was evenly added
dropwise onto the quartz sand layer and leached with a 0.01
mol/L CaCl2 solution at a rate of 30 mL/h; a total of 300 mL
of the leaching solution was collected. After leaching, the soil
column was evenly divided into six sections, and the
avermectin B2 contents in the various sections of the soil
and in the leaching solution were measured. All treatments
were repeated in triplicate.

4.7. Laboratory Biological Activity Determination.
The laboratory bioactivity test employed cucumber seedlings
as the experimental crops, while the second instar larvae of
root-knotted nematodes (Meloidogyne incogntta), which were
sensitive strains reared in the laboratory, were selected as the
test targets. Potted root irrigation sandy soil and loam were
mixed in a ratio of 2:1 and sterilized. When the cucumber
seedlings had produced a single leaf, they were transplanted
into a sterilized sandy loam. The avermectin B2 microcapsules
and technical avermectin B2 were configured at four
concentrations of 0.625, 1.25, 2.5, and 5 mg/L. After
transplanting the seedlings, the configured avermectin micro-
capsule suspension and technical avermectin B2 were used for
irrigation purposes (30 mL per plant). In addition, water (30
mL) was used as a blank control. At the same time, a spherical
hole measuring approximately 4 cm in depth and 1 cm in
diameter was introduced around the seedling using a wooden
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stick, and the nematode suspension was used to inoculate the
cucumber roots (2000 heads per treatment).44 A total of 20
seedlings were treated in each group, and each group of
experiments was repeated three times. The treated samples
were placed in an incubator, and the intact roots were removed
after 15 d. After washing with clean water, the number of root
nodes was evaluated. The test method is described in GB/T
13917.1−2009 (China).46

The regression equation, EC50 value (i.e., the effective
concentration required to cause inhibition by 50%), and 95%
confidence limit were obtained for each tested agent using DPS
data processing software for statistical analysis.45 The indoor
toxicity of the tested agent was evaluated according to the EC50
value, and the significance of the differences among the
samples was statistically analyzed.

4.8. Field Efficacy Test. The field efficacy test was
conducted in the tomato sheds of Lingbei Village, Hongshan
Sub-district Office, Lingyuan, Liaoning Province. The test field
consisted of smooth and sandy loam soil, with ridges
measuring 4.4 m in length by 1.3 m in width. These ridges
were rich in organic matter and were subjected to normal
fertilization and water management. The occurrence of root-
knot nematodes was known to be severe in this area in recent
years, and no other pesticides had been used in the test field.
The effects of the commercial avermectin B2 EC (225 and 375
g ai/hm2) and the avermectin B2 microcapsule suspensions
(225 and 375 g ai/hm2) on nematode root node control were
compared. Each treatment was carried out in triplicate. The
control effect was calculated by counting the number of root
knots. The investigation method, classification, and pharma-
codynamic calculations were as those described in GB/T
17980.38−2000 (China).47

= ×a b
a

control effect(%) 100
(7)

where a is the number of blank control group root knots and b
is the number of root knots in the evaluation specimen.
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