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d nanopesticides coating with
highly improved foliage adhesion to enhance foliar
retention

Manli Yu,ab Changjiao Sun,bc Yumiao Xue,d Chang Liu,d Dewen Qiu,a Bo Cui,b

Yan Zhang,d Haixin Cui *b and Zhanghua Zeng *b

Poor utilization efficiency of conventional pesticide formulation has resulted in overuse, which could

increase costs, toxicity to other non-target organisms, concerns about human health and safety,

groundwater contamination, causing ecosystem destruction and food pollution. The folia-adhesive

formulation is supposed to enhance foliar retention time and utilization efficiency. According to the

microstructure of the foliage, the nanopesticides surfaces were modified by affinity groups to improve

folia adhesion and decrease the loss from crop foliage. In this study, tannic acid, a bioadhesive natural

molecule, has been applied to develop abamectin nanopesticide (Abam-PLA-Tannin-NS) and

azoxystrobin nanopesticide (Azox-PLA-Tannin-NS) with strong adhesion to foliage by chemical

modification. Abam-PLA-Tannin-NS and Azox-PLA-Tannin-NS presented better photostability and

continuous release behavior. The retention rates of Abam-PLA-Tannin-NS and Azox-PLA-Tannin-NS on

the foliage was remarkably enhanced by more than 50%, compared with unmodified nanopesticides.

Resultantly, the indoor toxicity of Abam-PLA-Tannin-NS and antifungal activity of Azox-PLA-Tannin-NS

were enhanced. The interaction force between tannic acid coating nanoparticles and foliage was mainly

from hydrogen bonding. Our findings could be beneficial to develop novel leaf-adhesive nanopesticides

with high retention time and bioavailability.
Introduction

Pesticides are chemical or biological agents that deter, incapacitate,
kill, or otherwise discourage pests to improve crop yield and quality
by preventing crop losses to insects and other pests.1,2 They play
a vital role in modern agriculture, providing substantial agronomic
and economic benets. However, resistance problems have
increased, because pesticides are applied more frequently and at
higher dosage rates.3–7 Reducing pesticide use and alternating
among classes of pesticides with different modes of action can help
to reduce the possibility of pest resistance.Managing pest resistance
is very important in helping to prolong the effective period of
pesticides. The overuse of pesticides brings several problems and
limitations including increased costs, toxicity to other non-target
organisms, concerns about human health and safety, ground-
water contamination, and environmental and ecological quality.8–12
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In the spraying process, most of the pesticide in traditional
pesticide formulations fails to target the plant foliage, and the
effective durable period on the crop foliage does not provide
adequate pest control.13 The problems encountered during
spraying include droplet driing, jumping, rolling down, rain
washing and decomposition, which can give rise to low effective
utilization rate of pesticides (<10%).14 Therefore, there is an
urgent need to develop new approaches to control losses and
improve the pesticide utilization efficiency. A new kind of
pesticide formulation is required with advantages of high
adhesion capacity on plants, low loss to the environment, long
duration of efficacy, and low dosage and cost, so as to decrease
the risk of environmental pollution, savemanpower by reducing
the application frequency, increase the safety of the pesticide
user, and decrease the non-target effects when compared with
traditional pesticides.15

Recently, the development of nano-pesticide formulations
has been shown to improve pesticide performance by formu-
lating nanoparticle-based delivery systems.16–25 The pesticide
nano-delivery systems with small size and large surface area
improved the deposition on foliage and extended the release
time. Moreover, in terms of the crop foliage microstructure, the
nanoparticles surface can easily be modied by affinity groups
to improve adhesion and decrease the loss from crop foliage.15

In our previous study, the regulated adhesion to cucumber
This journal is © The Royal Society of Chemistry 2019
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foliage was developed with different affinity groups by chemi-
cally modication.25 The low-cost natural adhesion product is
more practical for nanopesticides, since chemical modication
is more costly.

In nature, adhesive behaviors occur in many living creatures.26,27

Bioadhesive materials are one of the most promising materials for
designing site-specic drug delivery systems. A naturally adhesive
polydopamine-containing material inspired by mussels has been
applied inmanyelds, inwhich catechol groups play amajor role in
adhesion to various surfaces.28–31 Polydopamine nanoparticles
encapsulating pesticide exhibited excellent adhesive performance
on crop foliage, and enhanced pesticide retention time.22,32 Given
the high cost of dopamine, it is not practical for application as
a pesticide carrier. Tannic acid (TA) is a natural polyphenol with low
cost that can be extracted from various plants. It has valuable
properties such as antioxidant, antibacterial, and biodegrad-
ability.33–35 TA has been widely applied in the generation of thin
lms or particles with adhesive properties because of its multitude
of catechol groups, providing multiple bonding sites with diverse
interactions, including hydrogen bonding, ionic bonding, coordi-
nate bonding, and hydrophobic interactions. TA as adhesive agent
has been rarely reported for pesticide formulation. TA coordinating
with Fe(III) was used as shell to form pesticide microencapsulation,
in which the role of TA as adhesive agent was not been discussed.36

Here, TA was applied to coat nanopesticides, andmechanism of the
improvement on foliage adhesion and enhancement of foliar
retention time were investigated in detail.
Experimental section
Materials

Abamectin (95.6%) was purchased from Qilu Pharmaceutical
Company, Ltd. (Shandong, China). Azoxystrobin (95%) was
supplied by Sheng Tianheng record Biological Technology Co.,
Ltd. (China). Poly(lactic acid) (PLA; MW approximately 100 000)
was purchased from Daigang Biomaterial Company (Shandong,
China). Poly(vinyl alcohol) (PVA) was purchased from Sigma
Aldrich. Dichloromethane (CH2Cl2; 99.8%), TA (95%) and
poly(ethylene glycol) (PEG; MW approximately 10 000) were
purchased from J&K chemical company (Beijing, China). The
water-dispersible granules (WDG) were purchased from Nopo-
sion Agrochemicals Co. Ltd. (Shenzhen, China). Commercial
microcapsule and suspension concentrate (SC) were obtained
from Zhengda Co., Ltd. (China). All chemicals were directly
used as received. The water used in all experiments was Milli-Q
water (15 MU cm, TOC # 4 ppb). Fusarium was supplied by the
Beijing Academy of Agriculture and Forestry Sciences.
Preparation of nanopesticides

The Abam-PLA-Tannin-NS was synthesized by a classic solvent
evaporation method. First, abamectin (40 mg ml�1) and PLA
(40 mg ml�1) were dissolved in CH2Cl2 by magnetic stirring.
Second, the solution was added dropwise over 10 min into PVA
aqueous solution (10 mg ml�1) that was used as a surfactant by
a shearing machine (C25, ATS Engineering Ltd., Vancouver,
Canada) to emulsify, while being cooled in an ice-water bath to
This journal is © The Royal Society of Chemistry 2019
prevent the evaporation of CH2Cl2. Next, the mixed system was
stirred vigorously (1000 rpm) overnight to evaporate all the
organic solvent at room temperature. Then, PEG (12 mg ml�1)
was added to the nanosuspension and followed by dropping TA
(12 mg ml�1). Finally, the nanosuspension was centrifuged at
15 000 rpm for 10 min at 4 �C and the collected pellet was
redispersed in deionized water; this process was repeated three
times to remove as much surfactant as possible. The nano-
suspension was lyophilized by a freeze drier (FD-81, EYELA,
Tokyo, Japan) to complete the preparation of Abam-PLA-
Tannin-NS (Scheme 1). Azox-PLA-Tannin-NS was prepared by
following the same procedure.

Determination of pesticide loading content

The pesticide loading content (PLC) of nanoparticles was investi-
gated by high performance liquid chromatography (HPLC; 1260
Innity, Agilent Company, California, USA) using a C18 column (5
mm, 4.6 mm � 150 mm, Agilent Technologies; Santa Clara, CA,
USA) at room temperature. An appropriate aliquot of nanoparticles
was dispersed in CH2Cl2 (5ml) and sonicated for 5min, followed by
evaporation of the organic solvent at room temperature. Then
abamectin/azoxystrobin was diluted to an appropriate volume with
methanol. Themobile phase was composed of methanol and water
(90 : 10). The ow rate was 0.5 ml min�1, and the UV detector
wavelength was 245 nm.

Particle size, polydispersity index and morphological
characterization of nanoparticles

The hydrodynamic particle size and polydispersity index (PDI)
of nanoparticles were investigated by dynamic light scattering
(DLS; Zetasizer Nano-ZS90, Malvern, Worcestershire, UK). The
average value of three measurements was adopted. A scanning
electron microscope (SEM; JSM-7401 F, JEOL Ltd., Akishima-
shi, Japan) and a transmission electron microscope (TEM;
HT7700, Hitachi, Tokyo, Japan) were used to visualize the
morphological characterizations of nanoparticles. An aliquot
(10 ml) of the re-dispersed nanoparticles was dropped on the
surface of a cleaned silicon slice and coated with gold (thickness
# 2 nm) aer drying at room temperature. The SEM images
were recorded at 5 kV and the work distance was 8.5 mm. For
TEM, 6 ml of the dispersed nanoparticles was dropped on the
surface of a cleaned copper grid. The TEM images were per-
formed at 80 kV and 10 mA aer the nanoparticles were
completely dried.

Determination of the sustained release behavior of
nanoparticles

The sustained release behavior of abamectin/azoxystrobin
nanoparticles was investigated by HPLC. Five mg of the active
abamectin and 10mg of the nanoparticles were each suspended
in 60% methanol solution (5 ml) and the suspensions were
carefully transferred to different dialysis bags (2000 MWCO).
The dialysis bags were sealed tightly and placed into 60%
methanol solution (95 ml) in brown bottles that were used as
the release media. The released abamectin/azoxystrobin was
determined by collecting 5 ml aliquots of the release media
RSC Adv., 2019, 9, 27096–27104 | 27097
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Scheme 1 Schematic illustration of the preparation of Abam-PLA-Tannin-NS and Azox-PLA-Tannin-NS.
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outside the dialysis bags aer specic time. The concentration
was determined from the calibration curve by measuring the
peak area of each aliquot at 245 nm using the HPLC method as
described above. The accumulated release percentages were
determined against time.
Determination of the photodegradation behavior of
nanoparticles

Active abamectin and nanoparticles (100 mg each) were irradi-
ated by UV light in a light incubator (XT5409-XPC80, 400 W,
Xutemp Technic Apparatus Co., Ltd., China). All of samples
rotated around the light at a 10 cm distance and 25 �C. Samples
(5 mg) were collected aer 12, 24, 48, 72 and 96 h. The photo-
degradation behavior of abamectin at specic time intervals
was measured by HPLC as described above.
Wettability of nanoparticles on live cucumber foliage

The wettability test was determined based on contact angle.
Cucumber plants were selected 21 days aer seeding from
a light incubator. All dust on the foliage surface was carefully
removed to prevent damage to the foliage structure. The foliage
parts were carefully cut and adhered to glass slides. The
measurements were performed with a contact angle (CA)
instrument (JC2000D2M, Zhongchen Digital Technic Apparatus
Company, Ltd., China); aqueous solutions of nanoparticles (3
ml) were dropped onto the foliage surface. The average value of
ve measurements was adopted.
Retention rate of nanoparticles on live cucumber foliage

The retention test was determined based on SEM images.
Cucumber plants were selected 21 days aer seeding from a light
incubator. All dust on the foliage surface was carefully removed to
Table 1 Mean size, polydispersity index (PDI), and pesticide loading
content (PLC) of Abam-PLA-NS, Abam-PLA-Tannin-NS, Azox-PLA-NS
and Azox-PLA-Tannin-NS

Samples
Hydrodynamic size
(nm) � S.D. PDI � S.D. PLC

Abam-PLA-NS 240.7 � 1.9 0.03 � 0.02 46.9%
Abam-PLA-Tannin-NS 243.6 � 1.2 0.02 � 0.01 38.9%
Azox-PLA-NS 249.3 � 4.6 0.03 � 0.03 33.8%
Azox-PLA-Tannin-NS 256.7 � 0.6 0.05 � 0.03 30.5%

27098 | RSC Adv., 2019, 9, 27096–27104
prevent damage to the foliage structure. Nanoparticles samples (500
ml, 3.0 mg ml�1) were sprayed onto the surfaces of cleaned
cucumber foliage at a distance of 15 cm. The treated cucumber
foliage was dried for 4 h under vacuum aer drying at ambient
temperature, and then further SEMmeasurements were carried out
at 3 kV. At the same time, control tests were conducted in which
foliage samples aer spraying and drying at room temperature and
under vacuum were continually washed with deionized water (100
ml).
Determination of the biological efficacy of nanoparticles

The indoor toxicity of Abam-PLA-Tannin-NS, Abam-PLA-NS and two
kinds of commercial WDGs were evaluated using the leaf-dip
method. Fresh cabbage (Brassica oleracea L.) leaves with a diam-
eter of around 6 cm were fully immersed in aqueous solutions of 4
kinds of abamectin test samples with 0.78125, 1.625, 3.125, 6.25,
12.5, 25 and 50 ppm containing 0.1% Triton X-100 for 10 s. Each
treated leaf was dried at room temperature and placed in a culture
dish; 20 similar active aphids (Myzus persicae L.) were introduced
into each dish. The dishes were sealed with microporous plastic
wrap and incubated at 75% humidity, 25 �C and 16 h : 8 h (light-
: dark) cycle. Mortality of aphids was counted aer 48 h. The
regression equation, median lethal concentration (LC50) and its
95% condence interval were calculated using DPS v12.01 statistical
soware. Each experiment was repeated four times and the average
value was adopted.

The formulations of Azox-PLA-NS, Azox-PLA-Tannin-NS,
commercialize microcapsule and SC were accurately diluted
with sterile melted PDA medium to the nal concentrations:
0.1, 0.5, 1, 5, 10 and 20 ppm. Equal volumes of sterile deionized
water were added into the sterile melted PDA medium as the
control check (CK) group. The Fusarium was inoculated onto
PDA at 27 � 1 �C for 6 days. The diameter of mycelium growth
was measured by criss-cross method. The toxicity regression
equations and EC50 were calculated using SPSS 2.0 statistical
soware. Each experiment was implemented in triplicate.
Results and discussion
Particle size, polydispersity index (PDI), pesticide loading
content (PLC), and morphological characterization of
nanoparticles

The experimental results of Abam-PLA-NS, Abam-PLA-Tannin-
NS, Azox-PLA-NS and Azox-PLA-Tannin-NS on the mean size,
PDI and PLC were summarized in Table 1. The hydrodynamic
This journal is © The Royal Society of Chemistry 2019
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sizes of Abam-PLA-NS and Azox-PLA-NS measured by DLS were
240.7and 249.3 nm, and they increased to 243.6 and 256.7 nm
for the Abam-PLA-Tannin-NS and Azox-PLA-Tannin-NS prepa-
rations, respectively (Table 1). These results suggested that the
surface of Abam-PLA-NS and Azox-PLA-NS was covered with TA.
The low PDIs of these nanopesticides were <0.1, implying
a narrow size distribution and excellent monodispersion.
According to the HPLC analytical results, the drug loading
contents of Abam-PLA-NS and Azox-PLA-NS were 46.9% and
33.8%, and they decreased to 38.9% and 30.5% for the Abam-
PLA-Tannin-NS and Azox-PLA-Tannin-NS preparations, respec-
tively (Table 1), suggesting that TA was on the surface of
nanoparticles. SEM imaging showed that these nanoparticles
presented nearly uniform spheres, and the statistical average
sizes of 100 nanoparticles from the SEM images were around
150 nm, in good agreement with the DLS results (Fig. 1).
Fig. 1 Hydrodynamic size, scanning electron microscopy (SEM) images
(d–f), Azox-PLA-NS (g–i) and Azox-PLA-Tannin-NS (j–l). The scale bar i

This journal is © The Royal Society of Chemistry 2019
The stability of Abam-PLA-NS and Abam-PLA-Tannin-NS
under different storage conditions

The stability of pesticides is very important. The DLS mean size
and PDI were adopted to evaluate the storage stability of these
nanopesticides at different temperatures (0 �C, 25 �C and 54 �C).
The mean size and PDI presented negligible variation at 0 �C
and 25 �C, indicating that these nanopesticides were very stable
at low temperature (Fig. 2). However, the mean size and PDI
increased at 54 �C, presumably because it is very close to the
glass state temperature of PLA (55�). SEM images showed better
observation of these changes (Fig. 3). The morphology of these
nanopesticides was maintained and the distribution was mon-
odispersed at 0 �C and 25 �C. They became broken and aggre-
gated at 54 �C, implying that these nanopesticides were not
stable at high temperature.
, and size distributions of Abam-PLA-NS (a–c), Abam-PLA-Tannin-NS
n SEM images is 1.0 mm.

RSC Adv., 2019, 9, 27096–27104 | 27099
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Fig. 2 Time dependent variation of dynamic light scattering mean size and polydispersity index (PDI) of Abam-PLA-NS, Abam-PLA-Tannin-NS,
Azox-PLA-NS and Azox-PLA-Tannin-NS at different temperatures.
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The sustained release and photodegradation behavior of
nanoparticles

The prepared nanopesticides exhibited sustained release
behavior when compared with active abamectin and azox-
ystrobin. The sustained release proles and tting equations of
active abamectin, azoxystrobin and nanopesticides were pre-
sented in Fig. 4. As a result, Abam-PLA-NS, Abam-PLA-Tannin-
NS, Azox-PLA-NS and Azox-PLA-Tannin-NS exhibited slower
release rates than that of active abamectin and azoxystrobin,
possessing the favorable sustained release behavior. The release
rates of active abamectin and azoxystrobin were relatively fast,
and they were completely released within 24 h. In contrast, the
release rates of Abam-PLA-NS, Abam-PLA-Tannin-NS, Azox-PLA-
NS and Azox-PLA-Tannin-NS were gradual, with sustained
release over >120 h. These results indicated that nanoparticles
as a carrier could prolong the leaching time and increase the
utilization efficiency of pesticides, resulting in reduced envi-
ronmental residues and pollution. The sustained release
proles of the two types of nanopesticides were quite similar,
implying that the TA added into Abam-PLA-NS and Azox-PLA-NS
had negligible differential effects on the release behavior of
abamectin and azoxystrobin. The accumulated release curves
showed rst-order kinetics, with R2 values over 0.99.

Abamectin is very sensitive to ultra violet (UV) light irradia-
tion, and encapsulation was considered as an effective way to
27100 | RSC Adv., 2019, 9, 27096–27104
improve the photostability. The time-dependent response
curves of the photodegradation percentage of active abamectin,
Abam-PLA-NS and Abam-PLA-Tannin-NS were illustrated in
Fig. 5. The photodegradation rate of active abamectin was
relatively fast, with around 50% decomposing aer 48 h of
continuous UV irradiation. In contrast, much lower amounts of
the abamectin loaded in the nanoparticles (Abam-PLA-NS and
Abam-PLA-Tannin-NS) had decomposed within the same time
period. These results indicated that the photostability of aba-
mectin loaded in the nanoparticles was substantially improved.

Wettability and retention of nanoparticles on crop foliage

The wettability and retention of pesticides on the surface of
crop foliage are very important to enhance deposition, adsorp-
tion, adhesion and utilization efficiency. It is well known that
the complex microstructure on the rough foliage surface, such
as the wax layer, tomenta, nervure and stomata, inuence the
wettability and retention properties with external objects. The
surface of cucumber foliage has hydrophobic waxy composi-
tion, which prevents droplets from contacting the surface of
foliage. The CA is an essential index to evaluate the wettability
of pesticide formulations and the CA optical images on
cucumber foliage were shown in Fig. 6. The mean CA values of
Abam-PLA-NS, Abam-PLA-Tannin-NS, Abam-PLA-NS and Azox-
PLA-Tannin-NS on cucumber foliage were 93.3�, 91.0�, 94.0�,
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Photographs and scanning electron microscopy (SEM) images of Abam-PLA-NS, Abam-PLA-Tannin-NS, Azox-PLA-NS and Azox-PLA-
Tannin-NS at different temperatures after 14 days storage. The scale bar in SEM images is 1.0 mm.
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and 91.5�, respectively (Fig. 6), indicating that TA on the surface
of nanopesticides could slightly improve wettability on crop
foliage.

It is extremely hard to apply pesticides directly to harmful
organisms. The crop foliage is the medium through which the
pesticide activity is available to diseases and pests. The retention
time of pesticides on crop foliage is very important to increase
utilization efficiency. The retention time is highly related to the
adhesion of pesticides to crop foliage. Here, the retention rate of
pesticides by washing was adapted to roughly evaluate the adhe-
sive force and retention time on crop foliage. HPLC was used to
determine the pesticides concentration and retention rates. The
calculated retention rates on cucumber foliage were 43%, 67%,
31%, and 27% for Abam-PLA-NS, Abam-PLA-Tannin-NS, Abam-
WDG-A and Abam-WDG-B, respectively (Fig. 7). The retention
Fig. 4 (a) Sustained release profiles of active abamectin, Abam-PLA-
NS and Abam-PLA-Tannin-NS. (b) Sustained release profiles of active
azoxystrobin, Azox-PLA-NS and Azox-PLA-Tannin-NS. The accumu-
lated release percentages were obtained against time from the sus-
tained release amounts.

This journal is © The Royal Society of Chemistry 2019
rates on cucumber foliage were 38%, 59%, 35%, and 27% for Azox-
PLA-NS, Azox-PLA-Tannin-NS, SC and microcapsule, respectively.
When compared with Abam-PLA-NS and Azox-PLA-NS, Abam-PLA-
Tannin-NS and Azox-PLA-Tannin-NS showed much greater affinity
to cucumber foliage, with more than 50% enhancement. The TA
on the surface of nanopesticides could remarkably increase the
adhesion to cucumber foliage, because of the polyphenol groups
enhancing the adhesive binding to the crop foliage surfaces. These
results are in agreement with previous reports of polyphenol
adhesive chemistry.37,38 To better visualize the variation before and
aer washing in spatial dimensions, SEM was applied to charac-
terize the deposition and retention behavior of nanoparticles on
Fig. 5 Photostability curves of active abamectin, Abam-PLA-NS and
Abam-PLA-Tannin-NS versus irradiation time at 25 �C.
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Fig. 6 Contact angles of Abam-PLA-NS (a), Abam-PLA-Tannin-NS (b),
Abam-PLA-NS (c) and Azox-PLA-Tannin-NS (d) on the surface of
cucumber foliage.

Fig. 7 (a) Retention rates on the cucumber foliage surface of Abam-PLA-
NS (1), Abam-PLA-Tannin-NS (2) and commercially available formulations
Abam-WDG-A (3) and Abam-WDG-B (4). (b) Retention rates on the
cucumber foliage surface of Azox-PLA-NS (1), Azox-PLA-Tannin-NS (2),
and commercially available formulations SC (3) and microcapsule (4).

Fig. 9 The retention rates effects of different urea concentration on
the cucumber foliage surface with Abam-PLA-NS, Abam-PLA-Tannin-
NS (a), Azox-PLA-NS and Azox-PLA-NS (b).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 1

0:
48

:5
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the surface of cucumber foliage. There were many more observed
particles of Abam-PLA-Tannin-NS than that of Abam-PLA-NS on
the surface of cucumber foliage aer washing, conrming that
Fig. 8 Scanning electron microscopy images of Abam-PLA-NS and
Abam-PLA-Tannin-NS on the surface of cucumber foliage. (a) Image of
Abam-PLA-Tannin-NS on the surface of cucumber foliage, (b) image of
Abam-PLA-NSon the surfaceof cucumber foliage, (c) imageof Abam-PLA-
Tannin-NS after washing, and (d) image of Abam-PLA-NS after washing.

27102 | RSC Adv., 2019, 9, 27096–27104
Abam-PLA-Tannin-NS had better adhesion to cucumber foliage
than that of Abam-PLA- NS (Fig. 8).

To gain insight into the interaction mechanism between
nanopesticides and cucumber foliage, urea (a strong hydrogen
bond disrupting agent) was used as washing solvent to evaluate
the change in retention rate. The retention rates of Abam-PLA-
NS, Abam-PLA-Tannin-NS, Azox-PLA-NS and Azox-PLA-Tannin-
NS decreased in the presence of urea, and they were urea
concentration-dependent (Fig. 9). The retention rates of Abam-
PLA-NS and Azox-PLA-NS were more sensitive to the urea
concentration when compared with those of Abam-PLA-Tannin-
NS and Azox-PLA-Tannin-NS. These results conrmed that the
interaction force between nanoparticles and cucumber foliage
was mainly from hydrogen bonding, and Abam-PLA-Tannin-NS
and Azox-PLA-Tannin-NS showed strong binding to the foliage
surface. In addition, there are also possible coordinate bonds
between Abam-PLA-Tannin-NS and Azox-PLA-Tannin-NS and
the crop foliage, because polyphenols can easily coordinate
many metal ions. These multimodal bindings between Abam-
PLA-Tannin-NS and Azox-PLA-Tannin-NS and the foliage
surface result in the strong adhesive attraction between them.
Biological efficacy

In this study, the leaf dipping method was used to determine
the indoor toxicity of Abam-PLA-NS, Abam-PLA-Tannin-NS and
commercial formulations (Abam-WDG-A and Abam-WDG-B).
Table 2 Indoor toxicity results of abamectin formulations

Formulation Toxicity regression equation R2 LC50 (ppm)

Abam-PLA-NS y ¼ 3.54 + 1.18x 0.97 17.38
Abam-PLA-Tannin-NS y ¼ 3.52 + 1.43x 0.93 10.68
Abam-WDG-A y ¼ 3.46 + 0.92x 0.83 47.29
Abam-WDG-B y ¼ 3.64 + 0.90x 0.92 32.58

Fig. 10 The antifungal activity of different formulations (10 ppm/6
days).

This journal is © The Royal Society of Chemistry 2019
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Table 3 Antifungal activities of four azoxystrobin formulations

Sample Toxicity regressive equation R2 LC50 (mg ml�1)

Azox-PLA-NS y ¼ �0.41 + 0.14x 0.945 6.53
Azox-PLA-Tannin-NS y ¼ �0.35 + 0.14x 0.938 4.67
25% SC y ¼ �0.21 + 0.25x 0.965 6.97
10% microcapsule y ¼ �0.50 + 0.10x 0.914 12.35
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The toxicity of pesticides to aphids (Myzus persicae L.) was
shown in Table 2. The LC50 values were 17.38, 10.78, 47.29, and
32.58 ppm for Abam-PLA-NS, Abam-PLA-Tannin-NS, Abam-
WDG-A and Abam-WDG-B, respectively (Table 2). The toxicity
of Abam-PLA-Tannin-NS to aphids (Myzus persicae L.) was 1.6-
fold higher than that of Abam-PLA-NS, presumably because of
higher pesticide retention on the surface of cucumber foliage in
the leaf dipping experiment. These results agreed well with the
foliar retention results. The antifungal activities of Azox-PLA-
NS, Azox-PLA-Tannin-NS, Commercial SC and microcapsule to
Fusarium were evaluated (Fig. 10). The LC50 values were 6.53,
4.67, 6.97, and 12.35 mg ml�1 for Azox-PLA-NS, Azox-PLA-
Tannin-NS, Commercial SC and microcapsule, respectively
(Table 3). Azox-PLA-Tannin-NS exhibited the highest antifungal
activity, and the antifungal ability of Azox-PLA-Tannin-NS to
a Fusarium (Myzus persicae L.) was 1.4-fold that of Azox-PLA-NS,
probably owing to the interaction of TA in Azox-PLA-Tannin-NS
and Fusarium. These results indicated that Abam-PLA-Tannin-
NS and Azox-PLA-Tannin-NS with enhanced adhesion had
increased efficacy against their target organisms when
compared with the other formulations tested.
Conclusions

In this study, Abam-PLA-Tannin-NS and Azox-PLA-Tannin-NS
with improved adhesion to crop foliage were successfully
fabricated by chemical modication on the surface of Abam-
PLA-NS and Azox-PLA-NS using TA. These nanoparticles were
spherical with excellent monodispersion. The diameters of the
TA-loaded nanoparticles were slightly increased and the drug
contents were slightly decreased when compared with their
PLA-NS counterparts, implying successful coating with TA. They
showed excellent continuous sustained release, and the pho-
tostability of abamectin in Abam-PLA-Tannin-NS against UV
light irradiation was highly improved. The adhesive force was
mainly from hydrogen binding between TA and foliage. The
affinitive bindings of Abam-PLA-Tannin-NS and Azox-PLA-
Tannin-NS to foliage surface resulted in high adhesion and
long retention time. Foliar-adhesive nanopesticides could be
considered as a resource-saving and environmentally-friendly
pesticide formulation, to decrease spraying dosage and pollu-
tion in food and the environment.
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