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Improving drug utilization of water-based pesticide formulations is facile and feasible to efficiently avoid
serious pesticide residues and reduce the resulting environmental pollution. A co-delivery system of
two- or multi-pesticides within one formulation could enhance drug efficiency and decrease usage
amounts of pesticides due to the synergistic effect of the loaded multiple pesticides. Herein, we reported
a porous polylactide (PLA) microcapsule formulation for co-delivery of avermectin (Av) and
chlorantraniliprole (CAP). A double emulsion method combined with premix membrane emulsion (PME)
was adopted to produce the Av/CAP-loaded porous microcapsules (Av/CAP P-MCs) with prolonged
drug release, high loading content and entrapment efficiency, as well as good light and thermal stability.
Compared with single Av- or CAP-loaded microcapsule formulations, the Av/CAP P-MCs exhibited
higher biotoxicity against Plutella xylostella. These results reveal that the Av/CAP co-delivery system may
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Introduction

Pesticides have widely been used to improve productivity and
quality of food in agriculture.” Traditional commercial pesticide
formulations mainly include suspension concentrates, emulsi-
fiable concentrates and wettable powders.”® Among them,
emulsifiable concentrates contain considerable organic
solvents. It is well documented that these traditional formula-
tions lose more than 80% of applied pesticides in the spraying
process because of biodegradation, chemical degradation,
photolysis and evaporation. To replace this loss and keep effi-
cient concentration of pesticides, repeated applications of
traditional formulations result in excessive pesticide and
organic solvent residues, which is seriously harmful to both the
environment and humans.” To reduce pesticide residues and
environmental pollution as far as possibly, pesticide encapsu-
lation with controlled drug release behaviors to improve pesti-
cide utilization have received an increasing interest.'**¢
Chlorantraniliprole (CAP) and avermectin (AV) are two
popular broad-spectrum pesticides with low toxicity and no
cross-resistance to existing pesticides.””™ CAP is a selective
insecticide belonging to the family of antranilic diamides. CAP
can permeate into the plant through the leaf surface and also be
absorbed by root, so it has long persistence and good stability.*®
By exciting the insect ryanodine receptors in muscle and
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nervous tissue, CAP can trigger uncontrolled release of calcium
from intracellular stores, causing cessation, lethargy, muscle
paralysis and finally death of target organisms.”* Av, an
extensively used insecticide, acaricide and nematicide, is acti-
vate stomach toxicity that has an effect on keeping the y-ami-
nobutyric acid-gated chloride channels, glutamate-gated
chloride channel, and other chlorine channels open in insect
muscle membranes, resulting in interdicting the synaptic
transmission from internuncial neurons to motor nerve cells
and the synaptosome peripheral nerve conduction between the
neuromuscular system.>* Av can disturb the nerve of pest, but its
residual activity is not ideal.”

“Synergy” can definite as two or more chemicals providing
a larger effect than predicted implies which we can estimate
joint effects of chemicals under inevitable presumption.
Cedergreen et al. defined about synergy mechanism on pesti-
cide toxicity that it occurs from chemical interaction.*® Inter-
actions between chemicals can mainly affect six processes that
are significant to the resultant toxicity of a chemical towards an
organism: bioavailability, uptake, internal transportation,
metabolization, binding at the target site and excretion.
Currently, there only have a few reports to confirm that mixture
of Av and CAP in various concentrations has a synergistic effect
and higher efficiency compared to Av or CAP solely.””** In
previous reports, we adopted double-emulsion method with
premix membrane emulsion (PME) to develop PLA and starch
uniform microcapsule formulations for controlled release of
CAP and Av, and their control efficacies against Plutella xylos-
tella were similar to the commercial formulations.?**
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Multidrug or drug/gene co-delivery systems, allowing the
consecutive release of two or more drugs and genes, have
extensively developed for cancer therapy since simultaneous
delivery of multidrug can improve therapeutic outcomes,
synergistic effects, and targeting moiety.***” Various carriers
including liposomes, micelles, inorganic nanoparticles, and
nanovesicles have been reported for constructing high-
efficiency and safe co-delivery systems.*®*** For this tactics, co-
delivery of two or more pesticides within one carrier will allow
the administration of efficient drug concentration at lower
doses and then help to greatly reduce pesticide residues and
environmental pollution. Although co-delivery systems for
pesticides are seldom reported, an efficient and safe co-delivery
carrier is necessary for developing novel environment-friendly
pesticide formations.

Our previous works have fabricated several microcapsule
formations for controlled release of Lambda-Cyhalothrin (LC),
Av or CAP.”*?*** A W/O/W double emulsion method combined
with premix membrane emulsion (PME) was adopted to
produce uniform starch and polylactide (PLA) microcapsules
with high loading contents. Wherein, LC and Av were loaded in
microcapsule shells, but CAP was inside cavity of microcapsules
due to lower solubility of CAP in organic solvent in comparison
to LC and Av. The bioassay studies have proved that control
efficacies of these microcapsule formulations against P. xylos-
tella were compared even superior to the corresponding
commercial formulations of LC, Av and CAP.

In this study, we utilized PME combined with S/O/W double
emulsion method to further prepare novel AV/CAP co-delivery
microcapsule formulations by simultaneously encapsulating
soluble Av into PLA shells and excessively insoluble CAP inside
the microcapsules. Adjusting osmotic agents and process
parameters of PME, we produced various porous microcapsules
with controlled surface morphology and size. The Av and CAP
release behaviors could be precisely tuned by regulating the size
and surface morphology. The Av/CAP-loaded microcapsule
formulation possessed good thermal and light stability,
showing superior control efficiency on P. xylostella to the
commercial Av and CAP formulations.

Materials and methods
Chemicals

Polylactide (PLA) was kindly provided by Dongguan Zhuyou
Plastic Co., Ltd (Dongguan, China). Bovine serum albumin (BSA)
was obtained from Beijing Biodee Biotechnology Co., Ltd (Bei-
jing, China). Commercial avermectin (Av) (18 g L") was
purchased from Shandong Zouping Pesticide Co., Ltd.
Commercial chlorantraniliprole (CAP) (200 mg mL™') was
purchased from Shanghai Shengnong Pesticide Co., Ltd. Tech-
nical Av (94.3%) and CAP (95%) were purchased from Qilu
Pharmaceutical (Inner Mongolia) Co., Ltd (Huhhot, China) and
DuPont Co., Ltd, respectively. Poly(vinyl alcohol) (PVA) with a M,
of 30 000-70 000 and a hydrolysis of 87-89% was purchased from
Aldrich. The specification of the dialysis membrane purchased
from Beijing Tianan Technology Co., Ltd, (Beijing, China). The
fast membrane emulsification equipment (FMEM-500M) and

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

Shirasu Porous Glass (SPG) membrane were purchased from
National Engineering Research Center for Biotechnology. The
SPG membranes were annulus cylinders with pore sizes of 7.0
pm. Other chemical reagents were of analytical grade and
purchased from Beijing Chemical Works (Beijing, China).

Preparation of the Av/CAP PLA microcapsules (Av/CAP MCs)

The pesticide concentration was the ratio of pesticide to PLA.
The Av/CAP MCs were prepared with a S/O/W double-emulsion
method combined with PME. Firstly, 0.4 g of PLA was dissolved
in 8.7 g of methylene chloride with various amounts of Av
(weight ratios of Av/PLA: 0%, 30%, 40%, and 50% w/w). CAP
(weight ratios of CAP/PLA: 0%, 2.5%, 5%, and 7.5% w/w) was
dispersed in 2 g of deionized water by sonication to produce
CAP suspensions. Mixture of Av solution and CAP suspension
was sonicated to form the S/O primary emulsion. Then, PVA was
dissolved in water and used as external water phase (W). The
primary emulsion was immediately poured into external water
phase under mechanical stirring to prepare the coarse S/O/W
double emulsion and passed through SPG membrane under
a certain nitrogen pressure for several times to obtain uniform
double emulsion. The droplets were solidified under magnetic
stirring overnight (6 hours). The microcapsules were collected
via centrifugation. The obtained microcapsules were freeze-
dried using a lyophilizer and the dried powder was stored at
4 °C prior to use.

Porous microcapsules were also constructed with a similar
process method by additionally using BSA as an osmotic agent
(0.4 g of BSA in internal water phase).

Statistical analysis of the data was analyzed by using Excel
(Microsoft Inc.) and SPSS statistical analysis software (Version
21, IBM Corp.) for one-way analysis of variance (ANOVA) with
Duncan's multiple-range test (p < 0.05). Experimental results
were reported in the term of mean.

Characterization of the microcapsules

The morphology of the microcapsules was observed via scan-
ning electron microscopy (SEM; JSM-6700F, JEOL, Japan) with 5
kv accelerating voltage. The instances were adhered to metal
stubs using double-sided tape and vacuum-coated with a thin
layer of platinum using a sputter coater (EM SCD 500, Leica,
GER). The sizes of microcapsules were measured by laser scatter
using a zetasizer (Zetasizer Nano ZS90, Malvern, UK). Fourier
transform infrared spectra were recorded using a KBr method
with a spectrometer (Tensor 27, Bruker, GER).

Drug loading content and entrapment efficiency

The drug loading was the actual contents of Av and CAP in the
microcapsules. The entrapment rate was the ratio of actual-to-
theoretical contents of the specific drug. The microcapsules
were fully dissolved in methylene chloride to release all the
loaded drugs, and then the solution was dried via reduced-
pressure distillation to obtain dry precipitation. The Av and
CAP were extracted using methanol from the precipitates. The
methanol solution was further filtered to form a clear solution
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for UV-Vis spectrophotometer analysis at wavelengths of 245
and 260 nm to measure Av and CAP contents.

Bioassay studies

A preliminary bioassay of the Av/CAP microcapsules formula-
tions against P. xylostella were evaluated using the Av micro-
capsules and CAP microcapsules as controls. The commercial
formulation was diluted to 100, 20, 5, 1, 0.5, or 0.1 mg L™ " with
0.05% Triton. A series of aqueous microcapsule suspensions
with the same pesticide concentration were prepared. After
thoroughly washed and dried, the cabbage leaves were
immersed in the different concentration solutions for 10 s and
placed into culture dishes after drying in room temperature.
The 3rd instars of P. xylostella were chosen as samples and took
them into cabbage leaves gently by brushes. Each culture dishes
involved ten P. xylostella and the treatment was carried for three
replications. In the control treatments, the leaves were only
immersed in 0.05% triton. All of the P. xylostella were reared in
a climatic chamber to investigate the mortalities after 48 h at
25 °C. Using the death estimation standard represented death
samples. Assessments were made on a dead/alive basis, and the
SPSS software was used to calculate toxicity regression equa-
tions, LCso and 95% confidence limits. The toxicity regression
equation was given as below:

Y=SE+b

where Y is the mortality rate of treated group. E is the logarithm
of pesticide dosage. Then the LC5, was derived from the best-fit
line obtained. LCs, means the dosage when the mortality rate of
the treated group was 50%.

Stability studies

According to the FAO/WHO Manuals, the microcapsules were
stored at 55 °C for 14 days to accelerate thermal degradation, and
at 4 °C as the default test conditions.*” The microcapsules were
kept in glass tubes and stored at 4 °C and 55 °C for 14 days, and
the variation of AV and CAP contents was constantly tested with
predetermine time intervals. Light stability under UV irradiation
of the microcapsules was tested as follows. A certain amount of
microcapsules were dispersed with a methanol/water mixture
(70 : 30, v/v) and divided equally into some culture dishes. In the
center of the reactor, a 500 W (Ep,.x = 365 nm) UV lamp was
applied to the sample at a constant temperature of 25 °C during
the experiments. The culture dish was removed from the reactor
at 0, 12, 24, 36, 48, 60, 72 h and the Av and CAP contents in the
culture dish were determined by the method described above.

Results and discussion
Preparation of the Av/CAP PLA microcapsules (Av/CAP MCs)

Uniform microcapsules could improve adhesion and permeability
of the pesticide on target crops and to achieve effective utilization
and high bioavailability of the pesticide. Similar to our previous
report, we constructed the Av/CAP MCs by combining the double

25420 | RSC Adv, 2020, 10, 25418-25425

View Article Online

Paper
Av/CAP MCs
SPG membrane °
5. 8 . 9, s 0 _9O
w ’q,':~.~.q.. o o ;,,
o @, Tme T e, \
. Q*-,,-,....... %0 0

pressure

Av/CAP P-MCs

Fig. 1 Schematic description for producing the Av/CAP MCs and Av/
CAP P-MCs.

emulsion method (S/O/W) with PME and the porous holes were
formed by the osmosis induction method as shown in Fig. 1.

We directly dispersed CAP in the inner aqueous phase (S)
and dissolved Av and PLA in the oil phase (O). So, CAP and Av
were encapsulated inside the microcapsules and into the PLA
shells via S/O/W method, of which innermost phase (S) was
water suspension of solid CAP, and oil phase (O) was organic
solution of Av and PLA. The osmotic agent, BSA, was added in
the inner water phase to induce different osmotic pressure
between internal and external water. The distinct osmotic
pressure could press water molecules in the external phase into
the inner water phase through the oil phase, resulting in
formation of some water zones among the oil phase. After
evaporation of methylene chloride and removal of water by
freeze-drying, the pores in the shells were created to yield the
porous microcapsules, Av/CAP P-MCs.

The SEM images in Fig. 2a showed that the prepared Av/CAP
microcapsules with spherical shapes and smooth surface were
uniform. The results indicated that uniform microcapsules
could be successfully produced by PME combined with double-
emulsion. The encapsulation of Av and CAP in the microcap-
sules were verified using FTIR measurement. Fig. 2b showed
that the microcapsules had strong characteristic peaks of PLA
(2968, 1758 and 1091 cm™ %), CAP (3259, 1639, 1533, 761 and
632 cm™ ') and Av (2968 and 989 cm ™ '). The results confirmed
that both Av and CAP were loaded into the PLA microcapsule.
Compared to commercial CAP, the peak of CAP wasn't obvious
due to small amount CAP inside the CAP/Av MCs. As a result, we
successfully produced uniform microcapsule carriers with co-
loaded Av and CAP based on PME combined with double
emulsion method.

(b)

AV/CAP MCs
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Fig. 2 (a) SEM image of the Av/CAP MCs and (b) IR spectra of the Av,
CAP, PLA and Av/CAP MCs.
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Fig. 3 SEM images of the (a and c) Av/CAP MCs and (b and d) Av/CAP
P-MCs before (a and b) and after (c and d) cut with a super thin razor
blade. Size distribution of the (e) Av/CAP MCs and (f) Av/CAP P-MCs.

Preparation of the porous Av/CAP PLA microcapsules (Av/CAP
P-MCs)

The porous surfaces of the microcapsules would have a great
effect on the release behavior of loaded Av and CAP pesticides.
Pores on the microcapsule shells could enhance surface area
and create special penetration channels, accelerating release of
loaded Av and CAP. It is also noted that the dispersed CAP was
loaded with large size inside the microcapsules. The CAP was
very difficult to be released through the solid surface of the
normal microcapsules. So, the porous structure is indispens-
able for development of the efficient microcapsule co-delivery
system. Here, we adopted osmosis induction method to
prepare the porous microcapsules.

View Article Online

RSC Advances

The surface morphology of microcapsules had an obvious
distinction with and without adding osmosis agent. Fig. 3a
showed that the surface of Av/CAP MCs was smooth. As
a comparison, the surface of the microcapsules possessed many
micro-pores after adding osmosis agent (Fig. 3b). The results
indicated that adding osmosis agent (BSA) in the internal water
phases could induce to form pores on the surface of microcap-
sules. To study the inner structures of the microcapsules, SEM
was performed to observe hollow chamber of the microcapsules
cut by super thin razor blade. Fig. 3c and d showed that the cut
microcapsules with/without porous structures both were bowl-
like hemispheres, proving the resulted Av/CAP MCs and Av/CAP
P-MCs had hollow core/shell structures. The DLS results of
Fig. 3e and f indicated that the particle sizes of the Av/CAP MCs
and Av/CAP P-MCs were ca. 3.5 and 3.4 um with a narrow poly-
dispersity of 0.04, which well agreed with the SEM results in
Fig. 3c and d.

The loading content and entrapment efficiency

High-efficient pesticide formulations usually require high
loading content and entrapment efficiency of pesticides in
carriers for saving time, manpower and resources during the
preparation process as well as avoiding extensive use in the
spraying process. Here, to optimize Av/CAP microcapsule
formulation, we tried various feed weight ratios of Av (30-50%)
and CAP (2.5-7.5%) to PLA by fixing the PLA concentration in
the oil phase to investigate the loading content and entrapment
efficiency of Av and CAP.

The concentration of Av and CAP had an effect on the ability
to trap Av and CAP within the PLA shell and inside the
microcapsules. As shown in Table 1, the loading content and
entrapment efficiency of Av and CAP both increased when
higher feeding ratios of Av and CAP (increasing Av at constant
CAP and increasing CAP at constant Av) were applied. For Av,
50 wt% Av of PLA had a higher loading content and entrap-
ment efficiency. For CAP, the loading content only reach 0.52%
even adopting a saturated solution of CAP as oil phase. In
comparison, Table 1 indicated the CAP loading content could
achieve 4.80% with a high entrapment efficiency to be ~88%,
demonstrating that encapsulation of CAP in the inner core of
the microcapsule could greatly improve the CAP loading

Table 1 Drug loading contents (LC) and entrapment efficiencies (EE) of various Av/CAP MCs with different feed ratios of Av and CAP to PLA?

Av of PLA (%) CAP of PLA (%) LC of Av (%)

EE of Av (%) LC of CAP (%) EE of CAP (%)

30 2.5 18.58°
5 18.55°
7.5 18.77°
40 2.5 24.06°
5 24.05°
7.5 23.93P
50 2.5 28.08¢
5 28.064
7.5 28.07¢

82.04° 1.48° 78.412
83.50° 3.20f 86.28°
86.03¢ 4.80 87.87%
85.73f 1.36° 77.51%
87.19¢ 3.06° 88.60°
88.25% 4.45" 87.57"
85.64¢ 1.28° 77.75%
86.97° 2.819 86.96"°
88.41" 4.178 87.49%

“ values with the same subscript letter within each column are not significant different (p > 0.05).
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Fig. 4 Drug loading contents (a) of Av in the Av MCs, Av/CAP MCs and
Av/CAP P-MCs, and (b) of CAP in the CAP MCs, Av/CAP MCs and Av/
CAP P-MCs.

content. Considering the feed ratio at 50 wt% Av and 7.5 wt%
CAP to PLA could yield the higher loading content with 87—
88% entrapment efficiency, we selected this feed ratio to
produce the microcapsules with or without porous structures
for further study.

Comparison of the pesticide loading contents

In the preparation process, the small molecular Av dissolved in
the oil phase and the solid CAP dispersed in the inner water
phase were adopted to prepare the Av/CAP co-delivery system.
The way to co-load Av and CAP into the same microcapsule may
have a mutual effect on their loading content and entrapment
efficiency. To evaluate their mutual effect, we further studied
the loading content and entrapment efficiency of the Av/CAP
microcapsules as well as those of the Av and CAP microcap-
sules (single pesticide-delivery system).

Fig. 4 showed that the loading contents of Av and CAP were
not obviously different for the co-delivery microcapsules (Av/
CAP MCs and Av/CAP P-MCs) and their corresponding single
delivery microcapsules (Av MCs or CAP MCs). In detail, the Av
contents were ca. 28.0%, 28.1%, and 28.1% for the Av MCs, Av/
CAP MCs and Av/CAP P-MCs, and the CAP contents were ca.
4.1%, 4.2%, and 4.2% for the CAP MCs, Av/CAP MCs and Av/
CAP P-MCs, respectively. Further, the entrapment efficiencies
of Av and CAP were almost the same (87-88%) for single Av- or
CAP-delivery system and Av/CAP co-delivery systems. The
results powerfully proved that co-load of Av and CAP had
a neglectable effect on their individual load content and
entrapment efficiency. This no distinct should ascribe to

—_
=
~
—~
=
~

s

<
3
5

804 —e— Commercial Av
—#— AVICAP P-MCs
&= AV/ICAP MCs

®
S

~—e— Commercial CAP
= AV/CAP P-MCs
—a— AV/CAP MCs

rs
S

Cumulative Release of Av (%)
s

2

Cumulative Release of CAP (%)
2
32

0 50 100 150 200 0 20 40 60 80 100
Time (h) Time (h)

Fig. 5 Release behaviours of (a) Av and (b) CAP of the commercial Av
or CAP, Av/CAP MCs and Av/CAP P-MCs.
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independent load of Av and CAP into the shell and cavity of
microcapsules, resulted from utilization of Av in the oil phase
and CAP in the inner water phase. Fig. 4 further indicated that
the Av/CAP MCs and Av/CAP P-MCs had similar loading
contents of Av and CAP at their same feeding ratios, demon-
strating the porous structure had no influence on the loading
content of pesticides. As a result, the technique could success-
fully and efficiently construct the porous microcapsule formu-
lations for co-delivery of Av and CAP as same as the single Av or
CAP microcapsule formulations.

Controlled released of Av and CAP

Instead of qualitative release behaviors for the traditional
pesticide formulations, novel pesticide formulations with
accurate and release capability were desired for customized
practical applications. Tuning porosity of the microcapsules is
a feasible way to precisely control release of loaded pesticide.
Fig. 5 showed that the commercial Av and CAP released 91.2%
and 91.4% within 12 h, which is much faster than the Av/CAP
MCs and Av/CAP P-MCs. The result suggested the prepared
microcapsules presented relatively slow release and maintained
the sustained release for a longer period compared to the
commercial Av and CAP. Furthermore, the Av/CAP P-MCs
possessed a faster release rate of Av and CAP than the Av/CAP
MGCs. For example, the cumulative release of Av for the Av/CAP
P-MCs reached 97.5% after 120 h, compared to 92.1% after
120 h and 98.4% at 168 h for the Av/CAP MCs (Fig. 5a). The
similar result for CAP release was also observed in Fig. 5b. The
cumulative release of CAP for the Av/CAP P-MCs after 54 h
reached 98.7%, compared to 85.1% and 98.8% for the Av/CAP
MCs after 54 and 84 h. The result illustrated that introduction
of pores could increase diffusion and release of pesticides from
the microcapsules.

Av of PLA CAPof PLA Regression 95% Confidence
Condition
(%) (%) Equation (Y=) Interval
Commercial Av 1.74x+3.02 16.12-35.73
Commercial CAP 2.16x+2.75 12.07-42.42
75 - Av MCs 50 - 0.75x+3.81 18.34-81.43
CAPMCs - 75 0.87x+2.68 15.41-178.52
~
4 Av/CAP MCs 50 7.5 2.43x+2.17 29.16-36.03
E AV/CAP P-MCs 50 7.5 1.65x+2.82 16.21-25.72
)
- -
2 50 f
e
Sy
- d
e
254 b =
a

Commercial Av Commercial CAP Av MCs CAP MCs AVICAP MCs  Av/CAP P-MCs

Fig. 6 The LCs values of the various microcapsules in bioassay study.
Values with the same subscript letter within each column are not
significant different (p > 0.05).
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CAP, Av/CAP MCs and Av/CAP P-MCs formulations under UV
irradiation.

Bioassay studies

To evaluate feasibility of co-delivery system formulation using
the porous microcapsule suspension as a novel pesticide
formulation, bioactivities of various microcapsule suspen-
sions against P. xylostella were studied using bioassay. Fig. 6
indicated that the Av/CAP P-MCs had the lowest LC;, value of
18.1 ug mL ™' compared to 46.3, 32.4, 28.5, 24.6 and 21.9 pg
mL ! for the CAP, Av, Av/CAP MCs, commercial CAP and Av.
The result displayed the Av/CAP co-delivery system was more
efficient than single delivery system because of synergistic

-

~

Loading Content of Av (%)
Loading Content of CAP (%)

AVICAP MCs  AVICAP MCs AVICAP P-MCs AVCAP P-MCs

(e)

AVICAP MCs  AV/CAP MCs AV/CAP P-MCs AVICAP P-MCs
@) (55%) @) (58%) @) (55%) @) (55°)

()

z

2

&

20

Entrapment Efficiency of Av (%)
Entrapment Efficiency of CAP (%)

AVICAP MCs  AVCAP MCs  AVICAP P-MCSAVCAP P-MCs
4%

0
AVICAP MCs  AVCAP MCs AV/CAP P-MCs AV/CAP P-MCs
@ (5% @) (8% @0 (58%) @ (55%)

Fig. 8 SEM images of the (a) Av/CAP MCs and (b) Av/CAP P-MCs at
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effect of Av and CAP, which would improve drug efficiency and
decrease drug dosage.

UV-shielding properties of the microcapsules

The commercial Av and CAP could be easily degraded under UV
irradiation, which reduce pesticide utilization. This technique
consolidating Av and CAP into the shell and inner cavity of the
microcapsules could efficiently protect Av and CAP from direct
exposure to the environment including UV irradiation, which
could achieve high light stability. Fig. 7a showed around 32.2%
and 65.3% of the commercial Av were degraded after 12 and 24 h,
and completely decomposed after 36 h. In comparison, only
21.2% and 23.7% of Av were destroyed for the Av/CAP MCs and Av/
CAP P-MCs even after 72 h. Similar result was also observed for
CAP. Unlike quick decomposition of CAP under UV irradiation,
e.g., 15.2% and 53.0% of the pristine CAP lost after 12 and 72 h,
only 8.4% and 9.5% of CAP were degraded for the Av/CAP MCs
and Av/CAP P-MCs after 72 h (Fig. 7b). Fig. 7 also indicated that Av
and CAP in the Av/CAP P-MCs were degraded with a slight faster
than those in the Av/CAP MCs due to their porous surfaces.

Thermal-stability of the microcapsules

The long-term storage stability is very important for pesticide
formulations for practical usage in agriculture since delami-
nation, caking and degradation of the active pesticide may
occur during storage. To study storage stability, the various
microcapsule samples were kept under 4 °C and 55 °C for 14
days to determine their thermal stability.

Fig. 8a and b showed that the microcapsules could keep their
original shapes at 55 °C for 14 days. Fig. 8c~f further indicated
that a negligible and small loss of Av and CAP was observed for
the Av/CAP MCs and Av/CAP P-MCs after storage at and 4 °C and
55 °C for 14 days, demonstrating the solid microcapsules had
good storage stability.

Conclusions

In summary, we developed a water-based PLA microcapsule
formulation for controlled co-delivery of Av and CAP via PME
combined with a double-emulsion method. The microcapsule
formulation presented good UV and thermal stability, and had
a high drug loading content and entrapment efficiency, with an
optimal feed ratio to be 50 wt% Av of PLA and 7.5 wt% CAP of
PLA. Compared with the commercial Av and CAP, Av micro-
capsules and CAP microcapsules, the Av/CAP co-delivery system
showed a superior bioactivity against pest. Such a strategy for
co-encapsulation of two pesticides should be a greatly potential
for development of environmental-friendly pesticide forma-
tions with improved pesticide utilization in agricultural field.
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