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properties of lambda-cyhalothrin/
polyurethane drug-loaded nanoemulsions

He Qin,† Hong Zhang,† Lingxiao Li, Xiaoteng Zhou, Junpei Li and Chengyou Kan *

Conventional pesticide formulations are usually used inefficiently due to loss and poor foliage adhesion,

which results in a large waste of resources and serious environmental pollution. In order to prolong the

foliar pesticide retention and release time, using biodegradable castor-oil based polyurethane (CO-PU)

as a carrier, lambda-cyhalothrin/CO-PU (LC/CO-PU) nanoemulsions were prepared via an in situ soap-

free phase inverse emulsification technique and their properties were investigated. Results showed that

the LC/CO-PU nanoemulsions had a good water dispersion and the drug-loaded nanoparticles (NPs)

were uniform spheres with diameters of less than 80 nm. The LC physically encapsulated in the CO-PU

carrier was in an amorphous state, and the maximum of the LC loading capacity was around 40 wt%

with a high encapsulation efficiency of more than 85%. Compared with commercial LC formulations, the

LC/CO-PU nanoemulsions exhibited a sustained and controlled-release property, which could be

adjusted by the LC loading capacity and temperature. The foliage adhesion of the LC/CO-PU

nanoemulsions was much better than that of the commercial LC formulations due to the low surface

tension, larger chain mobility of the LC/CO-PU systems as well as hydrogen-bond interactions between

the polyurethane and foliar surface, which was of great significance to achieve the efficient use of

pesticides.
Introduction

As very important agrochemicals, pesticides have been widely
used to control pests, protect crops and increase the yield of
crops. However, depending on the application methods and
climate conditions, only a small amount of the pesticide can
stay on the foliage1–3 and only about 0.1% can nally affect the
pests.4,5 At present, the commonly used commercial pesticide
formulations are emulsiable concentrates (EC) and wettable
powders (WP), which usually lead to a waste of resources and
serious environmental pollution owing to the large dose of
dispersing agent or organic solvent.6,7 In order to solve the
problems of pesticide waste and environment pollution, more
and more attention has been paid to developing efficient and
green pesticide formulations.

Pesticide-loaded systems, which combine the pesticide with
a suitable carrier, are a feasible method to overcome the
drawbacks of conventional pesticide formulations.8–10 An
appropriate carrier can signicantly improve the adhesion of
pesticide on the foliage surface so as to prolong residence time
and reduce the loss of the pesticide,11,12 and also make contin-
uous and stable release of the pesticide possible.13–15 With the
Laboratory of Advanced Materials of

niversity, Beijing 100084, China. E-mail:

is work.

93
development of nanotechnology, pesticide-loaded nano-system
shows a great potential to be applied in the eld of pesticide
loading due to its good foliage deposition and high permeability
to pests.16,17

Lambda-cyhalothrin (LC), recognized as a high-efficient
bionic pesticide with a broad insecticidal spectrum, has been
widely used in different crops such as cotton and corn.
However, commercial LC formulations have the same draw-
backs of large dose of additives, pesticide loss and environment
pollution due to its poor water solubility.6,16 Thus, some mate-
rials such as SiO2,18 alginate derivatives,19,20 polylactic acid4 and
copolymer21 have been used as carriers to develop the LC-loaded
systems in recent years. Although these LC-loaded systems
showed certain stability and controlled-release property, most
of them were prepared by relative complex techniques and the
size of drug-loaded particles were over 100 nm, which did not
conform to the requirement of nanotechnology.22 Besides, few
research have paid attention to the interaction between pesti-
cide and foliage surface, which is a signicant criterion to
evaluate the adhesion performance of LC. Thus, a simple and
efficient method to prepare LC-loaded nano-system with good
foliage adhesion is desirable.

Polyurethane (PU), a kind of synthetic polymer material with
good structure controllability and biocompatibility, has been
applied in medical devices23,24 and drug delivery systems.25,26

Currently, the low-toxic and biodegradable castor oil-based PU
(CO-PU) has been prepared by using renewable castor oil as raw
This journal is © The Royal Society of Chemistry 2017
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material.27,28 On the other hand, the self-emulsifying technique
has been used to fabricate PU emulsion in the absence of the
emulsier,29 which no longer needs extra surfactants in the PU
emulsion preparation so as to reduce production costs and
pollution. However, few research have concentrated on PU-
containing pesticide-loaded systems, especially for the nano-
systems.30,31

In this work, LC/CO-PU nanoemulsions were rst prepared
by in situ soap-free phase inverse emulsication, and the
chemical composition, the colloidal and drug-loaded prop-
erties, the drug controlled release behavior as well as the
adhesive property on different crop foliage were investigated,
and a mechanism of enhancing foliage adhesion was
proposed.

Experimental section
Materials

Lambda-cyhalothrin (96%) was supplied by the Chinese
Academy of Agriculture Science. Isophorone diisocyanate
(IPDI), polyether diol (N220, Mn ¼ 2000) and dimethylolpro-
pionic acid (DMPA) were purchased from Beijing Linshi Chem
Co. Ltd, China. Castor oil (CO) was purchased from Nanjing
Weier Chem Co. Ltd, China. Dibutyltin dilaurate (DBTDL) was
purchased from Tianjin Guangfu Fine Chemical Research
Institute, China. 1,4-Butanediol (BDO) was purchased from
Tianjing bodi Chem Co. Ltd, China. Triethylamine (TEA),
acetone, ethanol and cyclohexane were purchased from Bei-
jing chemworks, China. The emulsiable concentrare formu-
lation of LC (LC-EC, 2.5 wt%) was purchased from Beijing
Zhongbao Agriculture Co. Ltd, China. The wettable powder
formulation of LC (LC-WP, 10 wt%) was purchased from
Jiangsu Yangnong Chemical Group Co. Ltd. Deionized water
was used throughout.

Preparation of LC/CO-PU nanoemulsions

LC/CO-PU nanoemulsions were prepared by in situ soap-free
phase inverse emulsication process. 3.67 g of IPDI, 4.00 g of
N220, 1.38 g of CO and 2 drops of DBTDL were rst charged into
a 100 mL three-necked round-bottom ask equipped with an
electric mechanical stirrer and a reux condenser, and the
mixture was heated to 80 �C with the stirring speed of 300 rpm.
Aer 2 h of reaction, 0.54 g of DMPA dissolved in 1 mL of
acetone was added into the ask to perform the chain extension
for 1 h, and then the solution of BDO (0.27 g) in acetone (1 mL)
was added and the chain-extension reaction continued for
another 2 h. Aer then, the reaction system was cooled to room
Table 1 Formula of the LC/CO-PU nanoemulsions

Sample
Designed drug loading
capacity (wt%)

Designed solid co
(wt%)

S1 10 30
S2 20 30
S3 30 30
S4 40 30

This journal is © The Royal Society of Chemistry 2017
temperature and the mixture of 0.41 g TEA and 2 mL acetone
was charged into the system. Aer 0.5 h of neutralization, the
CO-PU prepolymer was prepared.32

Subsequently, according to the designed formula in Table 1,
certain amount of the pre-dissolved LC solution in acetone and
the CO-PU prepolymer was rst mixed, and a predetermined
amount of water was then charged into the system, and in situ
soap-free phase inversion emulsication was conducted at
1100 rpm for 40 min. Finally, the LC/CO-PU nanoemulsions
were obtained by removing acetone with vacuum rotary
evaporation.
Characterization of the LC/CO-PU nanoemulsions

Chemical composition. The ingredients of the LC/CO-PU
systems were qualitatively determined via a Fourier transform
infrared spectrometer (FTIR, Nicolet 560; Thermo Fisher
Scientic, USA). The free LC solid powder in KBr and the latex
lms formed by drying the nanoemulsions at room temperature
were used to do measurement.

Colloidal property. The hydrodynamic diameter (Dp), poly-
dispersity index (PI), and zeta potential (z) of the LC/CO-PU NPs
were measured with laser scatter method (Zetasizer 3000 HS;
Malvern, UK) at 25 �C. The morphology of the dried NPs was
observed on a transmission electron microscope (TEM, H-
7650B; Hitachi, Japan) with an accelerating voltage of 80 kV,
and the samples were obtained by spreading and drying the
diluted nanoemulsions (nanoemulsion/water, 1 : 200, v/v) on
carbon-coated copper grids with phosphotungstic acid as stain
agent.

Thermal property. The thermal behavior of the free LC solid
powder, CO-PU and LC/CO-PU latex lms were examined by
a differential scanning calorimeter (DSC, Q5000IR; TA Instru-
ments, USA). About 5 mg of the sample was weighted accurately
and rst heated from 20 �C to 120 �C at 20 �Cmin�1 and held at
120 �C for 10 min to eliminate thermal history. Then, the
sample was cooled to �90 �C at 20 �C min�1 and aer an
isothermal process for 3 min, it was heated to 120 �C at
10 �C min�1.33 The glass transition temperature (Tg) and the
melt point (Tm) were obtained from the DSC curve.

Solid content. The solid content (u) of the LC/CO-PU nano-
emulsion was determined thermogravimetrically. About 1 g of
the nanoemulsion (W2) was weighted accurately and put into
a pre-weighed bottle (W1), and the bottle was then placed in an
oven at 80 �C. 24 h later, the bottle was taken out from the oven
and weighted again (W3). The solid content of the nano-
emulsion was calculated according to eqn (1).
ntent
LC (g) Acetone (mL) H2O (g)

1.19 1.0 26.72
2.67 2.0 30.17
4.58 3.0 34.63
7.13 4.0 40.58

RSC Adv., 2017, 7, 52684–52693 | 52685
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u ðwt%Þ ¼ W3 �W1

W2

� 100% (1)

Drug loading capacity. The drug loading capacity (DL) is
dened as the mass percentage of the loaded LC to the total
solid in the LC/CO-PU nanoemulsion. The resulted LC/CO-
PU nanoemulsion was rst placed at 25 �C for 24 h, and
centrifuged with a speed of 10 000 rpm. Then, the superna-
tant was dried at room temperature to form latex lms. About
20 mg of the latex lm was weighted accurately and
immersed into 10 mL of cyclohexane, and the mixture was
kept under the ultrasound for 1 h to make LC release
completely. The mass concentration of LC in cyclohexane
was examined by UV-vis spectrophotometer (T6; Pgeneral,
China) under a detection wavelength of 278 nm, and the drug
loading capacity of the nanoemulsion was calculated
according to eqn (2).

DL ðwt%Þ ¼ c� V

m
� 100% (2)

where c is the mass concentration of LC in cyclohexane, V is the
volume of the cyclohexane, and m is the mass of the latex lm.

Encapsulation efficiency. The encapsulation efficiency (EE),
dened as the mass percentage of the loaded LC calculated
frommass of nanoemulsion (M1) to the total LC (M2) used in the
preparation recipe, was calculated according to eqn (3).

EE ð%Þ ¼ M1 � u�DL

M2

� 100% (3)

Surface tension. The surface tension of the diluted nano-
emulsion with drug content of 1 g L�1 was directly tested on
a surface tension meter (DCAT21; Dataphysics, Germany) at
25 �C. The surface tension of CO-PU latex lm was calculated by
Antonow equation34 and Lifshitz-vander waals acid–bases (LW-
AB) approach35,36 using the contact angles of water, glycerol and
ethylene glycol on the CO-PU latex lm, in which the contact
angles were measured by a contact angle meter (JC2000C1;
Powereach, China) at 25 �C.

Controlled-release behavior of the LC/CO-PU nano-
emulsions. The release behaviors of the LC/CO-PU nano-
emulsions and the commercial LC formulations were evaluated
as follows. Each sample containing 10 mg of LC was rst sus-
pended in 10 mL of ethanol/water mixture (1 : 1, v/v) and
charged into a dialysis bag, and the bag was then immersed into
100 mL of ethanol/water mixture (1 : 1, v/v) in a wide-mouth
ask. Aer then, the ask was placed in a shaking incubator
(HZ-9210K; Hualida, China) at pre-set temperatures with
a shaking speed of 150 rpm. During dialyzing, 3 mL of the
dialysis solution outside the dialysis bag was collected at spec-
ied time intervals, and at the same time, 3 mL of fresh ethanol/
water mixture was supplemented into the ask. The LC
concentration of the solution was measured by UV-vis spec-
troscopy at a wavelength of 278 nm, and the accumulated
release rate of LC for each sample was calculated by the
concentrations of LC dissolved in release medium at different
times.
52686 | RSC Adv., 2017, 7, 52684–52693
Foliage adhesion of the LC/CO-PU nanoemulsions. The
cotton and corn leaves were used to assess the adhesion
behavior of the LC/CO-PU nanoemulsions, and the sample S3
was chosen because of its high drug content and long-time
stability. The LC formulations with LC content of 1 g L�1 in
water were rst sprayed onto the fresh and washed cotton and
corn leaves, and aer naturally dried in air, each of the samples
was divided into two parts. One part was continuously washing
with running water for 0.5 h, and the other part was not treated.
Aer dried in air for 1 h and followed by gold-spraying treat-
ment, the surface morphology of the sample was characterized
on a scanning electron microscope (SEM, Vaga3; Tescan, Czech)
with an accelerating voltage of 20 kV.
Results and discussion
Preparation of LC/CO-PU nanoemulsions

A facile and economic method was used to fabricate LC/CO-PU
nanoemulsions, in which the CO-PU prepolymer with hydro-
philic carboxyl groups was rst synthesized by step-growth
addition polymerization (Fig. 1),32 and then the homogeneous
acetone solution of the CO-PU prepolymer and LC was
dispersed in water through vigorous stirring via self-
emulsication process as shown in Fig. 2. Since LC was water-
insoluble, during the in situ phase inversion process, the LC
molecules tended to enter into the CO-PU NPs to form stable
LC/CO-PU nanoemulsions.

Compared with conventional petroleum-based PU, the
introduction of CO in PU molecular chain not only saved the
cost, but also made the PU carrier biodegradable.27,28 Moreover,
since the average hydroxyl functionality of CO was 2.7, the cross-
linking reaction of CO made the CO-PU carrier to form
a network structure as shown in Fig. 2, which was benecial to
trap LC and improve the thermal stability and UV resistance of
the CO-PU carrier.27
Composition and structure of the LC/CO-PU nanoemulsions

The composition of LC/CO-PU drug-loaded systems was
investigated by FTIR analysis. In the spectrum of CO-PU
(Fig. 3a), the peak at 3323 cm�1 was due to the stretching
vibration of –NH– in urethane or urea groups, of which the
–CO– stretching vibration was split into peaks at 1695 and
1531 cm�1. For the spectrum of free LC (Fig. 3f), the
stretching vibration of benzene skeleton was at 1586 and
1492 cm�1, and the carbonyl stretching vibration of ester
group appeared at 1722 cm�1. Obviously, the characteristic
peaks of both the CO-PU carrier and free LC appeared in the
spectrum of LC/CO-PU drug-loaded system (Fig. 3b–e)
without any new peaks, indicating that the pesticide LC was
physically loaded in CO-PU carrier and the chemical proper-
ties of LC were not changed.37

As the DSC curves in Fig. 4 indicated, the free LC solid
powder had a Tm at 51.4 �C, while there was no any peak
around this temperature in the LC/PU systems (Fig. 4a),
demonstrating that the state of LC loaded in the LC/PU
systems was changed from crystal to amorphous, which was
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Synthesis route of the CO-PU prepolymer.
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benecial to improve solubility and bioavailability of the
pesticides.38

It was worth noting that, the Tg of CO-PU in the drug-loaded
systems increased with the increase of LC loading capacity
(Fig. 4b). This phenomenon might result from the formation of
hydrogen bond or other interactions between the F atoms of LC
and the active H atoms of CO-PU carrier, which contributed to
the forming of an extra physical crosslinking39 in drug-loaded
systems and the increase of Tg.
Colloidal properties of the LC/CO-PU nanoemulsions

The dispersion capacity and stability of pesticide aqueous
formulations are vital for their storage and application in
practice. As listed in Table 2, the hydrodynamic size (Dp) of the
LC/CO-PU nanoemulsions with a narrow size distribution (PI)
This journal is © The Royal Society of Chemistry 2017
increased with the increase of LC loading capacity, which was in
accord with the TEM observation results (Fig. 5). The nanoscale
and uniform spherical morphology of the LC/CO-PU nane-
mulsions were favorable to the improvement of the adhesion on
crop foliage and permeability to the pests of the
nanoemulsions.16

The storage stability of the nanoemulsions was also tested
at room temperature. As shown in Fig. 6, aer a three-month
storage, the nanoemulsions with the designed LC loading
capacity less than 30 wt% (sample S1–S3) were still stable and
homogeneous without any deposition. However, when the
designed LC loading capacity increased to 40 wt% (sample
S4), a little amount of LC precipitation was observed in the
nanoemulsion, indicating the increase of water-insoluble LC
content would decrease the stability of the nanoemulsions,
which was also consistent with the value of z in Table 2.
RSC Adv., 2017, 7, 52684–52693 | 52687
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Fig. 2 Schematic diagram of the preparation and release of the LC/
CO-PU nanoemulsion.

Fig. 4 DSC curves of the CO-PU, the free LC and the LC/CO-PU
systems.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:1

0:
01

 P
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
Thus, sample 4 was excluded in the release behavior
investigation.

Drug loading capacity and encapsulation efficiency of the LC/
CO-PU nanoemulsions

Drug loading capacity and encapsulation efficiency are both
important properties for drug-loaded systems. As indicated in
Table 3, the measured solid content (u) and drug loading
capacity (DL) of the LC/CO-PU nanoemulsions were close to
their designed value in Table 1, and encapsulation efficiency
(EE) was more than 85%, demonstrating that most of LC was
loaded into the CO-PU carrier.

Release behavior of the LC/CO-PU nanoemulsions

The release behaviors of LC from the LC/CO-PU nanoemulsions
with different LC loading capacities were investigated in
ethanol/water mixture (1 : 1, v/v) at different temperatures.

Fig. 7 presented the release proles of the LC-loaded nano-
emulsions, the commercial LC-EC and LC-WP formulations at
25 �C. Apparently, LC-EC and LC-WP released very fast at an
early stage and reached equilibrium aer 48 h, and the
Fig. 3 FTIR spectra of the CO-PU carrier (a), the LC/CO-PU systems sa

52688 | RSC Adv., 2017, 7, 52684–52693
accumulated releases were over 90%. However, the release rate
of all the LC/CO-PU nanoemulsions was rapid just within the
rst 30 h, then it slowed down and maintained a stable release
mple S1–S4 (b–e) and the free LC (f).

This journal is © The Royal Society of Chemistry 2017
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Table 2 Colloidal properties of the LC/CO-PU nanoemulsions

Sample Dp (nm) PI z (mV)

S1 42.3 � 1.4 0.112 � 0.01 �59.8 � 1.7
S2 49.6 � 1.7 0.109 � 0.01 �57.3 � 1.2
S3 69.7 � 1.3 0.112 � 0.01 �54.3 � 2.4
S4 75.5 � 0.9 0.0806 � 0.02 �51.5 � 2.9

Fig. 5 TEM images of the LC/CO-PU nanoparticles: (a) S1; (b) S2; (c)
S3; (d) S4.

Table 3 Solid content, drug loading capacity and encapsulation effi-
ciency of the LC/CO-PU nanoemulsions

Sample u (wt%) DL (wt%) EE (%)

S1 29.60 10.62 � 0.46 93.75 � 2.80
S2 29.57 20.91 � 1.08 89.09 � 4.35
S3 29.04 29.73 � 1.50 85.61 � 4.31
S4 28.53 39.28 � 1.69 85.54 � 3.22

Fig. 7 Release profiles of the LC-EC, LC-WP and LC/CO-PU nano-
emulsions with different LC loading capacities at 25 �C.
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until equilibrium aer 80 h. Compared with the commercial
formulations, the LC/CO-PU nanoemulsions exhibited a slower
release rate and a longer sustained release period. It should be
pointed out that the release proles measured in ethanol/water
medium did not represent the practical release behavior in
actual agricultural environment, and the release rate of the LC/
CO-PU systems would be much slower in actual utilization.4

Effect of the drug loading capacity on the release behavior

As shown in Fig. 7, the accumulated release of LC from the LC/
CO-PU nanoemulsions increased from 65.6% to 71.9% aer
72 h with the increase of drug loading capacity from 10 wt% to
Fig. 6 Optical photos of the nanoemulsions (from left: CO-PU, S1, S2, S

This journal is © The Royal Society of Chemistry 2017
30 wt%. A higher LC-loading capacity in the LC/CO-PU nano-
emulsions provided the NPs with a greater concentration
gradient of LC between internal and external environment,
which made the pesticide molecules dissolve and migrate to the
surrounding more easily, resulting in a faster release. Besides,
a higher LC loading capacity in the NPs would lead to the form
of the looser network structure of CO-PU carrier, which also
accelerated the release.
Effect of temperature on the release behavior

The LC release of the sample S3 was investigated at different
temperatures. As shown in Fig. 8, the release rate at different
temperatures also followed “fast then slow” trend, and the
3, and S4): before (a) and after (b) three-month storage.

RSC Adv., 2017, 7, 52684–52693 | 52689
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Fig. 8 Release profiles of the LC/CO-PU nanoemulsion (sample S3) at
different temperatures.
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accumulated release increased from 66.9% to 76.1% aer 72 h
as the temperature rose from 20 �C to 30 �C. As the diffusion of
the LC molecules were accelerated at a higher temperature, the
pesticides had an easier and faster release from the LC/CO-PU
nanoemulsion.
Release mechanism of the LC/CO-PU nanoemulsions

In order to investigate the release mechanism of the LC/CO-PU
nanoemulsions, the simple exponential relation (4) on drug
delivery proposed by Ritger and Peppas was applied to analyze
the release proles:40

Mt

MN

¼ ktn (4)

whereMt is the accumulated release of LC at time t,MN is the
accumulated release of LC as time approaches innity, k is
a constant and n is the diffusional exponent. The correlation
coefficient R2, diffusional exponent n and T50 (the time
required for the drug quantity to release to 50% of its initial
value) were calculated and listed in Table 4. Due to the
correlation coefficients R2 were over 0.97, there was a good
correlation between the LC release proles and Ritger–Pep-
pas equation. The decrease of T50 from sample S1 to sample
S3 also indicated that the nanoemulsions with high drug
loading capacity could achieved a faster release. Moreover,
the diffusional exponent n was larger than 0.43, indicating
Table 4 Parameters of fitting the Ritger–Peppas equation to the
release profiles of the different LC/CO-PU nanoemulsions

Sample R2 n T50 (h)

S1 0.9943 0.4364 36.23
S2 0.9730 0.4960 24.64
S3 0.9876 0.4705 20.15

52690 | RSC Adv., 2017, 7, 52684–52693
that the LC release from the LC/CO-PU nanoemulsions
belonged to non-Fickian transport, and the release
was triggered by the NPs swelling and the LC molecule
diffusing.
Foliage adhesion of the LC/CO-PU nanoemulsions

A high foliage adhesion is always desired for the pesticide-
loaded systems, which can increase the retention of pesticides
on crop surfaces and decrease the loss. To prove that the LC/CO-
PU nanoemulsions have a better adhesion property on crop
surfaces than other commercial LC formulations, the adhesion
experiments were conducted,41 and results were displayed in
Fig. 9. As indicated, the similar LC deposited situations were
observed for the three LC formulations on both the cotton and
corn foliar surfaces without washing (Fig. 9a–c and e–g). Aer
being washed with water, most of particles still remained on the
leaves for the LC/CO-PU nanoemulsion (Fig. 9a0 and e0), while
only a few of particles adhered on the leaves for both
commercial LC-EC and LC-WP formulations (Fig. 9b0, c0, f0 and
g0). These results clearly indicated that the LC/CO-PU nano-
emulsions had stronger adhesion on crop leaves than the LC-EC
and LC-WP formulations.

In order to further understand the adhesion mechanism
of the LC/CO-PU nanoemulsions on the foliage, the adhesion
processes including spreading, deposition and molecular
interaction between nanoemulsion and foliage were consid-
ered, as shown in Fig. 10. During the spraying, aqueous
droplets of the LC/CO-PU nanoemulsion were spread on the
foliage surface rstly (Fig. 10a). Note that, the surface tension
of each formulation (gl) listed in Table 5 was less than the
critical surface tension (gc) of cotton and corn leaves listed in
Table 6,42 implying that each formulation could wet on the
cotton and corn leaves. Because the surface tension of the
LC/CO-PU nanoemulsion was close to that of the LC-EC and
LC-WP formulations, the nanoemulsion could achieve
a similar wettability to the commercial LC formulations in
the case without using a large number of emulsiers and
additives.

Subsequently, the drug-loaded NPs aggregated and coa-
lesced to form latex lms on the foliage with the volatiliza-
tion of water (Fig. 10b). As given in Fig. 4b, the Tg of the LC/
CO-PU systems was from �48 �C to �21 �C, and this low Tg

would be favorable to the deformation of drug-loaded NPs
through the motion of CO-PU molecular chains. In addition,
as listed in Table 8, the surface tension of the LC/CO-PU latex
lm (gs), which was calculated by Antonow33 and LW-AB34,35

equations using the contact angles of three liquids on the
latex lm (sample 3) shown in Table 7, was less than the
critical surface tension (gc) of cotton and corn leaves,
meaning that the LC/CO-PU latex lm could also spread on
the foliage surface. Thus, both the Tg and gs were
benecial to form latex lms on the cotton and corn leaves
which enlarged the contact between nanoparticles and
foliage.

Furthermore, there are a great quantity of urethane and
urea groups in the CO-PU chains, which are able to form the
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 SEM images of the different LC formulations on the cotton leaves (left) and the corn leaves (right): LC/CO-PU nanoemulsion (sample S3)
before (a, e) and after (a0, e0) washing; LC-WP formulation before (b, f) and after (b0, f0) washing; LC-EC formulation before (c, g) and after (c0, g0)
washing.
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hydrogen bonding11,36 with the water molecules, hydroxyl,
carboxyl and aldehyde groups43 on the surface of the foliage
(Fig. 10c). This hydrogen bonding interaction enhanced the
Fig. 10 Adhesion mechanism of the LC/CO-PU nanoemulsions on the

This journal is © The Royal Society of Chemistry 2017
adhesion strength between the LC/CO-PU latex lms
and foliage surface and promoted a longer pesticide
retention.
crop foliar surface.
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Table 5 Surface tension of the different LC formulations

Sample gl (mN m�1)

S3 40.32 � 0.05
LC-WP 34.79 � 0.03
LC-EC 34.88 � 0.01

Table 6 Critical surface tension of the cotton and corn leaves

Leaf gc (mN m�1)

Cotton 63.30–71.81
Corn 47.40–58.70

Table 8 Surface tension of the LC/CO-PU latex film calculated by
Antonow and LW-AB methods

Method

gs (mN m�1)

Average gs (mN m�1)Water Glycerol Ethylene

Antonow 44.22 44.61 40.03 42.95
LW-AB 42.73 42.73

Table 7 Contact angles of water, glycerol and ethylene glycol on the
latex film (sample S3)

Sample q (�)

Water 77.6
Glycerol 66.8
Ethylene glycol 48.1
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Conclusions

Through a facile and economic method, the LC/CO-PU nano-
emulsions with biodegradable CO-PU as the carrier were
successfully prepared by in situ soap-free phase inverse emul-
sication technique. The size of LC/CO-PU NPs was less than
80 nm and the LC loading capacity reached as much as 40 wt%
with a high encapsulation efficiency more than 85%. The state
of the LC physically loaded in the CO-PU NPs was amorphous,
which was benecial to improve the solubility and bioavail-
ability of LC. Compared to the commercial LC-EC and LC-WP
formulations, the LC/CO-PU nanoemulsions presented a sus-
tained and long period release of LC, and this release behavior
triggered by carrier NPs swelling and the LC molecule diffusion
could be accelerated by increasing LC loading capacity and
temperature. Moreover, the LC/CO-PU nanoemulsions had
a stronger adhesion property on crop leaves than the LC-EC and
LC-WP formulations, which beneted from the spreading,
deposition and hydrogen bonding interaction between the
nanoemulsions and foliage surfaces. As a green and efficient
pesticide formulation, the LC/CO-PU nanoemulsions have
a great potential to be further explored.
52692 | RSC Adv., 2017, 7, 52684–52693
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