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Abstract
To improve the utilization of pesticides and reduce the amount of pesticides used, sustained-release nanoparticles were
prepared. Soybean protein isolate (SPI) and carboxymethyl cellulose (CMC) were modified to obtain hydrazine-modified
SPI and aldehyde-modified CMC, respectively, and SPI-CMC was prepared by the condensation of hydrazine and aldehyde
groups, forming a hydrazone bond. SPI-CMC was heated and loaded with avermectin (AVM) to obtain AVM/SPI-CMC.
The encapsulation efficiency property, anti-ultraviolet property, sustained-release characteristics, pH responsiveness, and
toxicological profiles were studied. The particles in the formulation were spherical-like, with sizes ranging between 150 and
250 nm. The encapsulation efficiency increased with the addition of SPI, which reached 44.49% when SPI was added in a
mass ratio of mSPI-HYD:mCMC-ALD= 2:1. The percentage of remaining AVM in AVM/SPI-CMC was 31.47% higher than that
in the AVM solution after UV irradiation for 43 h. Moreover, the nanoparticles were responsive to pH. SPI-CMC had no
significant effect on the insecticidal toxicity of AVM. Environmental friendly SPI-CMC could protect and release pesticides
continuously, which could improve the efficiency of pesticides.

Introduction

Recently developed agricultural practices are largely
dependent on the use of pesticides. Pesticides can reduce
agricultural losses by 30–40% [1, 2]. However, conven-
tional pesticide formulations possess various disadvantages,
e.g., a high content of organic solvents, poor dispersibility,
dust drift and high toxicity [3, 4]. These conventional for-
mulations, owing to their low-targeting efficiency (less than
1%), contain components that contaminate the soil and

water, thus endangering human health [5]. Nanopesticide
formulations [6], such as nanoemulsions, nanocapsules,
nanosuspensions, and nanoparticles [7–9], can significantly
improve the utilization rate of pesticides due to their small
particle sizes, high specific surface areas, good stability,
dispersibility, and mobility, and the resulting formulations
are sustainable. In addition, nanopesticide formulations are
safer and more economical than conventional formulations
[10]. Zou et al. [11] employed template-free methods to
prepare polydopamine (PDA) particles and encapsulated
lambda-cyhalothrin (LC) to obtain LC-loaded PDA micro-
capsules. These microcapsules exhibited a spherical shape
at the nanometer scale and displayed a sustained-release
property, which, in turn, improved the long-term effec-
tiveness of the pesticides. Li et al. [12] utilized sodium
lignosulfonate (SL) and cetyltrimethylammonium (CTAB)
to self-assemble and encapsulate avermectin (AVM) to
finally obtain AVM@SL-CTAB microspheres. These
microspheres increased the half-life of AVM by 7.5 times
under UV light, thus demonstrating the sustained-release
property and improving the utilization rate of the pesticides.

Stimulus-responsive drug-release technology can accu-
rately release pesticides in response to some environmental
changes, thus improving the efficiency of a pesticide. A
hydrazone bond (HYD) is a pH-responsive molecular bond
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that breaks down in acidic environments and is stable in
neutral and alkaline conditions [13, 14]. Therefore, a HYD
can be used make any pesticide carrier responsive to pH. Qi
et al. [15] prepared mPEG-HYD-PCL by connecting poly-
ethylene glycol (PEG) and polycaprolactone (PCL) through a
HYD and PTX-loaded PEG-Hyd-PCL micelles were obtained
by encapsulating paclitaxel (PTX) via self-assembly. The
release rate of PTX from the micelles was faster in acidic
conditions than in neutral or basic conditions. Jiang et al. [16]
utilized poly(ethylene glycol) monomethyl ether (mPEG), 5-
allyloxy-1,3-dioxan-2-one (ATMC), and 2,2-dimethyl-
trimethylene carbonate (DTC) to synthesize the amphiphilic
block copolymer mPEG-b-P(ATMC-co-DTC). Doxorubicin
(DOX) was covalently conjugated to mPEG-b-P(ATMC-co-
DTC) through a HYD to obtain mPEG-b-P(ATMC-co-DTC)-
graft-DOX (mPEG-b-P(ATMC-co-DTC)-g-DOX). The sam-
ples showed that the HYDs were broken at a pH of 5,
resulting in the rapid release of DOX.

Soybean protein isolate (SPI) [17] is a naturally sourced
plant protein that is biodegradable and nontoxic, and is an
environmental friendly solution that can be used to prepare
nanopesticide formulations. After thermal denaturation, the
hydrophobic groups of SPI are exposed, and their hydrophobic
property is enhanced [18], which is preferable for encapsulating
hydrophobic pesticides. However, the SPI becomes unstable
after heating, and the SPI coagulates. Carboxymethyl cellulose
(CMC) [19] is a water-soluble polyanionic cellulose compound
that is inexpensive and widely available. CMC has good
thickening and water retaining properties and is biodegradable,
biocompatible and nontoxic, and therefore, it can be used as a
stabilizer. In this work, SPI was modified with CMC to
improve the stability and dispersibility of SPI. Moreover, SPI
was rendered pH-responsive by linking SPI and CMC through
a HYD. After heating the carrier and encapsulating the pesti-
cide, the encapsulation efficiency, anti-UV properties, respon-
siveness to stimuli, and toxicological effect of the formulations
were studied. The outcomes of this study will encourage the
application of SPI to further develop many stimulus-responsive
nanocarriers of pesticides in the future. In addition, the use of
biodegradable protein and cellulose to prepare nanopesticide
carriers could avoid the use of nondegradable materials and
improve the safety of materials, which is conducive for
developing agriculture in a manner that is not harmful to
human health.

Materials and methods

Materials

SPI was obtained from defatted soybean powder (Anhui
Suzhiwei Shengwu Co., Ltd.) [20]. The defatted soybean
powder was soluble in water, the pH was adjusted to 7.5, and

an insoluble substance was filtered by centrifugation. The pH
of the filtrate was adjusted to 4.5, and the filtrate was cen-
trifuged to obtain the filtrate residue. Finally, the pH of the
system was adjusted to 7.0, and the SPI was obtained by
lyophilization after dialysis (cut-off molecular weight: 14,000
Da) was performed for 24 h. The CMC (90 kDa) and sodium
periodate were purchased from Aladdin Reagent Co., Ltd.
Ethanol, methanol, hydrochloric acid (HCl), ethylene glycol,
and hydrazine hydrate were obtained from Tianjin Damao
Chemical Reagents. The abovementioned reagents were pure
analytical grade reagents. AVM (purity ≥ 95%) was obtained
from Hebei Weiyuan Biochemical Co., Ltd.

Preparation of hydrazone-modified SPI (SPI-HYD)

In a typical procedure, 3.0 g SPI was dispersed in 100mL
methanol using a three-necked flask, and then, the suspension
was mixed by magnetic stirring at 25 °C. Approximately, 4.2
mL HCl (1mol/L) was added dropwise to the suspension. The
reaction was allowed to proceed for 6 h while maintaining a
constant temperature. The esterified SPI powder was obtained
by removing the solvent at 40 °C [21]. The esterified SPI
powder was then suspended in 50mL methanol. Then, 10mL
hydrazine hydrate was added dropwise to the suspension with
constant stirring at 25 °C, and the reaction was allowed to
proceed for 24 h. Subsequently, the mixture was subjected to
dialysis while the pH was maintained at 4.3. The mixture was
then vacuum filtered and freeze-dried to prepare SPI-HYD.

Preparation of aldehyde-modified CMC (CMC-ALD)

Approximately, 5.0 g CMC was mixed with 200 mL deio-
nized water, and the pH was adjusted to 5.0 until the entire
amount of the CMC was dissolved. Approximately, 5.0 g
sodium periodate was dissolved in 50 mL deionized water.
Under dark conditions, the sodium periodate solution was
added dropwise into the CMC solution, and the resulting
solution was magnetically stirred for 24 h at 25 °C. After
that, 5 mL ethylene glycol was added dropwise into the
mixed solution, and this solution was magnetically stirred
for 1 h at 25 °C in the dark to deactivate any unreacted
periodate. Finally, the sample was dialyzed and lyophilized
to obtain the CMC-ALD powder.

Preparation of SPI-CMC and AVM/SPI-CMC

Approximately, 1.0 g each of SPI-HYD and CMC-ALD
was dissolved in a phosphate buffer (pH= 7.4). The mix-
ture was then magnetically stirred at 45 °C for 3 h, and the
SPI-CMC powder was obtained after the mixture was dia-
lyzed and freeze-dried. A flowchart describing the pre-
paration process is shown in Fig. 1. Approximately, 0.5 g
SPI-CMC was added to a beaker and dissolved in 90 mL
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deionized water. Separately, AVM was dissolved in ethanol
to prepare a 10 mg/mL solution. Next, the SPI-CMC solu-
tion was mixed with 2 mL AVM-ethanol solution, and the
resulting solution was stirred for 1 h at 80 °C. After cooling,
the volume of the solution was increased to 100 mL with
deionized water to obtain AVM/SPI-CMC.

Characterization of AVM/SPI-CMC

Proton nuclear magnetic resonance

1H NMR spectra of CMC and CMC-ALD in D2O were
measured on an Ascend 400MHz spectrometer (Bruker
Analytical Instruments, USA) at room temperature.

Fourier transform infrared spectroscopy

CMC, CMC-ALD, SPI, SPI-HYD, SPI-CMC, and AVM/
SPI-CMC were analyzed using Spectrum 100 Fourier
transformed infrared spectrometry (PerkinElmer Inc., USA)
in the range of 4000–450 cm−1.

Thermo gravimetric analyzer

The thermal decomposition of CMC, CMC-ALD, SPI, SPI-
HYD, and SPI-CMC was measured by a thermo gravimetric
analyzer 2 (TGA2) (Mettler Toledo, Switzerland). A nitrogen
flow of 20mL/min and a temperature range of 40–600 °C were
used in the TGA method. The heating rate used was always
10 °C/min.

Scanning electron microscope

The SPI-CMC and AVM/SPI-CMC solutions were depos-
ited onto a sample stage, dried naturally and sputtered with
gold nanoparticles for 45 s [22]. The morphologies of SPI-
CMC and AVM/SPI-CMC were observed using an S-4800
scanning electron microscope (SEM) (Hitachi, Japan) at
5.0 kV under nitrogen.

Particle size and zeta potential

The samples were diluted by 100-fold. Then, the resulting
sample solutions (pH= 7) were added to sample cells and
ultrasonically dispersed for 5min. A 90Plus PALS dynamic
light scattering instrument (Brookhaven Analytical Instruments,
USA) was employed to study the SPI, SPI-CMC, and AVM/
SPI-CMC solutions. The samples were diluted by 100-fold.
Then, the resulting sample solutions were added to sample cells
and ultrasonically dispersed for 5min. The zeta potentials of
the samples (pH= 7) were measure by the 90Plus PALS
dynamic light scattering instrument after the test electrode was
inserted into the sample cell.

Encapsulation efficiency test

The encapsulation efficiency of AVM was tested by a
high-speed centrifuge (TGL-16G, Anting Scientific
Instrument, China). Approximately, 4 mL AVM/SPI-
CMC was centrifuged at an RCF of 9982g (12,000 r/min)
for 30 min. After that, 1 mL supernatant solution was
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Fig. 1 Schematic representation of the syntheses of SPI-CMC
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removed by a pipette and diluted to 25 mL with ethanol.
The absorbance of the dilute supernatant solution was
measured by a UV-2550 UV spectrophotometer (Shi-
madzu, Japan) (λ= 245 nm, A= 0.0377C− 0.0315; R2=
0.9908). The mass of the unencapsulated AVM (mfree AVM)
was calculated from the standard curve. The encapsulation
efficiency was obtained according to Eq. (1).

EE ð%Þ ¼ ðmtotal AVM � mfree AVMÞ=mtotal AVM � 100 %:

ð1Þ

Anti-UV property test

The concentration of AVM in each 100 mL test sample
(the AVM-ethanol solution and AVM/SPI-CMC) was
fixed at 0.2 mg/mL. Both the AVM/SPI-CMC and AVM-
ethanol solutions were placed 20 cm away from a 16 W
UV lamp. After irradiating the sample solution for a time
i, 1 mL sample solution was removed by a pipette and
diluted to 25 mL with ethanol. A 0.22 μm filter membrane
was used to filter the diluted sample. Then, the absorbance
Ai of AVM was measured using a UV spectrophotometer,
and the remaining ratio (RR) of AVM was obtained
according to Eq. (2).

RR ¼ Ai=A0; ð2Þ
where A0 is the absorbance of AVM at time 0.

Sustained-release property test

The sustained-release experiment was performed accord-
ing to a method described by Lin et al. [18]. The standard
curve obtained for the sustained release was A= 0.0305C
− 0.0014 with R2= 0.9992. The concentration of AVM
(ρi) could be calculated from the standard curve. The
cumulative release rate (Ri) [23] was obtained according
to Eq. (3).

Ri ¼
ρi � 0:05=mAVM ði ¼ 1Þ

ρi � 0:05=mAVM þP
i�1

i¼1
ρi � 0:001=mAVM ði ¼ 2; 3; 4:::Þ

8
<

:
:

ð3Þ

Difference analysis

The probability (P) of the intergroup difference was determined
by performing an analysis of covariance (ANCOVA) using
SPSS software (Chicago, IL, USA). The model-independent
method was adopted to analyze the curve differences. The
difference factor (f1) was obtained using Eq. (4), and the

similarity factor (f2) [24] was obtained using Eq. (5).

f1 ¼ 100

Pn

t¼1
Rt � Ttj j
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t¼1
Rt
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8
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:

9
=

;
;

ð5Þ

where Rt represents the Ri of the reference sample at time t,
and Tt represents the Ri of the test sample at time t.

Toxicity profile test

Insecticidal experiments were performed according to a
method described by Chen et al. [23]. Leaves were treated
by a soaking method and then fed to diamondback moths.
The number of dead diamondback moths was observed
after 48 h.

Results and discussion

1H NMR analysis

Figure 2a shows the 1H NMR spectra of CMC and CMC-
ALD. For the CMC spectra, the δ signal between 3 and
5 ppm was due to the C–H and O–H groups of the CMC
backbone. For the CMC-ALD spectra, a new signal
appeared at 8.39 ppm, which was assigned to the –CHO
group [25], indicating that CMC-ALD has been success-
fully prepared.

FTIR analysis

Figure 2b shows the Fourier transform infrared spectro-
scopy (FTIR) spectra of CMC, CMC-ALD, SPI, SPI-HYD,
SPI-CMC, AVM/SPI-CMC, and AVM. The strong signal at
1604 cm−1 observed in the CMC spectrum was attributed to
the conjugate stretching vibration of O–C–O in carboxylate
groups. The signal at 1329 cm−1 corresponded to a −OH
bending vibration. A new peak appeared in the CMC-ALD
spectrum at 1730 cm−1, which was ascribed to the C=O
stretching vibration [26]. These results indicated that
sodium periodate successfully broke the bond between C-2
and C-3 of the CMC and oxidized C–OH to form C=O
[27]. The peak at 1654 cm−1 in the SPI spectrum indicated
the stretching vibration of –C=O in –CONH– (denoted as
amide absorption band I). The peak at 1536 cm−1 was
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ascribed to the coupling of the N–H bending vibration and
C–N stretching vibration (denoted as amide absorption band
II). A new peak appeared at 1445 cm−1 in the SPI-HYD
spectrum, which belonged to the stretching vibration of
N–H in the hydrazone group. The absorption peak at 1654
cm−1 broadened as the peaks corresponding to the bending
vibration of –NH– in the hydrazone group and the
stretching vibration of C=O overlapped. In addition, a
peak at 1400 cm−1, which was attributed to the stretching
vibration of C–O− in the carboxylate group [28], dis-
appeared. This phenomenon suggested that the SPI was

successfully modified by hydrazine hydrate. A new peak
appeared at 1676 cm−1 in the SPI-CMC spectrum, which
was ascribed to the C=N stretching vibration. The char-
acteristic peaks of CMC and SPI at 1604, 1329, 1654, and
1536 cm−1 were observed. In addition, the absorption peak
corresponding to CMC-ALD at 1730 cm−1 and SPI-HYD at
1445 cm−1 disappeared, indicating that the reaction between
the hydrazine and aldehyde groups was successful.

TGA analysis

Figure 3 shows the TGA (a, c, and e) and DTG (b, d, and f)
thermograms of CMC, CMC-ALD, SPI, SPI-HYD, and
SPI-CMC. Figure 3a shows that CMC started to decompose
at 280 °C, and after modification, the initial decomposition
temperature decreased to 150 °C. To further investigate
these weightless steps, the DTG results of CMC and CMC-
ALD were studied. Figure 3b shows that a decomposition
peak appeared at 296 °C. Compared to the thermogram
obtained for CMC, the peak intensity at 296 °C decreased,
and two new decomposition peaks appeared at 160 and
220 °C. These results suggest that the ring structure of CMC
opened, and then, aldehyde groups formed [29–31]. Fig-
ure 3c shows that the SPI started to decompose at 213 °C,
and the initial decomposition temperature of SPI-HYD was
288 °C. Figure 3d shows that, when SPI-HYD was gener-
ated by the SPI, the peak corresponding to the original
decomposition temperature at 290 °C shifted to 305 °C. As
shown in Fig. 3f, the DTG thermogram of SPI-CMC indi-
cated that the peak corresponding to the decomposition of
SPI-CMC at 160 °C was the same as that of CMC-ALD.
The peak at 220 °C may be attributed to the aldehyde group,
and this peak disappeared or shifted to 248 °C. The peaks
attributed to the decomposition of SPI-HYD at 233 and
305 °C shifted to 248 and 313 °C, respectively, in the SPI-
CMC thermogram, indicating that the reaction between SPI-
HYD and CMC-ALD successfully improved their respec-
tive stabilities.

SEM analysis

Figure 4 shows SEM images of (a) SPI-CMC and (b) AVM/
SPI-CMC. Figure 4a shows that the size of the SPI-CMC
particles was between 100 and 200 nm. The SPI-CMC
particles had irregular shapes, as the tertiary and quaternary
structures of the SPI determined the shape and size of the
resulting particles. The carboxyl groups on the surface of
CMC were responsible for homogeneously dispersing the
particles through electrostatic repulsions. As shown in
Fig. 4b, AVM/SPI-CMC exhibited particle sizes between
150 and 250 nm, and the resulting particles were spherical.
After the loading of AVM, the particle size increased,
as ethanol destroyed the hydration layer on the surface of
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SPI-CMC and reduced the surface charge, leading SPI-
CMC to aggregate and increase its particle size.

Simultaneously, the carboxyl group on the surface might
exert an anti-aggregation effect, and thus, the particles could
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remain dispersed, even when the particle size increased to a
certain value. In addition, when the SPI was thermally
denatured, the hydrophobic group of the SPI rotated out-
ward, which enhanced the hydrophobicity of the resulting
particle. Thus, the hydrophobic group could induce AVM to
encapsulate, increasing the particle size.

Analysis of the zeta (ζ) potential and average
particle size

As shown in Table 1, after heating, the SPI particle size of
160.35 nm increased as precipitates formed due to thermal
aggregation, and the negative surface charge decreased from
−14.28 to −8.73. SPI could not be loaded directly into the
hydrophobic AVM due to its instability after heating. Thus,
SPI should be modified with CMC to improve its stability.
The average particle size of SPI-CMC decreased, and
the negative surface charge increased with an increase in the
CMC mass ratio. As the mass ratio of CMC increased, the
number of carboxyl groups in SPI-CMC and the negative
charge on the surface also increased, which, in fact, reduced
the aggregation of particles and led to smaller particle sizes.

Analysis of the encapsulation efficiency

Table 2 shows that the encapsulation efficiency also
increased with an increase in the mass ratio of SPI. As
AVM was encapsulated mainly by SPI, the number of
AVM carriers increased with an increase in the mass ratio of
SPI, which led to an increase in the number of hydrophobic
groups and a higher encapsulation efficiency. The particle
size increased after AVM was loaded into SPI-CMC. This
phenomenon occurred after the addition of organic solvents,
which reduced the dielectric constant of the surface [32]; as
a result, some of the particles aggregated, and the particle
size increased. On the other hand, the thermal denaturation
of SPI and encapsulation of AVM also increased the par-
ticle size. The negative charge increased with an increase in
the mass ratio of CMC-ALD, which was mainly caused by
the increase in the number of carboxyl groups. In addition,

in contrast to the results shown in Tables 1 and 2 show that
the negative surface charge of the loaded drug decreased
because the ethanol solvent in the AVM solution shielded
part of the charge, resulting in a decrease in the negative
surface charge.

Evaluation of the anti-UV property

According to previous reports, when exposed to UV
radiation, the structure of AVM is unstable and decomposes
[33]. Herein, we aimed at reducing the environmental
impact on AVM and improving its stability. Figure 5 shows
the percentage of undecomposed AVM that remained after
UV-induced degradation. After 3 h of irradiation, the
remaining ratio of AVM in the AVM solution was 76.82%,
while after 19 h of irradiation, the remaining ratio was only
43.93%. For AVM/SPI-CMC (mSPI-HYD:mCMC-ALD= 2:1),
the remaining ratio of AVM was 81.08% and 79.02% after
3 and 19 h of irradiation, respectively. After loading SPI-
CMC, the stability of AVM improved remarkably because
SPI-CMC acted as a physical barrier, which could refract or
absorb some UV light and prevent the direct exposure of
AVM to the UV irradiation [34]. At the same time, CMC
contained chromophores such as carboxyl and hydroxyl
groups, which could absorb some UV light and slow the
decomposition of AVM [35].

Evaluation of the sustained-release property

Figure 6a shows the effect of SPI-CMC on the sustained-
release properties at a pH of 7 and at different mass ratios.
During the first 4 h, AVM was released rapidly, and the
cumulative release rates of AVM/SPI-CMC (mSPI-HYD:mCMC-

ALD= 2:1), AVM/SPI-CMC (mSPI-HYD:mCMC-ALD= 1:1), and
AVM/SPI-CMC (mSPI-HYD:mCMC-ALD= 1:2) reached 51.27%,
56.85%, and 70.09%, respectively, which were similar to the
ratio of unencapsulated AVM relative to the encapsulation
efficiency, as shown in Table 2. Thus, AVM that was not
encapsulated or did not attach to the surface of the drug-
loaded particles was quickly released, resulting in a sudden
increase in the cumulative release rate [36, 37]. After 170 h,
the release of AVM reached steady-state, and the cumulative
release rates of AVM/SPI-CMC (mSPI-HYD:mCMC-ALD= 2:1),

Table 1 Average particle size and zeta potential of SPI and SPI-CMC

Sample Average particle
size (nm)

Zeta potential (mV)

SPI 160.35 −14.28

SPI (upon heating) – −8.73

SPI-CMC (mSPI-HYD:
mCMC-ALD= 2:1)

177.82 −27.19

SPI-CMC (mSPI-HYD:
mCMC-ALD= 1:1)

151.39 −30.07

SPI-CMC (mSPI-HYD:
mCMC-ALD= 1:2)

143.02 −39.94

Table 2 Effect of the mass ratio on the encapsulation efficiency,
average particle size and zeta potential of AVM/SPI-CMC

mSPI-HYD:
mCMC-ALD

Encapsulation
efficiency (%)

Average
particle
size (nm)

Zeta
potential (mV)

2:1 44.49 226.87 −18.37

1:1 39.94 185.74 −20.76

1:2 32.04 154.53 −29.63
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AVM/SPI-CMC (mSPI-HYD:mCMC-ALD= 1:1), and AVM/SPI-
CMC (mSPI-HYD:mCMC-ALD= 1:2) were 59.59%, 62.31% and
65.58%, respectively. When the release of AVM reached
steady-state, the cumulative release rate decreased with an

increase in the SPI mass ratio, as AVM entered SPI via
hydrophobic effects. When the SPI mass increased, the
number of hydrophobic groups also increased, enhancing the
hydrophobic effect, and as a result, the release rate of AVM
decreased.

Figure 6b shows the sustained-release performance of
AVM/SPI-CMC (mSPI-HYD:mCMC-ALD= 1:1) at different pH
values. When the release of AMV reached steady-state, the
cumulative release rate at a pH of 5 was approximately 15%
greater than that observed at a pH of 7, while the cumulative
release rate at a pH of 9 was the lowest. Under acidic
conditions, the HYD that connected SPI to CMC was bro-
ken [38], causing SPI to easily aggregate without the sta-
bilizing effect of CMC, and the release of AVM was
accelerated. At a pH of 7, the zeta potential of SPI (upon
heating) was only −8.73 mV. When the pH was 5, the pH
was close to the isoelectric point of SPI, which would
reduce the surface charge of SPI. Therefore, the stability of
SPI decreased, and the release of AVM accelerated. Under
alkaline conditions, the HYD did not break, and the car-
boxyl groups of CMC mainly existed in the form of car-
boxylic acid ions, which could improve the stability and
slow the release of AVM. Therefore, adjusting the pH could
effectively control the drug release.

Kinetic studies

Zero-order [39], first-order [40, 41], Korsmeyer-Peppas
[42, 43], and Hixson-Crowell [44, 45] models were used to
fit the data of the curves obtained at pH values of 5, 7, and 9
to further study the release mechanism. The model fitting
diagram and the fitting results are shown in Fig. 7 and
Table 3, respectively. According to the correlation coeffi-
cient (R), the sustained-release data were consistent with the
Korsmeyer-Peppas model. When the pH was 5, 7, and 9, the
dispersion coefficients (n) were 0.4236, 0.3819, and 0.3187,
respectively (all these values were less than 0.45). Thus,
AVM was released from SPI-CMC by Fickian diffusion
[46–48]. In addition, the difference in the concentration
considerably influenced the release process [49]. It was
found that, as the pH decreased from 9 to 5, n was closer to
0.45, which indicated that the release of AVM from SPI-
CMC occurred by non-Fickian diffusion. This may occur
due to the breaking of the HYD and because the pH was
close to the isoelectric point of the SPI, leading to a
decrease in the surface charge and the aggregation of the
SPI. If the pH of the system is further lowered to the iso-
electric point, SPI-CMC may precipitate and release AVM.

Difference analysis of the sustained-release curves

We evaluated the influence of the pH on the sustained-
release curves by analyzing the sustained-release data using
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the model-independent method. The curve obtained at pH
values of 7 and 9 were compared with those obtained at a
pH of 5. The results of f1 and f2 are shown in Table 4. For f1
values up to 15 and f2 values over 50, the difference
between the two curves was less than 10%. This showed
that the two curves had systematic similarities [50, 51]. The

comparison of the curves obtained at pH values of 5 and pH
7 showed that f1 was less than 15, while f2 was above 50.
This result indicated that these curves were very similar,
and the difference was not significant. The curves obtained
at pH values of 5 and 9 were compared, and P= 0.101,
which was higher than the critical statistical value (p=
0.05), indicating that there was no significant difference
between the two curves. However, f1= 23.20, which was
higher than 15, and f2= 44.40, which was lower than 50.
These results showed that the two curves had no systematic
similarity. Therefore, as the pH increases, the difference
between the sustained-release curves also increases.

Toxicity study

We investigated the insecticidal effects of AVM before and
after loading, along with its toxicity. Table 5 shows the
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Table 3 Fitting results of the sustained-release curves obtained at
various pH values

Kinetic model pH c1 c2 R2

Zero-order 5 0.0018 0.47903 0.4441

7 0.0013 0.4267 0.1840

9 0.0014 0.3559 0.3188

First-order 5 2.5198 0.5911 0.5482

7 1.5125 0.5506 0.7635

9 1.7810 0.4681 0.7851

Korsmeyer-Peppas 5 0.4236 0.1134 0.9085

7 0.3819 0.1056 0.7275

9 0.3187 0.1176 0.7708

Hixson-Crowell 5 0.7854 −7.9626 0.4171

7 0.7551 −6.3369 0.1669

9 0.7117 −7.4536 0.2933

Table 4 Results of the statistical analysis

Reference sample Control sample f1 f2 P

pH= 5 pH 7 12.82 55.68 0.457

pH 9 23.20 44.40 0.101
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results of the insecticidal analysis. The 95% confidence
interval calculated for AVM in the original drug formula-
tion was between 33.67 and 88.85. The probability of being
outside this range was only 5%, indicating a significant
difference in the insecticidal toxicity before and after
loading with AVM. After AVM was encapsulated by SPI-
CMC, the LC50 was increased from 54.69 to 197.36 mg/L,
but the 95% confidence interval of AVM/SPI-CMC was not
completely outside the 95% confidence limit interval of
AVM in the original drug formulation. Therefore, after SPI-
CMC encapsulated AVM, the insecticidal effect of AVM
was not significantly changed.

Conclusions

SPI was bonded to CMC by a hydrazine bond to prepare
SPI-CMC carriers for pesticide applications. AVM/SPI-
CMC was obtained by encapsulating AVM with
SPI-CMC through thermal denaturation. After the
encapsulation of AVM, the anti-UV properties were
markedly improved, and the decomposition rate was
significantly reduced, resulting in a prolonged half-life.
The sustained-release of AVM could be controlled by
adjusting the mass ratio of SPI and CMC. In addition, the
HYD and carboxyl groups were responsive to pH, and
therefore, drugs could be rapidly released in an acidic
environment. Finally, the insecticidal effect of AVM was
found to be reduced after encapsulation with SPI-CMC;
however, no significant difference between the insecti-
cidal effect of AVM encapsulate with SPI-CMC and that
of the AVM original formulation could be determined. In
conclusion, smaller amounts of pesticides could be
delivered more efficiently by using the method described
in this work, where the release of the resulting encap-
sulated pesticides can have improved anti-UV properties
without affecting the insecticidal effects of the original
pesticide. In addition, these materials are more biode-
gradable than nondegradable materials [52, 53], which
protects the environment and promotes the sustainable
development of agriculture.
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