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A B S T R A C T   

Lignin sulfonate (LS), a waste material from the paper pulping, was modified with benzoic anhydride to obtain 
benzoylated lignin sulfonates of adjustable hydrophilicity (BLS). When BLS was combined with difenoconazole 
(Di), a broad-spectrum fungicide, lignin-based, non-crosslinked nanoparticles were obtained either by solvent 
exchange or solvent evaporation. When a mass ratio of 1:5 LS: benzoic anhydride was used, the Di release from 
Di@BLS5 after 1248 h was ca. 74 %, while a commercial difenoconazole microemulsion (Di ME) reached 100 % 
already after 96 h, proving the sustained release from the lignin nanocarriers. The formulation of Di in lignin- 
based nanocarriers also improved the UV stability and the foliar retention of Di compared to the commercial 
formulation of the fungicide. Bioactivity assay showed that Di@BLS5 exhibited high activities and duration 
against strawberry anthracnose (Colletotrichum gloeosporioides). Overall, the construction of fungicide delivery 
nano-platform using BLS via a simple non-crosslinked approach is a novel and promising way to develop new 
formulations for nanopesticide and the development of sustainable agriculture.   

1. Introduction 

The world population has been increasing rapidly over the last de
cades. The United Nations forecasts that, as a median assumption, the 
population will reach 9.7 billion by mid-century and 11.2 billion by the 
end of the century [1]. It is estimated that food production will need to 
increase by about 70 % by 2050 and double or triple by 2100 [2]. 
Agricultural productions, the primary source of food, have increased 
food production over the years through the extensive use of agro
chemicals, especially pesticides [3]. More than 4 million tons of pesti
cides are used each year to protect crops worldwide [4]. However, 
indiscriminate overuse of conventional pesticide formulations leads to 
high pesticide residues, environmental pollution, destruction of eco
systems and increased soil pollution, and pesticide resistance [5–7]. 
These severe damages are due not only to the inefficiency of pesticides 
but also to the heavy use of organic solvents and surfactants in 

conventional formulations [8]. In view of concerns about ineffective 
agrichemical delivery of agrochemicals and better development of sus
tainable agriculture, developing a new water-based, environmentally 
friendly, and effective pesticide delivery system becomes necessary 
[9,10]. 

Here, we present a novel, approach to construct lignin-based nano
carriers without chemical crosslinking for the sustained release of a 
fungicide with improved leaf-adhesion. Nowadays, with the rapid 
development of nanotechnology in different fields, nanotechnology of
fers a potential approach for better development of sustainable agri
culture [11]. Compared with conventional pesticide formulations, the 
construction of nanocarriers showed superior performance in water- 
dispersible, permeability, duration, and efficacy [12,13]. Accordingly, 
various types of inorganic such as zinc oxide [14], metal-organic 
frameworks [15], and calcium carbonate [16], or synthetic polymers 
[17], biobased chitosan [18], and cellulose [19,20] have been used in 
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the construction of pesticide nanocarriers. However, pesticide formu
lation as an agricultural input, these nanocarriers will also leak into the 
environment with pesticides in agricultural production. Nondegradable 
inorganic nanoparticles and organic microplastics will remain in the 
environment for a long time and then accumulate in the food chains/ 
webs, posing a potential risk to non-target organisms [21–23]. Although 
chitosan and cellulose are natural biodegradable polymers, their 
extensive use as pesticide nanocarriers is limited due to their insolubility 
in most organic solvents, high viscosity, and high cost for agricultural 
production [24,25]. Hence, a low-cost, biodegradable, easily function
alized material is desirable for delivering pesticides. 

As the second most abundant renewable polymer in nature, lignin is 
one of the main components of wood and can be obtained from the by- 
products of pulping and paper-making industry [26,27]. In recent years, 
lignin and its modified derivatives have been favored as a sustainable 
materials in drug delivery [28], detection [29], especially in pesticide 
formulations due to its low cost, biodegradability, biocompatibility, and 
UV absorbance, which can improve the effective utilization of pesticide 
and reduce the potential risk of conventional pesticide formulation to 
the environment [30]. Currently, the most common preparation method 
of pesticide lignin nanocarriers is to form nanocapsule or micelles by 
interfacial crosslinking or self-assembly [31–33]. Lignin nanocapsule 
with a core-shell structure generally uses a hydrophobic organic solvent 
(xylene, toluene) as the core, and the lignin after interface crosslinking 
by adding crosslinking agent (diisocyanate) as the shell [31,34]. How
ever, added organic solvents and diisocyanate with high reactivity may 
also have potential risks to the environment and undergo unwanted side 
reactions with various cargo molecules. Besides, another disadvantage 
of nanocapsule is that it may be easier to collapse, resulting in burst 
release of the encapsulated active component and then losing the 
duration [35]. For pesticide micelles, or pesticide microemulsions, the 
individual molecules or unimers that make up the micelle are in a 

dynamic equilibrium with the unimers in bulk, making it possible for 
micelles' size to change under certain conditions [36]. For example, 
when pesticide micelles are sprayed on crops, pesticide particles tend to 
aggregate into large sizes on the surface of the leaves rather than 
disperse singly in nanoscale, which will significantly reduce the effective 
rate of pesticides [15]. Hence, developing a simpler, environmentally 
friendly, particle size stable, and water-based lignin pesticide nano
carrier is an effective means to promote sustainable agriculture. 

In this study, in order to prepare pesticide nanocarriers with better 
dispersion in water, the lignin sulfonates (LS) with negative charge were 
used as raw material. However, due to the strong hydrophilicity of LS, it 
is not conducive to formation of nanoparticles in water. Therefore, 
benzoic acid, a common and relative safe agricultural and food preser
vative, as a lipophilic group, was used to esterify with LS to obtain 
benzoic acid esterified lignin sulfonates (BLS) of adjustable hydropho
bicity. According to whether BLS with different degrees of substitution 
can dissolve in DCM as the standard to judge the amphiphilicity of BLS, 
the fungicide was loaded through two methods to firstly obtain 
fungicide-loaded BLS nanoparticles (Scheme 1). In addition, the optimal 
nanoparticles with the best formulation stability were selected, and their 
release performance, photostability, in vitro or in vivo biological activity 
against model pathogen strawberry anthracnose (Colletotrichum gloeo
sporioides), and foliar retention and distribution on the cucumber leaves 
and peanut leaves were investigated in detail to reveal the potential 
application prospect of the BLS nanocarriers for pesticide delivery. 

2. Experimental section 

2.1. Materials and chemicals 

Lithium chloride anhydrous (99 %) was purchased from Shanghai 
Macklin Biochemical Co., Ltd. (China). Difenoconazole (96 %) was 

Scheme 1. (a) Synthesis of benzoyloxylation lignin sulfonates and (b) preparation of difenoconazole-loaded lignin-based nanocarriers by solvent exchange or solvent 
evaporation. 
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purchased from Wuhan Yuancheng Technology Development Co., Ltd. 
(China). Sodium dodecylsulfate (SDS, 93 %) was obtained from Shan
dong Yousuo Chemical Technology Co., Ltd. (China). Lignin sulfonic 
acid sodium salt and benzoic anhydride (98 %) were purchased from 
Shanghai Dibai Chemicals Technology Co., Ltd. (China). Difenoconazole 
microemulsion (Di ME, 10 %) was purchased from Hebei Shangrui 
Chemical Technology Co., Ltd. (China). 

2.2. Syntheses of benzoyloxylation lignin sulfonates 

Lignin sulfonate (1 g) was added to 15 mL of dimethyl formamide 
(DMF) with 10 % LiCl and completely dissolved at 90 ◦C. Subsequently, 
1, 2, 3, 4, 5, 6, or 7 g of benzoic anhydride and 1 equivalents of trie
thylamine (relative to benzoic anhydride) were added, respectively. The 
reaction was allowed to proceed at 60 ◦C under stirring and N2 atmo
sphere. After reaction for 24 h, the mixture was precipitated into 300 mL 
of isopropanol and isolated by centrifugation (8000 rpm, 5 min). The 
different benzoyloxylation lignin sulfonates (code was BLS1, BLS2, BLS3, 
BLS4, BLS5, BLS6, and BLS7) were obtained respectively after washing 
with isopropanol twice and drying at 40 ◦C in a vacuum oven. 

2.3. Preparation of difenoconazole-loaded nanocarriers 

The preparation of fungicide-loaded lignin nanoparticles was carried 
out by solvent exchange or solvent evaporation method according to the 
solubility of the different BLS products (Table S1). In the case of the 
solvent exchange method, 50 mg of BLS and 10 mg of difenoconazole 
(Di) were dissolved in 500 μL of dimethyl sulfoxide (DMSO). Then the 
solution was added into an aqueous solution (5 mL) with 0.2 % wt% of 

SDS under vigorous stirring for 5 min and ultrasonication for 15 min. 
The Di-loaded BLS nanoparticle (Di@BLS) was obtained after exten
sively dialyzed against distilled water for 24 h at room temperature 
(MWCO 3500). For the solvent evaporation method, BLS (50 mg) and Di 
(10 mg) were dissolved in 500 mg of dichloromethane (DCM), and then 
the solution was added into an aqueous solution (5 mL) with 0.2 % wt% 
of SDS. The resulting mixture was pre-emulsified with homogeneous 
shearing for 1 min (10,000 rpm), and then was submitted to ultra
sonication for 1 min (1/2 in tip, 70 % amplitude, 1 s pulse on followed by 
2 s pulse off). The remaining dichloromethane was further evaporated 
by vigorous magnetic stirring (1200 rpm) at room temperature, and the 
Di@BLS was obtained after washing. 

2.4. Characterization 

1H nuclear magnetic resonance spectroscopy was performed using a 
Zhongke-Niujin WNMR-I spectrometer (China) at 400 MHz. FT-IR 
spectra were recorded in the range of 4000–400 cm− 1 with 32 scans 
at a resolution of 2 cm− 1 using FT-IR spectrometer (ThermoFisher, 
Nicolet Ava-tar 370, USA) at room temperature. The sulfur and carbon 
content were determined using an elemental analyzer (Elementar, Vario 
EL Cube, Germany). The morphology of the samples was observed by 
SEM (Zeiss, G300, Germany). The zeta potential and size distribution of 
the samples were determined through a Mastersizer ZS-90 laser 
diffraction particle size analyzer (Malvern, U.K.). 

2.5. Formulation stability analysis 

The stability of Di@BLS was analyzed using Turbiscan Lab Expert 
(Formulation, France) as a previous study [37]. The stability analysis for 
different Di@BLS and commercial difenoconazole microemulsion (Di 
ME) was performed as a variation of backscattering (ΔBS) profiles. 
Measurements were performed using a a2 near-infrared LED at a 
wavelength of 880 nm for 1 h. Experimental data were correlated in 
percentage to the light flux of two reference standards constituted by a 
polystyrene latex suspension (absence of transmission and maximum 
backscattering) and a silicon oil (maximum transmission and absence of 
backscattering). The turbiscan stability index (TSI) was calculated based 
on the variation in the backscattering light intensity at different loca
tions of the test tube (top, middle, and bottom) as formula [38]: 

TSI =
∑

i

∑

h
|scani(h) − scani− 1(h) |

H  

where scani(h) is the light intensity of the i-th scan at a height of h, and H 
is the total height of the measured sample. 

2.6. Pesticide release property 

The release property of Di from Di@BLS nanoparticles was con
ducted via suspending the same Di concentration (about 2000 μg/mL) of 
Di@BLS5 and Di ME in 2.5 mL of deionized water and added into a 
dialysis bag (molecular weight cut off: 1 kDa), respectively. And then, 
the samples were dialyzed in 100 mL of deionized water with 1 % tween- 
80 under moderate shaking at 25 ◦C. At different intervals, 1 mL samples 
were taken out from the release medium, and the same volume of me
dium was added. The collected samples were determined by HPLC 
(Shimazu, LC-20A, Japan). A Shimadzu LC-20A HPLC system equipped 
with a diode array detector and a Shimadzu InertSustainR C18 column 
(4.6 × 250 mm, 5 μm particle size) was used for HPLC analysis. The 
mobile phase consisted of water and acetonitrile (32:68, v/v) flowing at 
a rate of 1 mL/min. The analysis was performed at 240 nm. The amount 
of difenoconazole release was calculated using the standard calibration 
curve, which formed from different concentrations of difenoconazole 
acetonitrile solution. The cumulative release percentage of 

Fig. 1. FTIR spectra of (a) different benzoyloxylation lignin sulfonates (BLS1, 
BLS2, BLS3, BLS4, BLS5, BLS6, and BLS7), LS and (b) BLS5, Di@BLS5, and Di. 
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difenoconazole was calculated using the following equation: 

Cumulative release (%) =
∑t

t=0

Mt

M0
× 100%  

where Mt is the amount of Di released to each sampling time point, t is 
the time of the release of Di-loaded and M0 is the initial weight of the Di- 
loaded in the BLS nanoparticles. 

2.7. Light stability analysis 

The photostability of the samples was determined by exposing them 
to UV light (254 nm). Briefly, the same Di concentration of Di@BLS5 and 
Di ME were divided into qual aliquots of 1 mL and placed into centrifuge 
tubes, respectively, and then were irradiated by UV light (254 nm, 6 W). 
The distance of the light source from the suspension surface was 10 cm. 
Periodically, a tube was selected for HPLC analysis to determine the 
remaining concentration of Di. Each experiment was repeated three 
times. 

2.8. In vitro bioactivity assay 

The effective concentration at which the mycelial growth rate was 
inhibited by 50 % (EC50) of Di@BLS5 against fungi was investigated 
using the growth-inhibition assay on potato dextrose agar (PDA) plates. 
The Colletotrichum gloeosporioides (provided by Chuanqing Zhang, Zhe
jiang A&F University) was used as a model fungus for the bioactivity 
assay. Briefly, mycelial plugs of the fungus were grown in the center of 
PDA plates, which were treated with different concentrations of 
Di@BLS5, Di ME, and Di technical (Di Tech). The final Di concentrations 

were 0.0625, 0.25, 0.5, 1 and 4 μg/mL respectively. The plates were 
cultured at 25 ◦C for 5 days. The EC50 values were calculated by linear 
regression analysis of a colony diameter on log-transformed fungicide 
concentrations. Each experiment was repeated three times. 

2.9. In vivo control efficacy assay in pot experiment 

About 2-month-old strawberry plants (cultivar Arena) were sprayed 
with Di ME and Di@BLS5 at a Di concentration of 100 mg/L with hand- 
held sprayer. The plants were challenged with Colletotrichum gloeospor
ioides by artificial inoculation at day 0, 7, or 14 after the spray treat
ments, and then incubated in the green house. The detailed method was 
according to the previous report [15]. Lesion diameters were measured 
in two perpendicular directions 7 days post the fungal challenge. The 
BLS5 carrier and water were as the controls. Each experiment was 
repeated five times. The concentration of BLS5 was the same as that of 
the carrier of the Di@BLS5. Control efficacy was calculated by the 
following equation: 

Control efficacy (%) =
D0 − D

D0
× 100%  

where the D0 is the lesion diameter in the control, and D is the lesion 
diameter in the treatment. 

2.10. Foliar retention and distribution investigation 

The retention of Di on the surface of leaves was measured according 
to the previous literature with minor modification [39]. Briefly, 1 mL of 
the same Di concentration (100 μg/mL) of Di@BLS5 or Di ME was 

Fig. 2. (a) Photographs of different Di@BLS formulations with the same Di concentration under laser radiation (samples 1, 2, 3, 4, 5, 6, and 7 represent Di@BLS1, 
Di@BLS2, Di@BLS3, Di@BLS4, Di@BLS5, Di@BLS6, and Di@BLS7). (b) SEM images of different Di@BLS nanoparticles obtained by solvent exchange or solvent 
evaporation method, and SEM images of Di ME. (c) Schematic of the preparation of Di@BLS nanoparticles using (i) solvent exchange or (ii) solvent evaporation 
method. Different Di@BLS means the Di@BLS nanoparticles obtained by solvent exchange or solvent evaporation method using the BLS with varying ratios 
of reaction. 
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sprayed evenly onto the peanut or cucumber leaves, which were then 
tilted at an angle of 45◦ relative to the ground. After air-drying for 2 h, 
the halves of leaf were sprayed with 10 mL of deionized water as a 
simulation of rain wash. Subsequently, the region of the treated leaf (5 
× 5 mm) was randomly selected after air-drying again, and the Di was 
extracted for detection by HPLC. The distribution of samples on the 
surface of leaves was observed using SEM. Each experiment was 
repeated three times. 

2.11. Statistical analysis 

For multiple group comparisons, one-way ANOVA followed by a 
Duncan test was used for analysis via Statistical Product and Service 
Solutions (SPSS). Marking different letter or asterisk (*) is considered as 
significant difference at P < 0.05. 

3. Results and discussion 

3.1. Synthesis and characterization 

Lignin sulfonate was esterified with different benzoic acid to regulate 
the hydrophilicity of lignin sulfonate. After esterification, the water 
solubility of the lignin sulfonates decreased because as the number of 
hydroxyl groups were reduced. Elemental analysis (Table S1) showed 
that as the degree of substitution of benzoic acid increased, the content 
of sulfur elements in the products showed a decreasing trend (from 1.26 
mmol/g to 0.50 mmol/g). Conversely, the content of carbon elements 
gradually increased. Until the reaction ratio of 1:5 (mass ratio of lignin 
sulfonate to benzoic anhydride), the carbon element content tends to 
equilibrium, indicating that most of the active hydroxyl groups in lignin 
sulfonate had been esterified. The successful functionalization with 
benzoic acid was proven by 1H NMR (Fig. S1). It showed the resonances 
from 7.2 to 8.2 ppm corresponding to the protons of the aromatic ring of 
benzoic ether. 

FTIR spectroscopy further proved the successful modification of 
lignin sulfonate by the enhanced peak (3066, 1600, and 1500 cm− 1) or 
additional peak at 1730 cm− 1, which correspond to the C–H and skel
eton vibration of benzoic group, and C––O respectively (Fig. 1a). With 
the increase of the degree of substitution, the relative intensity of these 
characteristic peaks increased. The additional peaks from 900 to 600 
cm− 1 were attributed to characteristic vibrations of benzene ring. 
Compared with LS, BLS1, BLS2, BLS3 and BLS4 had two characteristic 
peaks at 857 cm− 1 and 718 cm− 1, which belong to the benzene ring 
skeleton vibration of monosubstituted benzoic acid. The relative 
strength of the peak also increased with the increase of the degree of 
substitution. However, in addition to these two peaks, a new peak at 
797 cm− 1 appeared in BLS5, BLS6 and BLS7, indicating that the less 
reactive phenolic hydroxyl groups in LS were also involved in esterifi
cation. For the fungicide-loaded lignin nanocarriers (difenoconazole, Di) 
additional characteristic vibrations of Di such as C––N and C–Cl were 
detected in the IR spectra (Fig. 1b) [40]. 

As shown in the appearance of different Di@BLS formulation with 
the same Di concentration (Fig. 2a), the formulation prepared by the 
solvent exchange method tends to be as transparent as microemulsions, 
and a clear light path can be formed under laser irradiation. However, 
with the increase of the degree of substitution of benzoic acid, the pre
pared formulation gradually became turbid, and the scattering of light 
was also becoming more severe. It can be inferred that the fungicide 
formulation with different particles size can be obtained using different 
BLS and preparation methods. SEM was further used to explore the 
morphology of fungicide-loaded nanoparticles. As shown in Figs. 2b and 
S3, the size of Di@BLS1, Di@BLS2, and Di@BLS3 prepared by solvent 
exchange method was about 32 ± 5, 31 ± 5, and 26 ± 4 nm. Although 
the nanoparticles prepared by the solvent exchange were small, other 
crystal particles with micron-scale can be observed. As for using the 
solvent evaporation method, the size of Di@BLS4, Di@BLS5, Di@BLS6, 
and Di@BLS7 was about 83 ± 12, 92 ± 21, 131 ± 26, and 137 ± 29 nm 
calculated by randomly sampling at least 200 nanoparticles from SEM 

Fig. 3. Backscattering profiles of (a) Di@BLS2 prepared using solvent exchange method, (b) Di@BLS5 prepared using solvent evaporation, and (c) Di ME. Turbiscan 
stability index (TSI) values of (d) different Di@BLS nanoparticle and Di ME. (e) Zeta potential of different Di@BLS nanoparticle and Di ME. (f) Schematic illustration 
of the formulation stability. 
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image, showing a trend of gradual increase, and no large crystal particles 
were observed in SEM. The reason for this result may be that the Di 
precipitated into the aqueous phase with the exchange of DMSO and 
water during dialysis. Conversely, due to the separation of oil (DCM) and 
water phase, hydrophobic Di could not enter the aqueous phase through 
the solvent exchange to not cause crystallization (Fig. 2c). Additionally, 
commercial difenoconazole microemulsion (Di ME), as a pesticide 
formulation with nanoscale, can be only observed the traces of emulsion 
droplets and many crystal particles with microns scale through SEM, but 
no solid nanoparticles (Fig. 2b). It proved that the micelles of pesticide 
with nano-size were only in water, which would make the size of 
pesticide change in some cases, such as after drying. 

3.2. Formulation stability analysis 

Turbiscan analysis can provide information on the destabilization 
process, and it can discriminate between particle migration (creaming or 
sedimentation) and particle size variation (flocculation or coalescence). 
Figs. 3a, b, c, and S3 showed delta backscattering (%) as a function of 
sample height (0–40 mm) and time (0− 1 h) at 25 ◦C for different 
Di@BLS formulations with the same Di concentration and Di ME, 
respectively. The aggregation and migration of Di@BLS5, Di@BLS6, and 
Di@BLS7 were thought to have not occurred because the backscattering 
profile was within the interval ± 2 % [41], indicating that it had high 
formulation stability, even more stable compared with Di ME in the 
short term. Conversely, the backscattering profile of Di@BLS1, 
Di@BLS2, Di@BLS3, and Di@BLS4 had a large range of variation, espe
cially at the top of the formulation, showing that the particles were 
settling. The instability of the Di@BLS formulation can also be reflected 
by the TSI value (Figs. 3d and S4). A higher TSI value indicated a less 
stable formulation sample [42]. Besides, zeta potential showed that the 

nanoparticles prepared by solvent evaporation method had a higher 
negative charge than those prepared by solvent exchange method 
(Fig. 3e). Hence, combined with the results of SEM, it could be inferred 
that the reason for the poor stability of Di@BLS formulation was the 
small size of particles with a low negative charge on the surface, which 
led to the aggregation of the particles or the crystallization of fungicides 
in the aqueous phase (Fig. 3f). According to the complexity of prepa
ration, cost and stability, the Di@BLS5 was finally selected as the best 
formulation for subsequent evaluation of other properties. 

3.3. Fungicide release and light stability 

The slow release of fungicide may be one of the effective ways to 
improve the duration of the fungicide in agricultural production. Fig. 4a 
showed the release behavior of the Di@BLS5 and Di ME formulations in 
an aqueous solution containing 1 % of the non-ionic surfactant Tween- 
80. Di ME exhibited rapid release in the initial stage. The cumulative 
release rate of the Di ME reached 95 % at 48 h and 100 % at 96 h. 
Whereas the release rate of Di@BLS5 showed a very slow increasing 
trend and significantly slower than that of Di ME, indicating that 
encapsulation delayed the release. After 1248 h, the cumulative release 
rate of Di@BLS5 was 74 %. 

To further investigate the release profile of the Di@BLS5, some 
classical models, known as the zero-order model, first-order model, 
Higuchi model, and Ritger-Peppas model were used [43,44]. Detailed 
formulas are shown in the Supporting Information. As shown in Figs. 4b, 
S6 and Table S2, the release profile of Di@BLS5 had the highest R2 

(0.969) when calculated using the Ritger-Peppas model, and the diffu
sion exponent was 0.397, indicating that the release of Di from the BLS5 
carrier followed the Fickian diffusion. While the release of Di ME is more 
consistent with the first-order model with the R2 of 0.961, showing that 

Fig. 4. (a) Cumulative release profile, and (b) fitting curves of Ritger-Peppas model of Di@BLS5 and Di ME. (c) Degradation rate, and (d) first-order function kinetics 
of Di@BLS5 and Di ME under ultraviolet light irradiation. 
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the release of Di from Di ME is dependent only on concentration. Hence, 
BLS5 carrier had a better control effect on the release rate of fungicide 
compare the commercial formulation. 

The instability of pesticide to UV light is also one of the critical 
factors affecting the duration of pesticide efficacy [45]. As shown in 
Fig. 4c, the degradation rate of Di ME reached 80 % and was almost 
complete after 4 h and 24 h of UV radiation (254 nm). However, the 
decomposition rate of Di in BLS5 nanoparticles was only 28 % and 66 % 
after being exposed to UV light for the same time. The degradation half- 
lives of two difenoconazole formulation under the UV light irradiation 
was determined following first-order function kinetics with the 
formulas: 

Ct = C0e− kt  

t1/2 =
ln2
k  

where Ct is the concentration of the fungicide at time t (mg/L), C0 de
notes the initial concentration of the fungicide (mg/L), k is the rate 
constant of degradation (h− 1), and t1/2 is the degradation half-life of the 
fungicide [46]. The degradation kinetics and t1/2 of Di@BLS5 and Di ME 
were shown in Table S3. The t1/2 of Di@BLS5 was 11.18 h under the UV 
light irradiation, while Di ME was only 1.69 h, indicating that BLS5 
nanocarrier could effectively protect the fungicide from UV degradation. 
The excellent anti-photolysis property of Di@BLS5 was contributed to 
the presence of partially unreacted phenolic hydroxyl groups in the BLS5 
nanocarriers, and the fungicide-inside structure of nanoparticle which 
behaved as a shield to protect Di from UV light [47]. These results 
exhibited that the BLS5 nanocarrier could improve the leaching time and 
light stability of Di, which could favor prolonging the duration and 
improving the utilization efficiency of Di, thus being beneficial to extend 
the fungicide efficacy period, especially for crops with long growth 

cycles, and reduce environmental pollution and crop pesticide high 
residues risk caused by multiple pesticide sprays during disease 
outbreak cycles. 

3.4. In vitro bioactivity 

The fungicidal activities of Di Tech, Di ME, and Di@BLS5 with 
different Di concentrations against Colletotrichum gloeosporioides 
(C. gloeosporioides) are shown in Fig. 5a, b. The fungicidal activities of all 
the three samples depended on the concentration, and the high con
centration of BLS5 nanoparticles (20 μg/mL) had no fungicidal activity 
(Fig. S7). Besides, the EC50 values of Di Tech, Di ME and Di@BLS5 were 
further calculated using the percent inhibition of mycelial growth 
(Table S4), and values were 0.40, 0.34, and 0.36 μg/mL, respectively. 
The results indicated that the loaded difenoconazole still had fungicidal 
activity that was not significantly different from that of the commercial 
Di microemulsion. 

3.5. Fungicidal activity in pot experiment 

The fungicidal activity of Di@BLS5 nanoparticles against 
C. gloeosporioides was further verified on strawberry leaves (Fig. 5c, d). 
The results showed that the efficacy of Di ME and Di@BLS5 was not 
significantly different when the plants were challenged by the fungus at 
0 days or 7 days post spraying. However, the efficacy of Di ME treatment 
was reduced to 46 ± 15 % for the fungal infection 14 days after spraying, 
whereas the efficacy of Di@BLS5 treatment was still relatively high (82 
± 7 %) and was not significantly reduced compared with the treatment 
at 7 days post spraying. The high duration of Di@BLS5 could be attrib
uted to the BLS5 carrier which could protect the active ingredients from 
premature degradation, slowly release and improve the retention of the 
fungicide. Conversely, the naked Di ME certainly would not provide long 

Fig. 5. (a) Photographs and (b) antimicrobial activities of Di Tech, Di ME and Di@BLS5 against Colletotrichum gloeosporioides. (c) Photographs and (d) control efficacy 
of Di ME and Di@BLS5 against Colletotrichum gloeosporioides in pot experiments on strawberry leaves. 
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protection for plants under environmental conditions because its insta
bility to light, microorganism, enzyme or other factors. 

3.6. Foliar retention and distribution 

After the pesticide spraying onto crops, the distribution and reten
tion on crop leaf surface play a decisive role in the effective use of 
pesticide. Hence, the folia retention before and after rinsing with water 
was measured to evaluate the affinity of Di@BLS5 drops on leaves. As 
shown in Fig. 6a and b, the Di retention of Di@BLS5 on the more hy
drophilic cucumber leaves before and after rinsing with water was 1.81 
and 1.69 times greater than that of Di ME, respectively. As for the hy
drophobic peanut leaves, the Di retention of Di@BLS5 was also 1.63 and 
2.11 times higher than that of Di ME before and after rinsing with water, 
respectively. Besides, compared with cucumber, the Di retention rate of 
Di@BLS5 was higher than Di ME after spraying onto peanuts (Fig. S8), 
indicating that Di@BLS5 had the better anti-scour ability on peanut 
leaves surface. SEM further revealed the reason for the results. Fig. 6c 
showed that the Di@BLS5 nanoparticles could be evenly distributed on 
the cucumber and peanut foliage surface. However, although Di ME 
existed in the water phase at the nanoscale, the distribution of nano
particles could not be found after spraying on the leaves of plants. 
Instead, it agglomerated into large particles, resulting in uneven 

distribution. Additionally, it was also observed that the structure of the 
waxy layer on peanut leaves was destroyed, possibly due to the presence 
of a large amount of surfactant in Di ME, which might increase the risk of 
pathogens infecting crops [48]. Notably, Di@BLS5 nanoparticles were 
observed to be embedded between gaps of waxy structure on the surface 
of peanut leaves, which explained why Di@BLS5 had a better ability to 
resist scour in peanut leaves. Consequently, the increased Di retention of 
Di@BLS5 maybe because of the even distribution of nanoparticles on the 
leaves surface, or the topological structure was formed between the wax 
layer and Di@BLS5 nanoparticles [49]. 

4. Conclusion 

In this study, a fungicide-loaded nanoparticle formulation con
structed by benzoyloxylation lignin sulfonates using a solvent exchange 
or solvent evaporation method was reported the first time. The nano
particles obtained by solvent evaporation using a 1:5 reaction mass ratio 
(lignin sulfonate: benzoic anhydride) of benzoyloxylation lignin sulfo
nate were finally determined through a series of characterization as the 
optimal formulation. The optimal formulation showed better duration, 
photostability, efficacy, and foliar retention compared with commercial 
fungicide microemulsions. Although this formulation had the advan
tages of environmental friendliness, water-based, no organic solvents, 

Fig. 6. Leaf retention of Di ME and Di@BLS5 on the surface of (a) cucumber or (b) peanut leaves before and after rinsing with water. (c) SEM images of cucumber and 
peanut foliage surface treated with same Di concentration of Di ME and Di@BLS5. 
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and fewer surfactants compared with commercial pesticide formulation, 
the risk of pollution due to this technology of nano-formulation also 
should be considered. Furthermore, it was also worthwhile to explore 
the direction of this study on how to rationalize the scaled-up production 
and improve the pesticide content. Overall, this study provided a 
promising approach for developing green and environmentally friendly 
nanopesticide formulations and the development of sustainable 
agriculture. 
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