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A B S T R A C T   

The salt-responsiveness of Pickering emulsions has significantly influenced their applications due to the large 
amount of salt on the surface of plant leaves. The present study provided a maleic anhydride-functionalized 
cellulose nanocrystal-stabilized high internal phase Pickering emulsion (MACNCs-HIPPEs) that was stable to 
high-concentration salt and used for pesticide delivery. The stability of MACNCs-HIPPEs was investigated by 
adjusting the oil-phase volume fraction (φ), the MACNCs concentration, NaCl dosages, and the rheological 
properties. The high internal phase Pickering emulsion was obtained at φ of 0.8 and MACNCs concentration of 
2wt% and showed excellent salt stability (NaCl, 1200 mM) and significant storage stability (60 days). The 
sustained release of imidacloprid (IMI) from imidacloprid-loaded MACNCs-HIPPEs (IMI@MACNCs-HIPPEs) 
showed a positive correlation to the temperature (15◦C, 25◦C, 35◦C), indicating clear thermo-responsiveness of 
the prepared pesticide formulation. The test of spread and retention of IMI@MACNCs-HIPPEs on the leaf surface 
showed a significant advantage compared with the commercial IMI water dispersible granules (CG). All the 
advantages mentioned above showed the excellent potential of the MACNCs-HIPPEs in delivering lipophilic 
pesticides.   

1. Introduction 

Pesticides accompany almost every stage of crop growth and resist 
the erosion of pests and bacteria for their normal growth, which also 
directly ensures the excellent yield of crops and makes an invaluable 
contribution to human food security [1]. However, poor efficiency has 
been the crux in pesticide applications, i.e., less than 1% of the critical 
ingredients to be applied to crops, which significantly increases the 
overuse of pesticides and poses particular risks to human health and the 
soil environment [2,3]. Various micron and nano-scale carriers, 
including emulsions, capsules, and gels, have been consequently 
developed for pesticide delivery that can effectively improve the utili
zation rate of pesticides, reduce their dosage, prolong their duration, 
and improve their adverse effects [4]. The currently complex prepara
tion techniques and non-degradable feedstocks determine the environ
mental unfriendliness and high cost of the as-prepared pesticide delivery 
carriers, which thus need to be improved [5]. 

Compared with the conventional emulsion, Pickering emulsion 
routes have been developed into an excellent pesticide encapsulation 
technique due to the irreversible adsorption of stabilizer on the oil-water 

interface that endowed Pickering emulsion-based pesticide carrier with 
great stabilization. Moreover, the small size and large surface area 
ensure Pickering emulsion droplets can be uniformly attached to leaves, 
thus improving the utilization rate of pesticides [6] and consequently 
reducing the toxicity of pesticides to non-target organisms and pro
tecting local ecological diversity [7,8]. Inorganic nanoparticles (e.g., 
SiO2, TiO2, and ZnO) have been successfully used to stabilize Pickering 
emulsions for pesticide delivery but cannot be degraded in the natural 
environment. The large-scale usage undoubtedly increases the resis
tance to the development of pesticide delivery because of the consequent 
immune system disorders [9], organ damage [10,11], and metabolic 
disorders [12,13]. The biodegradability and compatibility of macro
molecules make them rapidly applied to Pickering emulsion, among 
which cellulose is deeply concerned. Cellulose nanocrystals (CNCs) are 
representative of the cellulose derivative and have been widely used. 
However, the generated sulfate hemi-ester groups and the remaining 
hydroxyl groups on their surface caused strong hydrophilicity, which is 
a complex problem in emulsion stabilization. The large number of active 
hydroxyl groups on the surface also supports surface modification, thus 
preparing Pickering emulsion with more feasibility and rich properties. 
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High internal phase Pickering emulsions (HIPPEs) are a special kind 
of Pickering emulsion, which has all the advantages of Pickering 
emulsion while maintaining a high elasticity and high viscosity [14]. It 
also has the following benefits in pesticide delivery: (1) higher stability 
than Pickering emulsion that overcomes instability phenomena such as 
droplet agglomeration and Ostwald curing [15,16]. (2) more green than 
traditional emulsions that avoid using aromatic toxic reagents (e.g., 
toluene) [17]. (3) higher loading capacity due to the high internal phase 
volume fraction of greater than 74%; (4) strong protection capability 
from photodegradation for pesticides [18]. Thus, HIPPEs have been used 
to deliver active ingredients in various areas such as functional food and 
drug delivery. Moreover, there is still a blank for CNCs-based HIPPEs in 
pesticide delivery. 

The objective of the present study was to adjust the wetting of CNCs 
and further study the feasibility of forming HIPPEs for pesticide de
livery. The CNCs were modified with maleic anhydride (MA) and 
characterized by FTIR, XRD, and contact angle techniques. Also, the 
ζ-Potential and z-average diameter of maleic anhydride-functionalized 
CNCs (MACNCs) in dispersions with different NaCl concentrations 
were determined. The MACNCs stabilized high internal phase Pickering 
emulsions (MACNCs-HIPPEs) were prepared for pesticide delivery, and 
their stability was discussed by adjusting the oil-water ratios and salt 
concentrations. In addition, the rheology and imidacloprid release of the 
MACNCs-HIPPEs were performed. The results show that the modified 
cellulose can be used as a single stabilizer for forming HIPPEs, and the 
sustained release of IMI can reach 48 h, which is of research value for 
pesticide delivery. Moreover, these HIPPEs can be used to deliver other 
oleophilic pesticides such as phoxim and dimethoate. 

2. Materials and methods 

2.1. Materials 

Cotton was supplied by Xinjiang Production and construction Corps 
eighth Agricultural Division. Sulfuric acid with 98% purity was provided 
by Xilong Scientific Co., Ltd. (Guangdong, China). N,N-dimethylforma
mide (DMF) with 99.5% purity was purchased from Tianjin Yongsheng 
Fine Chemical Co., Ltd. (Tianjin, China). Maleic anhydride (MA) with 
99.5% purity was obtained from Shanghai Jingxi Chemical Technology 
Co., Ltd. (Shanghai, China). Ethanol absolute with 99.7% purity was 
supplied by Tianjin Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, 
China). Paraffin liquid used as model oil was provided by Shanghai 
Rhawn Chemical Technology Co., Ltd. (Shanghai, China). Sodium 
chloride with 99.5% purity was purchased from Tianjin Zhiyuan 
Chemical Reagent Co., Ltd. (Tianjin, China). Methanol with 99.5% pu
rity was obtained from Tianjin Xinbo Special Chemical Co., Ltd. (Tianjin, 

China). Imidacloprid (IMI) with 95% purity was provided by Shanghai 
Yuanye Bio-Technology Co., Ltd. (Shanghai, China). 

2.2. Preparation of CNCs 

Cotton was cut to less than 1 cm and directly used to prepare CNCs 
via the sulfuric acid hydrolysis method with a few modifications [19]. 
Twenty grams of cotton were added into 200 g of sulfuric acid solution 
with a concentration of 64wt% with mechanical agitation (300 rpm) at 
50◦C for 1.5 h. Then, 2000 mL of deionized water was added to termi
nate the hydrolyzation reaction. The diluent was stood till a distinct 
stratification occurred, and the lower dispersion was centrifuged to 
neutrality and freeze-dried to obtain solid CNCs. 

2.3. Preparation of MACNCs 

The modification of CNCs was applied based on previous methods 
with minor modifications (Fig. 1) [20]. Solid CNCs (3 g) were evenly 
dispersed in 60 mL DMF and stirred at 300 rpm for 0.5 h continuously, 
followed by adding 30 g of MA and stirring for another 0.5 h. The re
action temperature was raised to 120◦C and carried out for 20 h. Then, 
400 mL absolute ethanol was added and stirred continuously for 2 h to 
terminate the reaction. The reaction system was centrifuged at 7500 rpm 
for 10 min, and the lower precipitate was collected. The precipitate was 
washed with absolute ethanol three times to remove the MA and DMF 
completely. Finally, the precipitate was dispersed in deionized water 
and freeze-dried to obtain MACNCs. 

2.4. Characterization of MACNCs 

The MACNCs suspend carboxyl groups that originated from the MA, 
and thus, the content of the carboxyl group was the grafting amount of 
MA. The carboxyl group content of MACNCs was determined by 
conductometric titration [21]. MACNCs (0.3 g) were added to 100 mL of 
deionized water, and the pH value of the solution was adjusted to near 3 
with 0.1 mol⋅L-1 HCl. It was evenly stirred with a magnetic stirrer and 
titrated with 0.05 mol⋅L-1 NaOH solution. Then, the conductivity of the 
solution was changed with the addition of NaOH solution till the pH 
reached around 11 (i.e., titration endpoint), which was measured on a 
conductivity meter (DDSJ-307F, China). According to the experimental 
data, the conductivity curves of the solution versus the volume of NaOH 
solution consumed were drawn, and the content of carboxyl groups was 
calculated using the following formula. 

Content of carboxyl groups
(

mmol
g

)

=
CNaOH(V1 − V2)

m
(1) 

Fig. 1. Schematic of preparation of MACNCs and MACNCs-HIPPEs.  
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where CNaOH is the concentration of the titrated NaOH solution, V1 is the 
volume of NaOH solution required to consume HCl in solution, V2 is the 
volume of NaOH solution that consumes all acidic substances in the 
solution, m is the dry weight of the MACNCs sample. 

The lyophilized CNCs and MACNCs were ground, mixed with KBr, 
and further laminated. The chemical variations of CNCs before and after 
the modification with MA were detected on a Nicolet iN10 MX FT-IR 
spectroscopy (Thermo Scientific, USA) in a scanning region of 4000- 
500 cm-1 at a resolution of 4 cm-1. The X-ray diffraction patterns of CNCs 
and MACNCs were obtained on a Bruker D8 Advance diffractometer 
(Bruker, German) with Cu Kα radiation ranging from 5 to 80◦ at a rate of 
2 ◦/min and operated at a power of 40 kV with a current of 40 mA. The 
crystallinity was calculated by Segal’s method [22]: 

CI =
(

I200 − IAM

I200

)

(2)  

where I200 is the peak intensity at the plane (200) in the XRD profile, and 
IAM is the minimum intensity at the valley between the planes (200) and 
(110). 

The ζ-potential and the size distribution profile of MACNCs suspen
sions (0.1%, w/v) at different NaCl concentrations were measured by the 
Malvern Zetasizer nanoseries (Nano-ZS90, UK). The thermo-stability of 
CNCs and MACNCs were tested on a thermogravimetric analyzer 
(Netzsch TG 209 F3 Tarsus, Germany) under nitrogen atmosphere at a 
heating rate of 10oC/min from 30oC to 800oC. Contact angle is a crucial 
parameter in judging the wettability of a substance. SL200KB contact 
angle goniometer (Solon Tech. Co., Ltd., Shanghai, China) was used to 
measure the three-phase contact angles of CNCs and MACNCs. The 
sample was pressed into tablets with 13 mm in diameter and 2 mm in 
thickness. Then, 3 μL of ultra-pure water was dropped on the surface, 
and the droplet behavior was captured by a video camera. The contact 
angles were calculated by fitting the droplet contour with the Laplace- 
Young equation. 

2.5. Preparation of MACNCs-HIPPEs 

MACNCs were pretreated by ultrasound under an ice bath. The facile 
route of MACNCs-HIPPEs preparation is shown in Fig. 1. All the emul
sions were stabilized by MACNCs on a homogenizer (FSH-2A, China) at 
12000 rpm for 3 min. The influences of NaCl concentration (μ, 0-1200 
mM), proportions of paraffin liquid to MACNCs suspensions (φ, 0.1-0.9), 
and MACNCs suspension concentrations (0.5-4.0wt%) on the 24-hour 
stability of the MACNCs-HIPPEs were studied. Traditional droplet ex
periments were employed to judge the emulsion type. If the emulsion 
can be dispersed in water and not in liquid paraffin, the HIPPEs were an 
oil-in-water (O/W) type emulsion; otherwise, they were water-in-oil 
(W/O) type. 

2.6. Characterization of HIPPEs 

The HIPPEs were diluted with the same volume of water each time, 
and microstructures were observed on an MX-117P polarizing optical 
microscope (Shenzhen, China) with a camera (HK117PM, Shenzhen, 
China). The MCR 302 rheometer (Anton Paar) was used to test the 
rheological properties of HIPPEs at 25◦C. The linear viscoelastic region 
of HIPPEs was tested in the strain range of 0.01-1000%, and the yield 
strain was measured by amplitude scanning mode. Then, a 0.2% strain 
was determined in the above-mentioned shear strain scanning. The 
HIPPEs were tested at different frequencies ranging from 0.01 to 100 Hz 
to record the elastic modulus (G") and loss modulus (G'). 

2.7. IMI loading and sustained release 

According to the above-mentioned experimental result, the 
MACNCs-HIPPEs that were prepared at 2wt% of water phase 

concentration (i.e., the concentration of MACNCs) and the oil-water 
ratio of 8:2 without adding NaCl presented the best stability. Thus, 
these MACNCs-HIPPEs were employed to in situ load IMI to obtain IMI- 
loaded HIPPEs (IMI@MACNCs-HIPPEs). In detail, 10 mg of IMI was 
dissolved in 8 mL of liquid paraffin, followed by adding 2 mL of MACNCs 
solution to form a dispersion system, which was further homogenized at 
12000 rpm for 3 min. 

For the sustained release of IMI from the IMI@MACNCs-HIPPEs, 1 g 
of the IMI@MACNCs-HIPPEs was weighed and injected into a dialysis 
bag with an MWCO of 3500 Da that was put into 100 mL methanol- 
water (v/v=4:6) solution at different temperature (15◦C, 25◦C, and 
35◦C) under oscillation (200 rpm). Then, 3 mL of the sustained release 
media was sucked out at the preset time interval, and 3 mL of the 
initiating methanol solution was supplemented in time. The sucked 
emulsions were centrifugated at 10000 rpm for 5 min and filtrated by a 
millipore filter (0.22 μm), which were further scanned on a UV-Vis 
spectrophotometer to calculate the concentration of IMI in the sucked 
release media. The cumulative release amount of IMI was calculated 
using the following formula: 

Cumulative release rate =
∑t

t=0

Mt

M0
× 100% (3)  

where Mt is the IMI released from microcapsules at the preset time in
terval, and M0 is the total mass of IMI in IMI@MACNCs-HIPPEs. 

2.8. Kinetics study of the release process 

The release kinetics of IMI from IMI@MACNCs-HIPPEs was analyzed 
using zero-order, first-order, Higuchi, and Ritger Peppas models as fol
lows [23]. 

Zero − order model :
Mt

M∞
= k1t (4)  

First − order model :
Mt

M∞
= 1 − exp− k2t (5)  

Higuchi model :
Mt

M∞
= k3t

1
2 (6)  

Ritger Peppas model :
Mt

M∞
= k4tn (7)  

where Mt was the amount of drug released at time t, M∞ was the 
maximal amount of the released drug at infinite time, ki is the rate 
constant of pesticide, and n stood the diffusion exponent of Fickian 
diffusion (n≤0.43), non-Fickian (0.43<n<0.85), swelling control pro
cess (n≥0.85). 

2.9. Spread and retention of IMI@MACNCs-HIPPEs on the leaf surface 

The static contact angle of the emulsion on the leaf surface is an 
effective method to judge spreadability [24]. Cotton leaves were cut into 
strips and glued to the glass slide. IMI@MACNCs-HIPPEs at a concen
tration of 0.18 g/g to 0.2 g/g was sucked into a microsyringe and 
sprinkled on the leaf surface for measurement and recording with a 
contact angle instrument. All other operations were the same as the 
determination of the contact angle of MACNCs. 

The retention of IMI@MACNCs-HIPPEs on cotton leaves was 
measured by the dipping method [25]. IMI@MACNCs-HIPPEs at a 
concentration of 0.18 g/g to 0.2 g/g was placed in the beaker, the 
tweezers and the beaker were weighed as W1, the cotton leaves were 
divided into rectangles with an area of S, and the leaves were picked up 
with tweezers and immersed in the beaker for 10 s, and then left right 
above the beaker for 2 min. The weight of the beaker and the tweezers 
was weighed as W2. The retention amount (R, mg/cm2) of 
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IMI@MACNCs-HIPPEs on the surface of cotton leaves was calculated by 
R = (W1 − W2)× 1000/S. 

Moreover, the IMI@MACNCs-HIPPEs and water were sprinkled on 
the surface of the cotton leaf with a dip angle of 60o from a syringe with 
a 0.7 mm needle, during which the retentions were also videoed. 

3. Results and discussion 

3.1. Physicochemical characteristics of CNCs and MACNCs 

Solid nanoparticles can irreversibly adsorb on the oil-water interface 
to form a Pickering emulsion, during which they are partially wetted by 
the continuous phase and dispersed phase. The irreversible adsorption of 
solid particles at the oil-water interface is explained. The stable 
adsorption of solid particles at the interface is also a condition for the 
stability of high internal phase Pickering emulsion. It can be described 
by the formula: ΔG = πR2γOW(1 ± cosθ)2, where R is the radius of solid 
particles, γow is the surface tension of the oil-water interface, and θ is the 
three-phase contact angle of particles. The adsorption energy de
termines the difficulty of solid particles adsorbing at the oil-water 
interface. When θ approaches 90o, the solid particles have difficulty 
escaping from the oil-water interface due to the largest required 
desorption energy. In other words, the closer the contact angle is to 90o, 
the higher the stability of the emulsion [26]. The wide existence of 
sulfate hemi-ester and hydroxyl groups determined the strong 

hydrophilicity of CNCs and the consequent instability of native CNCs- 
stabilized Pickering emulsions [27]. Thus, we modified CNCs with MA 
to decrease their hydrophilia. After the modification, the contact angles 
increased from 52.7o to 73.0o (Fig. S3), CNCs are highly hydrophilic due 
to the abundant sulfate hemi-ester groups and hydroxyl groups on the 
surface. The modification with maleic anhydride introduced a carboxyl 
group and seemed to increase the hydrophilia of the resultant CNCs (i.e., 
MACNCs). However, this process also enhanced the content of hydro
phobic groups (i.e., ester and vinyl groups), which was twice the amount 
of hydrophilic groups (i.e., carboxyl group) [28,29]. Thus, the hydro
philicity is reduced. This also indicates that the MACNCs could form 
stable O/W Pickering emulsions. 

The FT-IR technique was employed to characterize the chemical 
variation of CNCs before and after the functionalization by MA (i.e., 
CNCs and MACNCs), and the results are shown in Fig. 2a. CNCs and 
MACNCs share the same absorption peaks at 3400 cm-1, 2900 cm-1, 
1061 cm-1, and 898 cm-1 that were ascribed to the -OH stretching vi
bration, C-H stretching vibration, C-O stretching vibration and 
β-glucosidic bonds of the cellulose molecules [30]. It can be noticed that 
the structure of MACNCs has changed to some extent, and new bands 
can be observed in the MACNCs spectrum. The strong and sharp ab
sorption peak located at 1720 cm-1 was the stretching vibration of C=O 
in the free carboxyl groups, indicating the formation of ester bonds. The 
new peak at 821 cm-1 may be the out-of-plane deformation of the 
carboxyl group on MA [31]. The different peak at 3334 cm-1 was found 
in the MACNCs spectrum, belonging to the intermolecular hydrogen 

Fig. 2. Physicochemical characteristics of CNCs and MACNCs. (a) FT-IR spectra; (b) XRD patterns; (c and d) ζ-Potential and z-average diameter of CNCs and MACNCs 
with different NaCl concentrations. 
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bond in the crystalline region of cellulose [32]. In addition, the ab
sorption peak at 1640 cm-1 is shifted, which may be caused by the 
overlap of the absorption peak of water in CNCs and the deformation 
vibration peak of the C=C linkage [33]. In the suspended accessory, the 
amount of alkenyl equaled that of carboxyl groups. The content of the 
carboxyl group was calculated as 0.27 mmol/g via the conductance 
titration (Fig. S1). Moreover, the three hydroxyl groups, linked to the C 
atoms at the C2, C3, and C6 of glucose, showed different reactivity. In 
detail, C6 primary alcohol is ten times more active than C2 and C3 
secondary alcohols due to the free rotation of C5 and C6 bonds [34]. 
Therefore, the OH of C6 of CNCs preferentially reacts with MA. 

The XRD patterns could reflect the crystallization behavior of CNCs 
and their derivatives. Fig. 2b shows that the MACNCs had the charac
teristic peaks of cellulose appearing on the 101 and 002 crystal planes, 
indicating their crystalline form of cellulose I. The only difference was 

that the intensity of the characteristic peaks decreased, and the crys
tallinity of CNCs and MACNCs was 89.47% and 46.56%, respectively. 
This phenomenon may be due to surface grafting or coating, and a 
similar trend can be found in the polyacrylamide-modified CNCs [35]. 
Also, the diffraction peaks did not shift, indicating that the modification 
did not break the native crystal structure. This result proved that the 
functionalization only occurred on the surface hydroxyl groups on of 
CNCs [36]. The surface-pendent carboxyl groups were weakly dissoci
ated functional groups. They undoubtedly induced a shielding of sulfate 
hemi-ester groups that would endow the MACNCs with sluggishness to 
the ionic strength, viz., the MACNCs-stabilized Pickering emulsions may 
exhibit the stability to the salt ions. In addition, the micromorphology of 
CNCs and MACNCs is basically the same (Fig. S2). 

As discussed above, the modification significantly influenced the 
accessibility of the surface charge. Thus, we determined the ζ-Potential 

Fig. 3. MACNCs-stabilized Pickering emulsion with aqueous phase concentration of 2wt% and φ range of 0.1-0.9: (a) Digital photos; (b) optical microscopy images; 
(c) strain sweep test of the MACNCs-stabilized Pickering emulsion with O/W ratios of 6:4, 7:3, and 8:2; and (d) frequency sweep test of the as-prepared MACNCs- 
stabilized Pickering emulsion with O/W ratios of 6:4, 7:3, and 8:2. 
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and z-average diameter (Dz) of CNCs and MACNCs, and the results are 
shown in Fig. 2c and d. In the pure solutions, the CNCs and MACNCs 
showed the difference in the ζ-Potential (-30.05 mV and -33.91 mV), 
which were induced by surface-suspended carboxyl groups [37]. When 
different dosages of NaCl were added to the solution, the ζ-Potential of 
MACNCs presented a decreased trend, but that was slight. In detail, the 
ζ-Potential of MACNCs shifted from -33.91 mV to -29.3 mV when the 
NaCl concentration increased to 1000 mmol/L (i.e., 58.5 mg/mL). This 
result was much different from our previous study, in which the ζ-Po
tential of CNCs changed from -42.6 mV to -17.8 mV with the NaCl 
concentration increased to 20 mg/mL [38]. The difference manifested 
the pivotal role of maleyl groups that can form a barrier around the 
CNCs, consequently shielding the NaCl. This situation was also found in 
octenyl succinic anhydride-functionalized CNCs [39]. Thus, the surface 
functionalization of MA significantly influenced the surface chemistry of 
CNCs. 

The modification of maleic anhydride increased the hydrophobicity 
of CNCs and caused agglomeration, resulting in a larger particle size, 
which caused the PDI value to increase from 0.4915 to 0.8889. For solid 
particles, the shielding of surface charges undoubtedly induced the 
agglomeration. Thus, we also obtained the changes in the Dz of CNCs 
and MACNCs by adding different dosages of NaCl (Fig. 2d). The Dz of 
MACNCs was much higher than that of CNCs, which is opposite to the 

result of ζ-Potential, indicating that the increased surface charge density 
did not prevent the agglomeration of the nanoparticles. When the NaCl 
was added to the solution, the MACNCs showed changes in the Dz but 
did not increase, and the PDI value also was not significantly changed 
(Table S1). In this process, the maleyl groups might form a buffer area 
that prevents agglomeration [40,41]. 

The thermal stability of CNCs and MACNCs was investigated by the 
TG-DTG technique. The weight loss below 200oC can be ascribed to the 
evaporation of free and adsorbed water that can form strong hydration 
with sulfate hemi-ester and hydroxyl groups [42]. For the thermo- 
stability of CNCs, the decomposition temperature appeared at a peak 
value of 291oC, and a mass loss of about 76% was obtained when the 
temperature increased to 336◦C. Different from CNCs, MA- 
functionalized CNCs showed a carried-forward decomposition peak 
temperature of 314◦C, indicating that the surface coating inhibited the 
catalytic degradation by sulfate hemiester groups [35]. The decrease in 
thermal stability of MACNCs may be due to the breakdown of inter
molecular hydrogen bonds and weak intermolecular interaction caused 
by modification reaction [43]. 

3.2. Influence of O/W ratios on the formation of MACNCs-HIPPEs 

The macro visual and microscope images of MACNCs-stabilized 

Fig. 4. MACNCs-HIPPEs with MACNCs concentration of 0.5-4wt% and φ value of 0.8: (a) digital photos; (b) optical microscopy images with MACNCs concentrations 
of 0.5, 1, 2, 3, and 4wt% (from left to right); (c) strain sweep test of the MACNCs-HIPPEs; and (d) frequency sweep test of the as-prepared MACNCs-HIPPEs at strain 
of 0.2%. 
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Pickering emulsion obtained at different φ (0.1-0.9) are shown in Fig. 3a 
and Fig. 3b, respectively. The emulsion volumes were enhanced with the 
increasing φ followed by forming HIPPEs (Fig. 3a). The optical micro
scopy images manifested that the emulsion droplets increased with the 
increasing φ (Fig. 3b and Fig. S5). This phenomenon was because of the 
fixed maximum interface area occupied by particles in each water phase, 
and the increased droplet size could keep the unchanged interface area 
[44]. It can be seen that MACNCs-HIPPEs presented two layers (i.e., 
upper cream and underlying water phase) when the φ was less than 0.7. 
When φ achieved 0.8, the emulsion droplets were particularly dense, 
showing extreme accumulation, as well as a non-mobile state in 
macroscopic, which was a feature of HIPPEs [45]. Moreover, this 
emulsion remained in the same state, even if it was stored for one month. 
Oil-water separation appeared when the φ increased to 0.9 due to the 

droplet coalescence and Ostwald ripening [46,47]. 
The test of rheological properties was performed to prove the gel-like 

characteristics of HIPPEs. The results are shown in Fig. 3c. The storage 
modulus (G') was much higher than the loss modulus (G") of the as- 
prepared MACNCs-stabilized Pickering emulsion at different φ in the 
low strain range, which indicated the elastic behavior and solid-like 
properties at this time [48]. The curves of G' intersected the curves of 
G" as the increase in strain, manifesting the collapse of the network and a 
gel-sol transition [49]. Moreover, the G' of the MACNCs-HIPPEs 
increased with improvement in φ; these results were consistent with 
the results shown in the optical microscopy images, viz., enhanced φ 
contributed to form the gel network structure of HIPPEs [50]. Fig. 3d 
showed the frequency dependence test of MACNCs-HIPPEs at different 
φ. All the G' were higher than G", showing the dominant role of the 

Fig. 5. The stability of as-prepared MACNCs-HIPPEs (MACNCs concentration of 2wt%, and φ of 0.8) to NaCl (0-1200 mM): (a) digital photos; (b) optical micro
scopy images. 

Fig. 6. Cyro-SEM images of MACNCs-HIPPEs (MACNCs concentration of 2wt%, and φ of 0.8) to NaCl (0 mM).  
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elastic module rather than the viscous module, which was the charac
teristic of the network materials [51]. The maximum G' and G" were 
found in the MACNCs-HIPPEs at φ of 0.8, also indicating the significance 
of higher φ. 

3.3. Influence of MACNCs dosages on the formation of MACNCs-HIPPEs 

In addition to the O/W ratios, the stabilizer dosages in the water 
phase (i.e., MACNCs concentrations) also influenced the stability of the 
as-prepared HIPPEs and were thus studied. Fig. 4 shows the digital 
photos, optical microscopy images, and the rheology of the collected 
MACNCs-HIPPEs. The emulsions can be formed at φ of 0.8 when the 
MACNCs concentrations range from 0.5% to 4%. Moreover, the 

emulsions transformed to the HIPPEs when the MACNCs concentrations 
were 2, 3, and 4% (Fig. 4a). With the increase in MACNCs concentration, 
the droplet size of MACNCs-HIPPEs decreased gradually (Fig. 4b and 
Fig. S6), which was caused by the rise in coverage of MACNCs particle at 
the oil-water interface [52]. This indicated that the increase in particle 
concentration was conducive to forming HIPPEs with greater rigidity 
and stability. Similar results can be found in the published data [40,53]. 

The rheological measurements were also performed for the MACNCs- 
HIPPEs with MACNCs concentrations of 2, 3, and 4%. All the G' were 
higher than G" in the low strain range (Fig. 4c), which manifested the 
elastic behavior and solid-like properties of the obtained Pickering 
emulsions [48]. Moreover, the G' of emulsion prepared at a MACNCs 
concentration of 1% was much smaller than that of MACNCs-HIPPEs 

Fig. 7. The stability of MACNCs-stabilized Pickering emulsion after 6 months: (a) MACNCs-stabilized Pickering emulsion with aqueous phase concentration of 2wt% 
and φ range of 0.1-0.9; (b) MACNCs-HIPPEs with MACNCs concentration of 0.5-4wt% and φ value of 0.8 and (c) MACNCs-HIPPEs (MACNCs concentration of 2wt%, 
and φ of 0.8) to NaCl (0-1200 mM). 
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(Fig. 4c), indicating that the higher MACNCs concentration contributed 
to the formation of HIPPEs. The frequency dependence test of Pickering 
emulsions also showed that the G' were higher than G" (Fig. 5d). This 
result indicated that the elastic module played a dominant role and the 
network structures were formed in the Pickering emulsions [51]. The 
phenomenon was induced by the increasing coverage of the oil-water 
interface with the improvement of MACNCs concentration. The poten
tial non-covalent interaction among MACNCs particles (e.g., electro
static repulsion and hydrophobic force) led to the formation of a high 
internal phase emulsion network structure, which increased the vis
cosity of the emulsion, reduced the agglomeration of droplets and thus 
increased the modulus of the emulsion [54,55]. 

3.4. The stability of as-prepared MACNCs-HIPPEs to high-concentration 
salt 

The surface-charged CNCs-stabilized Pickering emulsions generally 
showed salt responsiveness due to the widely exposed surface charge 
that can be shielded by salt ions [38]. This is an interesting performance 
but the opposite of the pesticide delivery due to the salt ions on the leaf 
surface. Below is the determination of salt responsiveness, and the re
sults are shown in Fig. 5. The MACNCs-HIPPEs were prepared with 2% 
of MACNCs concentration at φ of 0.8, followed by adding NaCl to adjust 
the concentration to 0-1200 mM. All the emulsions were HIPPEs no 
matter what dosages of NaCl were added (Fig. 5a). It can be seen from 
the comparison of optical microscopy images that all the size of 
MACNCs-HIPPEs have almost no change and MACNCs-HIPPEs have no 
oil leakage or emulsion breaking (Fig. 5b and Fig. S7), may because 
MACNCs in the volume phase interacted with MACNCs in the droplet 
and the spatial repulsions among droplets were the main force main
taining MACNCs-HIPPEs rather than the electrostatic repulsion [41,56]. 

3.5. The micromorphology of MACNCs-HIPPEs 

According to the above experiments, MACNCs-HIPPEs with the best 
stability (MACNCs concentration of 2wt%, φ of 0.8, and without NaCl) 
was selected for cryo-SEM to observe the microscopic distribution of the 
emulsion (Fig. 6). Most of the emulsion droplets significantly appeared 
as an independent sphere with a diameter of about 50 μm, which was 
surrounded by the freezing water. MACNCs can form a smooth and 
curved interface film with a network structure on the surface of the 
droplets and produce many adhesion points between the oil droplets. A 
network with linear branches is structured like a tentacle, connecting oil 
droplets together to stabilize the interface in the form of a mesh mem
brane with branches [57]. MACNCs, which are not tightly adsorbed on 
the oil-water interface, formed a dense three-dimensional network 
structure between droplets through electrostatic, hydrophobic, and 
hydrogen bonding, which hindered the aggregation of droplets [58]. 
Moreover, high rheological properties can limit the movement and 
agglomeration of the emulsion droplets, thus improving the stability of 
the emulsion. In addition, the storage modulus (G') is much higher than 
the loss modulus (G"), showing a typical gel-like behavior, which is also 
conducive to the stability of the high internal phase Pickering emulsion. 

3.6. Storage stability 

Storage stability is the basic judgment for a formulation in the ap
plications, and here we determined the storage stability of the MACNCs- 
stabilized Pickering emulsions after storage for 6 months. Fig. 7a and b 
show the storage stability of the as-prepared Pickering emulsions at 
different O/W ratios or MACNCs dosages. Compared with the fresh 
emulsions (Fig. 3a and Fig. 4a), all the Pickering emulsions could be 
steadily stored for 6 months without visible changes. Also, the storage 

Fig. 8. Ritger-Peppas kinetics model that fitted experimental data of 
IMI@MACNCs-HIPPEs at different temperatures. 

Table 1 
Kinetics parameters of different models for IMI release from IMI@MACNCs- 
HIPPEs at different temperatures.  

Kinetics models The parameters The release temperature 

15◦C 25◦C 35◦C 

Zero-order model K1  0.0129  0.0173  0.0142 
R1

2  0.7170  0.4827  0.4005 
First-order model K2  0.6708  0.7394  0.8367 

R2
2  0.9135  0.9678  0.9950 

Higuchi model K3  0.1009  0.1362  0.1207 
R3

2  0.9199  0.7864  0.6634 
R-P model n  0.2574  0.1508  0.0864 

R4
2  0.9859  0.9955  0.9775  

Fig. 9. Spread and retention of IMI@MACNCs-HIPPEs on the surface of cotton leaf: (a) contact angles (+ and - indicate the front and back sides of cotton leaves); (b) 
retention amount of IMI@MACNCs-HIPPEs. 

C. Wu et al.                                                                                                                                                                                                                                      



International Journal of Biological Macromolecules 273 (2024) 132971

10

stability of the NaCl-added Pickering emulsions was also determined, 
and the results are shown in Fig. 7c. The digital photos and optical 
microscopy images did not manifest macro or micro changes, including 
the grain diameter of the emulsion droplet. 

3.7. Sustained-release performance of IMI@MACNCs-HIPPEs 

IMI, a broad-spectrum insecticide, was in situ loaded into MACNCs- 
HIPPEs, and the slow-release performance of IMI was studied by in vitro 
experiments. The release process of IMI from IMI@MACNCs-HIPPEs can 
be divided into three parts: burst release stage, sluggish release stage, 
and equilibrium release stage (Fig. 8). Moreover, all the release systems 
presented clear burst releases in the methyl alcohol media at different 
release temperatures. To describe the release processes, the kinetics 
studies were performed, as shown in Fig. 8. The parameters of the ki
netics models are listed in Table 1. The R4

2 values of the R-P model were 
all higher than 0.97, indicating the feasibility of this model. Moreover, n, 
the diffusion exponent, were all much smaller than 0.43, which man
ifested the Fickian diffusion-controlled mechanism in the release 
processes. 

The first-order kinetics model can also describe the release process 
well due to the acceptable R2

2 values that were all greater than 0.91, also 
exhibiting the significance of differential concentration gradient. The R2

2 

values of the first-order kinetics model were clearly enlarged with the 
increase in release temperature, viz., the sustained release of IMI from 
the HIPPEs was also influenced by other factors except the differential 
concentration. Fig. 8 also revealed that cumulative release ratios were 
positively related to the temperature. These phenomena might be 
induced by the viscosity change of liquid paraffin at different tempera
tures, which significantly influence the diffusion of IMI [59]. 

Generally, higher temperatures contributed to pest propagation (e. 
g., aphids), and the requirements for insecticide dose consequently 
increased [60,61]. Thus, this thermo-responsiveness of the 
IMI@MACNCs-HIPPEs was suitable for crop applications. Overall, the 
IMI@MACNCs-HIPPEs could release IMI for more than 50 h, which is 
much better than the CNCs-stabilized Pickering emulsion-based release 
systems [38]. 

3.8. Spread and retention of IMI@MACNCs-HIPPEs on the leaf surface 

The spread and retention of pesticide formulations significantly 
influenced the utilization rate of pesticides, which can be improved by 
adjusting the static contact angle. Fig. 9a shows the contact angles of 
water, IMI@MACNCs-HIPPEs, and commercial IMI suspension (CG) on 
the leaf surface. For water and CG, the contact angles were all greater 
than 90o, whether on the front or back of cotton leaves, indicating the 
incompatibility to the leaf surface. The IMI@MACNCs-HIPPEs presented 
a much smaller contact angle on the front of the leaf (45.98o). Thus, the 
IMI@MACNCs-HIPPEs had good spreading properties and were more 
easily attached to the leaves, which can effectively improve the utili
zation rate of IMI. Moreover, the contact angle of the back face was still 
close to 90o but much smaller than that of water and CG due to the 
villous structure. 

The amount of leaf retention also indicated the residue of pesticides 
on crops. The cotton leaves were quickly removed by dipping into the 
IMI@MACNCs-HIPPEs, and droplets were only attached to the surface of 
the leaves. The retention amount of IMI@MACNCs-HIPPEs on cotton 
leaves was much greater than that of water and CG, reaching 35.55 mg/ 
m2 (Fig. 9b), which significantly reduced the use of pesticides and the 
consequent environmental issues. Moreover, we recorded videos of the 
water droplets and IMI@MACNCs-HIPPEs on a leaf surface with an 
angle of 60o to illustrate the specific retention (videos 1 and 2, sup
porting information). It is clear that the IMI@MACNCs-HIPPEs can stay 
on the leaf surface, but the water droplets just roll off the leaf surface. 
Thus, IMI@MACNCs-HIPPEs had high stability and modulus that was 
conducive to applying pesticide preparations because the considerable 

rheological energy can dissipate the system energy, thereby increasing 
the retention rate of pesticides in the leaves [62,63]. 

4. Conclusion 

The cotton-derived CNCs were modified by MA to obtain the 
MACNCs that were used to form Pickering emulsions. The grafting 
content was calculated as 0.27 mmol/g, and the contact angle increased 
from 52.7o to 73.0o. The zeta potential of MACNCs only shifted from 
-33.91 mV to -29.3 mV without clear agglomeration even though the 
NaCl concentration was as high as 1000 mmol/L (i.e., 58.5 mg/mL). The 
HIPPEs were obtained when the φ was 0.8 and MACNCs concentration 
was 2wt%, which showed excellent salt stability (NaCl, 1200 mM) and 
significant storage stability (60 days). The typical three-dimensional 
structure of HIPPEs can also be seen by cryo-SEM. The IMI can contin
ually be released from IMI@MACNCs-HIPPEs for more than 50 h at 
15◦C, 25◦C, and 35◦C; the release process was also significantly influ
enced by the release temperature. The contact angles of IMI@MACNCs- 
HIPPEs on the front and back of cotton leaf were 45.98o and 81.04o 

which were much smaller than that of water and CG. The retention 
amount of IMI@MACNCs-HIPPEs on cotton leaves was much greater 
than that of water and CG, reaching 35.55 mg/m2. Thus, the present 
MACNCs-HIPPEs showed excellent potential in delivering IMI and can 
be promoted to other lipophilic pesticides. 
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