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Pyrethrins are effective agents against mosquito larvae, but their rapid degradation rate in water reduces
their deinsectization efficiency and increases the cost of deinsectization. Based on liquid marbles, a bio-
degradable slow-release hydrogel carrier is prepared using green and low-cost materials for the slow
release of natural pyrethrin on water surfaces to kill mosquito larvae. Green carriers with high stability and
loading of high concentrations of pyrethrin are synthesized by cross-linking Ca®* in 5% CaCl, solution
with sodium alginate. The superior stability of liquid marbles at the water surface and the electrostatic
interaction between alginate and gelatin can effectively reduce the degradation rate of pyrethrin in water.
Furthermore, the carrier system displayed a long sustained-release time (>144 h) and maintained larvicidal
performance after 168 h. Good floating stability is demonstrated for the liquid marble hydrogels. The larvi-
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cidal activity of the obtained drug carrier reached 100% with different water volumes but the same
dosage. This work provides a strategy to exterminate mosquito larvae with high efficiency by preparing a
green hydrogel drug slow-release carrier, thus providing a new approach to expanding the application of
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rsc.li/greenchem liquid marbles in green chemistry.

1. Introduction

Mosquitoes are one of the main culprits in spreading malaria
and other diseases, including dengue, chikungunya, yellow
fever and Zika virus." In the open water system, the population
of mosquito larvae can be controlled by various predators,
including tadpoles, water bugs, fish, copepods and crabs.>
However, the smell from stagnant pools can attract mosquitoes
to lay eggs, which hatch to release larvae.®> Therefore, mosqui-
toes often thrive in small stagnant waterholes.*
Organophosphates, microbial agents and insect growth regula-
tors are normally applied to directly target mosquitoes;
however, these agents are highly toxic or expensive.” Some
researchers have developed methods that use nanomaterials to
block the mosquito life cycle.>” Parvin et al. developed a non-
toxic nanoparticle coated with carbon to kill mosquito larvae
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after a long period of stagnation in the larval stage.® As mos-
quito larvae (also known as worms) hang upside down below
the surface of water and breathe at the surface with the end of
their tails, the release of insecticides at the surface of water is
an effective means of mosquito extermination. However, few
studies have described a way to control mosquitoes based on
the behaviour of the larvae.

Pyrethrin is a green biocide derived from pyrethrum flowers
and has been used against mosquitoes for a long time. Natural
pyrethrin is effective in eradicating a wide range of insects and
is considered less toxic to mammals and other non-target
organisms.’ Compared to synthetic insecticides, natural pyre-
thrin is eco-friendly with a very short half-life in natural
environment.'® Because of the degradation and deactivation of
pyrethrin in sunlight and air,"* it does not pose a risk to
humans and the environment. Despite its lipophilic pro-
perties, natural pyrethrin degrades rapidly in water and leaves
no residue in water sediments or fish tissue.'* Rapid degra-
dation leads to increased release frequency, dosage, and cost
of pyrethrin, resulting in difficulty in mosquito control. Thus,
a continuous and controlled mode for pyrethrin release needs
to be developed to achieve an expected larvicidal efficacy and
avoid the evaporation or early degradation of pyrethrin.

Early studies have provided some methods that are used to
solve the above problems. Researchers prepared pyrethrin for-
mulations in which pyrethrin was loaded with natural poly-
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mers,”® inorganic non-metallic materials’* and nano-mixed
micelles.””™” Among various natural polymers, alginates are
used extensively in the preparation of hydrogel microspheres,
micro-capsules and membranes for controlled drug release
because of their biocompatible, biodegradable and nontoxic
properties.’®*?° In addition, alginates can be formed as iono-
tropic hydrogels in the presence of Ca**, Ba®>", Fe’" and other
divalent or trivalent cations.>* Gelatin is a natural addition for
preparing a drug carrier because of its unique characteristics,
including nontoxic, edible, biodegradability and low cost.>*
Some reports suggested that there exists electrostatic inter-
action between the groups of gelatin and alginates, which
favors the stability of emulsion.”®** Therefore, alginates and
gelatin were selected as the aqueous phase to prepare the pyre-
thrin formulation.

Liquid marble is a natural phenomenon generally associ-
ated with the activity in that aphids transformed liquids into
soft non-stick solids using wax-like substances.>® In 2001,
Aussillous and Quere first named the shell-core type droplet
as liquid marbles and reported on it systematically.”®
Theoretically, the grains that encapsulate droplets can be any
particle size less than a few hundred microns, such as silica
particles, carbon nanotubes, and cellulose.”” The surface
energy of the droplet will be reduced after covering the non-
hydrophilic powder. Consequently, the globular liquid marbles
maintain their original shapes, and the contact surface is not
moistened, which makes liquid marbles stable in the air or
water surface.”® Owing to these properties, such as easy prepa-
ration, wide source of raw materials, non-wetting and good
elasticity, liquid marbles have gained increasing attention and
are widely used in fields of cosmetics, microfluidics, micro-
reactors and biopharmaceuticals.”** However, limited by
their poor mechanical stability, up to now, liquid marbles have
rarely been used in the agriculture sector to release pesticide.

Herein, the advantages of liquid marbles and the habit of
mosquito larvae were exploited, using green substances, such
as cellulose, sodium alginate and gelatin, to design a hydrogel
drug carrier to kill Aedes albopictus larvae continuously and
chronically with fewer doses (Scheme 1). The sodium alginate
solution and gelatin solution were mixed and then homogen-
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Scheme 1 Preparation process of liquid marble hydrogel loaded
pyrethrin.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

ized with pyrethrin to obtain a pyrethrin emulsion. Then, the
pyrethrin emulsion was dropped onto the modified cellulose
powder by pipette to prepare liquid marble. Subsequently, the
liquid marble was placed on a 5% CaCl, solution, and the
liquid marble-based hydrogel was obtained by water exchange.
The formation of hydrogels efficiently overcomes the mechani-
cal instability of liquid marble. Simultaneously, the modified
cellulose on the liquid marble-based hydrogels makes them
float on the water, releasing pyrethrin to kill wigglers.

2. Materials and methods
2.1 Materials

Sodium alginate (SA, 98%) was obtained from Shanghai
Yuanye Bio-Technology Co. (Shanghai, China). Gelatin (GE,
99%) was obtained from Damao Chemical Reagent Co.
(Tianjin, China). Calcium chloride anhydrous (CaCl,, 96%)
and vinyltriethoxysilane (VTES, 97%) were obtained from
Aladdin Reagent Co. (Shanghai, China). Ethanol (EtOH, 99%)
and sodium hydroxide (NaOH, 98%) were obtained from
Kelong Chemicals Co. (Chengdu, China). Cellulose (99%) was
obtained from Macklin Biochemical Co. (Shanghai, China).
The pyrethrin technology (Py, 50.8%) was obtained from
Nanbao Company Co. (Yunnan, China). Pyrethrin (80%) was
obtained from Cato Research Chemicals, Inc. (America).

The Aedes albopictus larvae were obtained from the Center
for Disease Control and Prevention (Zhejiang, China).

2.2 Synthesis of composites

2.2.1 Silanization of cellulose. 0.3 g of cellulose and 9 mL
of 0.1 M NaOH were dispersed in 50 mL of ethanol.
Subsequently, 0.3 g of VTES was placed in the cellulose sus-
pension and mixed for 90 min. Then, the modified cellulose
was cured at 100 °C for 60 min. After that, the modified cell-
ulose in suspension was obtained by centrifugation (8000 rpm,
5 min). The residue was washed with ethanol three times and
centrifuged to remove the supernatant after every washing
step. Finally, the modified cellulose was dried under vacuum
at 50 °C for 12 h.

The water contact angles (WCAs) were measured by drop-
ping 5 pL deionized water onto the cellulose powder surface,
which was pressed on a glass slide. The average value of the
three measurements at different spots was the final WCA of
each group.

2.2.2 Preparation of liquid marble. A droplet was dropped
onto the modified cellulose powder, and the container was
shaken slightly. Liquid drops of different sizes were generated
using a pipette to form liquid marbles.

2.2.3 Preparation of liquid marble hydrogels. First, the SA
and GE of equal mass were dissolved in 20 mL water and
stirred at 60 °C overnight to obtain sodium alginate-gelatin
solution (SA-GE). After that, pyrethrin was added. Then, the
above solution was homogenized at 10 000 rpm for 5 minutes
to obtain a pyrethrin emulsion (Py-SA-GE) at concentrations
ranging from 2.1% to 12.5% (w/v). As the internal solution, the
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pyrethrin emulsion was dropped onto the modified cellulose
powder to prepare the liquid marbles. Subsequently, liquid
marbles loaded with pyrethrin were placed on the surface of
the 5% CaCl, solution to obtain liquid marble hydrogels
loaded with pyrethrin (Py-LM-Gels). Finally, the liquid marble
hydrogels were transferred into a freeze dryer for ice sublima-
tion for 12 h. The blank liquid marble hydrogels (LM-Gels)
were prepared without adding pyrethrin. For comparison with
liquid marble hydrogels, conventional calcium alginate hydro-
gels were also prepared by dropping Py-SA-GE and SA-GE into
a 5% CacCl, solution.

2.3 Pesticide loading capacity

To assess the percentage loading (PL%) and percentage entrap-
ment efficiency (EE%) of the Py-LM-Gels, the content of pyre-
thrin in the Py-LM-Gels was detected using a T6 UV/VIS
spectrophotometer. The Py-LM-Gels were ground in a mortar
and then immersed in 5 mL of methanol. The suspension was
sonicated for 1 h and centrifuged at 8000 rpm for 5 min. After
that, the supernatant absorbance of UV analysis was recorded
at 230 nm.*® The whole process was conducted under light-
proof conditions. The drug carrier without pyrethrin has no
influence on absorbance at 230 nm (Fig. S1t). The standard
curve, which is used to calculate the amount of pyrethrin, is
shown in Fig. S2.1 The calculated formulas of PL% and EE%
of the Py-LM-Gels are as follows:

Total mass of pyrethrins in Py-LM-Gel
Total mass of Py-LM-Gel

PL(%)= x100%, (1)

EE(%) — Total mass of pyrethrins in Py-LM-Gel
v Total mass of pyrethrins

x100%. (2)

2.4 Release studies

2.4.1 Analysis of release mechanism. To study the release
properties of Py-LM-Gels, 5 Py-LM-Gels were placed in a dialy-
sis bag. Both ends of each dialysis bag were wired tightly, and
the bag was placed into a beaker containing 30 mL of metha-
nol-water (1:1, v:v) at a fixed temperature. All samples were
shaken mildly in the dark. 100 pL of the released medium was
removed at different time intervals (1, 2, 4, 6, 8, 10, 12, 24, 48,
72, 96, 120 and 144 h), and the absorbance using UV-VIS
spectrometer was detected at 230 nm. An equal volume of
fresh medium was added after sampling. The pyrethrin in the
dissolved medium was calculated using the pyrethrin standard
curve (Fig. S3t). For comparison, the release properties of the
equivalent pyrethrin technology were investigated in the same
way. The release rate of pyrethrin was calculated by applying
eqn (3) as follows:

n—-1

ChVA4+ Y Croa X V;

=0

Cumulative release(%) = R
0 (]

x100%,  (3)
where C, (mg mL™") and C,,_; (mg mL™") represent the concen-

trations of pyrethrin at n and n — 1 times, respectively. V (mL)
represents the volume of the release medium. V; (mL) rep-
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resents the volume taken out at n — 1 time. W, (g) represents
the weight of the liquid marble gels before swelling. The
release kinetics of pyrethrin from the liquid marble hydrogels
were investigated using zero order (eqn (4)), first order (eqn
(5)), and Higuchi (eqn (6)) and Rigter-Peppas (eqn (7)) models:

— =Kt 4
ekt (@)
M; —Kt
1 5
1k )
% Ktl/? (6)
Mo

M,

2 ke (7)
My

where M, (mg) represents the cumulative release amount at
time ¢. M,, (mg) represents the total amount of Py-LM-Gels. K
is the characteristic constant and n represents the diffusion
index.

2.4.2 Effects of temperature on release behavior.
Considering that the mosquito eggs quickly hatched into
larvae when the temperature was between 22 °C and 28 °C,"”
20 °C was set as the lowest temperature for the release study.
In addition, the degradation rate of pyrethrin is accelerated
when the temperature exceeds 32 °C. Given the potential
degradation of the released pyrethrin, 30 °C was set as the
highest temperature for the release study. The experimental
procedure and other conditions are identical to Subsubsection
2.4.1.

2.4.3 The effects of drug concentration on release behav-
ior. Our research showed that the concentration of pyrethrin
can affect the stability of pyrethrin emulsion and the prepa-
ration of liquid marble hydrogels (Fig. S4 and Table S2%). To
verify whether drug release behavior was affected by the con-
centration of pyrethrin, pyrethrin emulsions of different con-
centrations (2.5%, 5.0% and 7.5%) were used to prepare liquid
marble hydrogels for drug release experiments. The experi-
mental procedure is identical to Subsubsection 2.4.1.

2.5 Stability

2.5.1 Stability in floating. The Py-LM-Gels were placed on
the water surface. Then, the number of floating samples at
fixed time intervals was counted. For comparison, the Py-Gels
were also investigated. The flotation degree was calculated by
eqn (8) as follows:

Number of floating samples over time

Flotation degree (%) = e
gree (%) Number of initial samples

x100%. (8)

2.5.2 Storage stability. The prepared Py-LM-Gels were
stored in a refrigerator (4 °C) for 6 months. Simultaneously,
the morphology of Py-LM-Gels and the content changes in pyr-
ethrin were investigated.

This journal is © The Royal Society of Chemistry 2024
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2.6 Application

2.6.1 Larvicidal activity test. Mortality was assumed for
those wigglers that failed to move and turned red (Fig. S5 and
ESI Video 1}). Py-LM-Gels (10, 30, and 60) were placed in
300 mL of lake water containing 10 Aedes albopictus larvae. The
larvicidal performance at 24 h and 48 h was monitored
without changing the water but with fresh larvae. LM-Gels
were used as a control. The experiments were performed in
three replicates.

2.6.2 Effect of water volume. In this study, the potential of
Py-LM-Gels was explored, as a green slow-release formulation
for mosquito larvae control with less dose. To confirm the
effect of Py-LM-Gels in different volumes of water, the mor-
tality of the wigglers in two beakers with different volumes of
water was investigated. 10 Py-LM-Gels were placed in the
beaker containing lake water (50 and 300 mL) and 10 Aedes
albopictus larvae. The larvicidal performance of these larvae
was monitored for a period without changing the water and
larvae. LM-Gels were used as a control. The experiments were
performed in three replicates.

2.6.3 Duration of drug action. 10 Py-LM-Gels were placed
in 300 mL of lake water containing 10 Aedes albopictus larvae.
The larvicidal performance was monitored without changing
the water but with fresh larvae. For comparison, the same
number of LM-Gels and the equivalent pyrethrin technology
was investigated similarly. The experiments were performed in
three replicates.

3. Results and discussion
3.1 Characterization

3.1.1 Characterization of cellulose. The synthesis process
of the modified cellulose is illustrated in Fig. 1. The synthetic
process involves the silanization of cellulose. The above-modi-
fied cellulose was assessed for its water contact angles. The
levels of all factors are shown in Table S1.t

As shown in Fig. 2(A), the WCA of modified cellulose is
highest when the volume of NaOH is 9 mL. Therefore, 9 mL
NaOH was selected as the optimal condition. Similarly, 90 min
and 80% ethanol concentrations were selected as the optimum
conditions for the modification of cellulose (Fig. 2(B) and (C)).

As shown in Fig. 2(D), the WCAs of cellulose with different
ratios of cellulose-VTES were not significantly different.

(2 Hydrolysis ”Qs OH
Lo — . b
—0-8"°~"  Alkaline environment "® \\

)
~0-81-0,,
o
o,
= o
OH

" (1) Agitation/90 min
HO, OH Y i OH
1o SOH + o&/ o ot &) 100°C/60 min o& o of + HO
\ HoSe® d (3) Centrifugation H d
8000 rpm/5 min
OH In Q n
\

(4) Vacuum drying

50°C/12h s

Fig. 1 Preparation process of modified cellulose.
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Fig. 2 (A) Effect of the volume of NaOH on the WCAs of modified cell-
ulose; (B) effect of the time on the WCAs of modified cellulose; (C)
effect of ethanol concentration on the WCAs of modified cellulose; (D)
effect of the ratio of cellulose and VTES on the WCAs of modified cell-
ulose; (E) water contact angle on cellulose powders before and after
modification; (F) overhead view (a) and primary view (b) of liquid marble
prepared using modified cellulose.

Considering environmental protection, cellulose-VTES (1:1,
w:w) was selected as the optimum condition. The number of
silane groups in silanized cellulose was 8.54 pmol g~' deter-
mined by applying an Inductively Coupled Plasma Mass
Spectrometer (ICP-MS).

The contact angle is the basic measurement used to esti-
mate the wettability of a surface. The WCAs correlate with
surface energy, which determines whether the powder can be
used to prepare liquid marbles. Fig. 2(E) shows the WCAs of
the cellulose before and after modification (0° — 143°). The
surface energy of silanized cellulose is 56.93 m] m~>, which is
calculated from the contact angle of silanized cellulose powder
with formamide (31.831° + 0.550) (Fig. S61) and WCA. Fig. S7+
illustrates the dispersion of silanized cellulose in different sol-
vents, where it can be observed that the modified cellulose
floats on the surface of the water owing to its excellent hydro-
phobicity while settling to the bottom in less polar solvents.
Fig. 2(F) presents the images of liquid marbles with different
volumes prepared by modified cellulose, demonstrating that
modified cellulose is sufficiently hydrophobic to carry out sub-
sequent experiments.

The FT-IR spectrum of the cellulose before and after modi-
fication is shown in Fig. 3(a) and (b). The bands at 3063 and

=

Transmittance (a.u.)
[

1602
1409 |f! 763

4000 3500 3000 2500 2000 1500 1000 500
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Fig. 3 FT-IR spectra of cellulose (a), modified cellulose (b) and VTES (c).
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2960 cm™' in Fig. 3(b) originate from the C-H stretching
vibration and unsaturated alkene bonding. The band at
1602 cm™" can be attributed to the C=C stretching vibration.
The band at 1409 ecm™ is attributed to the in-plane defor-
mation vibration of the vinyl. In addition, the Si-O-C band at
763 cm™ " confirms the successful preparation of modified cell-
ulose.’” The above results illustrated that the cellulose was
modified by VTES. VTES can be hydrolyzed to yield vinylsilane-
triol in an alkaline environment,*® following which the cell-
ulose is silanized by vinylsilanetriol, as shown in Fig. 1.
Silanized cellulose, meanwhile, has high hydrophobicity,*
interfacial bonding, and environmental durability*>*!
to the introduction of silyl groups.

3.1.2 Characterization of liquid marble. There are three
types of liquid marbles prepared with water: SA-GE and pyre-
thrin emulsion. As shown in Fig. 4(A) and (B), the stability of
these liquid marbles in air and water was obviously different.
Owing to the introduction of pyrethrin, the surface energy of
the internal solution changed, leading to a rupture of the
liquid marbles. To overcome the instability of liquid marbles
with pyrethrin, they were further prepared as liquid marble
hydrogels by cross-linking with Ca*>*. The comparison of stabi-
lity before and after cross-linking is shown in ESI video 2.}

3.1.3 Characterization of liquid marble hydrogel. There are
some small gaps on the shell of liquid marbles. Therefore, the
external Ca®" in the CaCl, solution can enter liquid marble by
water exchange and cross-linking with Sodium Alginate (SA).
To visualize the cross-linking process, methylene blue was

owing

Fig. 4 (A) Digital images of liquid marble prepared using water, SA-GE
and Py-SA-GE (from left to right) in the air; (B) digital images of liquid
marble prepared using water, SA-GE and Py-SA-GE (from top to
bottom) on water; (C) liquid marble with Py-SA-GE cross-linking on the
CaCl; solution; (D) cross-linking visualization: the liquid marble is cross-
linking on the CaCl, solution containing methylene blue (a), uncut Py-
LM-Gel (b) and sliced Py-LM-Gel (c).
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added to the 5% CacCl, solution, and the liquid marbles were
removed after 60 min and frozen (Fig. 4(D)). As depicted in
Fig. 4(D, insert c), from the bottom up, the color of the liquid
marble changed from dark to light. The color change indicates
that Ca®" cross-linked with SA from the bottom up. Because of
the existence of pyrethrin, it is inevitable that the shell of the
liquid marble is gradually saturated. However, the stability of
the liquid marbles is greatly increased owing to the cross-
linking of Ca** and SA; thus, they remain stable on the water
surface for a long time (Fig. 4(C)). Furthermore, the liquid
marble hydrogels can rebound and maintain their initial
shape in a drop impact test at a height of 15 cm (ESI Video
37), which confirms that liquid marble hydrogel has a robust
performance and makes these liquid marble hydrogels a
hopeful prospect for practical applications. Moreover, as
shown in Table 1, PY-SA-GE has green advancements, such as
natural and green sources of raw materials, mild and non-pol-
luting preparation processes, biodegradable and low cost com-
pared with other reported drug release carriers.

As illustrated in Fig. 5(A), the appearance of the liquid
marble hydrogels and conventional calcium alginate hydrogels
was different. The cellulose shell makes both types of liquid
marbles (loaded and unloaded pyrethrin) appear white. The
micromorphology of LM-Gels, Py-LM-Gels, conventional
calcium alginate hydrogels (Gels) and conventional calcium
alginate hydrogels loaded pyrethrin (Py-Gels) were observed by
SEM. The surfaces of the LM-Gels and Py-LM-Gels were
covered by cellulose microspheres (Fig. 5(A)), which are hydro-
phobic and give them the ability to float on the water surface.
The surfaces of the Gels have many folds, which may be
caused by volume shrinkage after freeze-drying.** Meanwhile,
the surfaces of the Py-Gels were uneven, but no distinct folds
were formed, which means that the addition of pyrethrin influ-
enced the morphology of the hydrogels.

The FT-IR spectrum of pyrethrin technology showed a dis-
tinctive characteristic peak at 1717 ecm™" (Fig. 5(B, insert a))
attributed to the stretching vibration of C=0O. Compared to
LM-Gels (Fig. 5(B, insert c)), FT-IR analysis confirmed the pres-
ence of C=0 in Py-LM-Gels (Fig. 5(B, insert b)) at 1717 cm ™,
which indicated that pyrethrin was successfully loaded into
the material.

The thermal decomposition processes of pyrethrin techno-
logy, LM-Gels, and Py-LM-Gels are depicted in Fig. 5(C). The
weight loss of LM-Gels and Py-LM-Gels was below 100 °C
because of the water loss. The first mass loss of pyrethrin
technology occurred in the range of 120-200 °C. Mass loss of
LM-Gels and Py-LM-Gels mainly occurred in the range of
200-500 °C. The thermal decomposition of SA was reported to
occur in the range of 200-280 °C, primarily caused by the
breakage of its uronic and glucuronic acid segments.>* In
addition, the cellulose on the surface of LM-Gels and Py-
LM-Gels is pyrolyzed in the range of 280-500 °C, undergoing
dehydration, decarbonization and glycosidic bond breaking
reactions. These processes generate small molecules of gas
and large condensed volatile components, resulting in a rapid
increase in mass loss. Compared to pyrethrin technology, Py-

This journal is © The Royal Society of Chemistry 2024
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Table 1 Comparison of PY-SA-GE developed in this study with other drug release carriers

Drug release carriers Reaction condition

Sources of raw materials Degradability ~ Ref.

MCM-48 Room temperature, 24 h; 550 °C, 5 h; CATB, Pluronic F127, TEOS, MPTMS, Not 45
110 °C, N2 reflux, 24 h. APTS, TMCS degradable
LC@UiO-66 nanoparticle 120 °C, 24 h; room temperature, 24 h. ZrCly, H,BDC Not 46
degradable
Ace@MSN-SS-C10 80 °C, 24 h; 600 °C, 5 h; room temperature, CATB, Milli-Q, TEOS, MPTMS, GSH Not 47
24 h; 80 °C, 24 h. degradable
PEG/MPTMS composite Room temperature, 24 h; 85 °C, 24 h; h-BN, PEG, MPTMS Not 48
nanocarrier 140 °C, 24 h. degradable
CAP@MIL-101(Fe)@silica 120 °C, 12 h; room temperature, 24 h. FeCl;, BDC, Na,SiO;-9H,0 Not 49
degradable
Py-SA-GE Room temperature, 1.5 h; 100 °C, 1 h; 60 °C, cellulose, VTES, sodium alginate Degradable This
12 h. work
A g —_— — e next step of the reaction, the influence of the concentrations of
/ - 7P % 7 SA-GE and pyrethrin on emulsion stability was discussed. As
' . illustrated in Fig. S4(a),} the emulsions were layered within

—Fy
———LMGels
——Py-LM-Gels
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2 }
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Fig. 5 (A) Digital images and SEM images of LM-Gels, Py-LM-Gels, Gels
and Py-Gels; (B) FT-IR spectra of pyrethrin technology (a), Py-LM-Gels
(b) and LM-Gels (c); (C) TGA curve of pyrethrin technology, LM-Gels and
Py-LM-Gels.

LM-Gels shift backwards in the range of 200-500 °C, indicating
that the thermal decomposition temperature tends to be
higher. In other words, Py-LM-Gels have a higher thermal
stability than pyrethrin, which can mitigate the degradation of
pyrethrin. Compared to LM-Gels, the lower inflection tempera-
ture of Py-LM-Gels at 200-300 °C suggested that the presence
of pyrethrin may have caused minor changes to the internal
structure of the liquid marble gels. From 500 to 800 °C, the
mass losses of pyrethrin technology, LM-Gels, and Py-LM-Gels
tend to be stable.

3.2 Optimization of preparation conditions

3.2.1 Optimization of pyrethrin emulsion. The stability of
the emulsion may affect the uniformity of drug distribution in
liquid marble hydrogels. An interaction exists between the
-NH, group of GE and the COO™ group of SA,** which is ben-
eficial to the stability of the pyrethrin emulsion. Therefore, to
prepare pyrethrin emulsion, GE and SA solutions were selected
as the water phase. To finalize the range of conditions in the

This journal is © The Royal Society of Chemistry 2024

24 h when the concentration of the SA-GE solution was lower
than 2.0%. In practice, when the concentration of SA-GE was
greater than 2.5%, the liquid became too viscous to control the
volume. Therefore, the concentration of the SA-GE solution
can be between 2.0% and 2.5%. As shown in Fig. S4(b),T the
pyrethrin emulsions were stable at all studied pyrethrin con-
centrations (2.1-12.5%, w/v), which proved that the experiment
could be conducted in the concentration range.

3.2.2 Optimization of liquid marble hydrogel. The effects
of the concentration of SA-GE, pyrethrin and CacCl, solution on
the formation of liquid marble hydrogels and drug loading
properties were investigated. As illustrated in Fig. 6(A) and
Table 2, the PL% increased from 6.8% in the case of 1.5%
SA-GE to a maximal value of 11.7% in the case of 2.0% SA-GE;
simultaneously, the EE% also increased. This phenomenon
could be attributed to the increasing viscosity with increasing
SA-GE concentration, which maintained pyrethrin emulsion
stability to prevent drug loss. However, as the SA-GE concen-
tration was above 2.0%, the PL decreased significantly.

>
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Fig. 6 (A) Effect of SA-GE concentration on PL% and EE%; (B) effect of
pyrethrin concentration on PL% and EE%; (C) effect of CaCl, concen-
tration on PL% and EE%; (D) swelling study of Py-LM-Gels.
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Table 2 PL% and EE% of the prepared Py-LM-Gels

Concentration Concentration Concentration of PL EE

of SA-GE (%)  of CaCl, (%) pyrethrin (%) (%) (%)

1.50 5 2.5 6.8+ 0.4 44.0 + 0.5
1.75 5 2.5 11.5+£04 459+2.2
2.00 5 2.5 11.7+£0.3 49.1+1.0
2.25 5 2.5 10.6 £ 0.4 47.7+1.0
2.50 5 2.5 8.8 +0.3 47.0 + 0.5
2.00 3 2.5 9.4 +0.9 45.6 + 1.6
2.00 5 2.5 11.6 £ 0.6 48.1 +0.2
2.00 7 2.5 7.7+0.2 48.8 + 0.5
2.00 9 2.5 6.0 £ 0.5 51.2+0.9
2.00 11 2.5 6.3 +0.3 50.3 0.4
2.00 5 2.5 12.3+£0.2 49.8+0.5
2.00 5 5.0 12.6 £ 0.4 68.6 +2.6
2.00 5 7.5 15.5+0.8 71.6+0.8
2.00 5 10.0 19.2+1.2 60.5+6.5
2.00 5 12.5 20.7+0.8 58.0+6.1

Therefore, 2.0% was selected as the SA-GE concentration for
the preparation of liquid marble hydrogels.

The PL% increases with the increase in pyrethrin concen-
tration (Fig. 6(B)). However, the EE% increased considerably
when the concentration of pyrethrin was higher than 7.5%.
Therefore, these concentrations (2.5%, 5% and 7.5%) were
selected to prepare the liquid marble hydrogels for subsequent
release experiments, as the optimized condition.

As illustrated in Fig. 6(C) and Table 2, when the concen-
tration of the CaCl, solution was lower than 5%, the cross-
linking time was too long, leading to pesticide loss. When the
CaCl, concentration was more than 5%, the PL% began to
decrease. This is because a high concentration of CaCl, solu-
tion leads to excessive cross-linking in the unit time, resulting
in a higher density. To confirm this hypothesis, the swelling
aptitude of these samples made under the above 5 conditions
was evaluated by gravimetry, as shown in Fig. 6(D). The swell-
ing behavior of Py-LM-Gels is observed to be related to the con-
centration of the CaCl, solution: the swelling equilibrium rates
decreased as the concentration of the CaCl, solution
increased. This is consistent with the reported results.*?
Furthermore, too many crosslinking agents may cause drug
release to be inhibited. Therefore, 5% was selected as the
optimum condition for the preparation of liquid marble
hydrogels.

3.3 Release studies

3.3.1 Analysis of the release mechanism. The release beha-
viors of pyrethrin technology and Py-LM-Gels are shown in
Fig. 7(A). Obviously, the pyrethrin technology showed a rapid
release, with a burst effect of about 90% in a very short period
and completely released within 24 h. In contrast, Py-LM-Gels
displayed outstanding slow-release properties. Furthermore,
the pyrethrin technology was still released from the Py-
LM-Gels even after 144 h. During the initial 24 h, a cumulative
release of 45.2% was obtained, and the release process of the
Py-LM-Gels was relatively fast. Then, the release speed tends to
slow down. As a slow-release material, the benefit of an appro-
priate rapid release at an early stage is that the increased
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initial drug release amount can provide better control
efficiency.”® To further investigate the release mechanism of
Py-LM-Gels, four release models were used (Fig. 7(B) and
Table 3).

Among them, the first-order model was the best-fitted
theoretical model (R* = 0.9836). In addition, the release data
correlated well with those of Ritger-Peppas and Higuchi. It is
clear from the Ritger-Peppas model equations that the mecha-
nism of drug release involves case II transport (n > 0.85), non-
Fickian transport (0.43 < n < 0.85) and Fickian diffusion (n <
0.43).** The calculated value of n is 0.65, suggesting that the
release is caused by non-Fickian diffusion, including swelling
of hydrogels by water absorption and slackening of the SA
chains. Comparable results of the kinetic parameters were
found at different temperatures and pyrethrin concentrations
(Table S37).

3.3.2 Effects of temperature on release behavior. When the
temperature increased, the release rate of pyrethrin from the
liquid marble hydrogels was slightly enhanced (Fig. 7(C)). This
may be attributed to the fact that the increased temperature
promotes swelling of the liquid marble hydrogels and acceler-
ates molecular movement, which is consistent with the release
mechanism of the Py-LM-Gels. The release behavior of pyre-
thrin technology was similar at two different temperatures
(Table S31), demonstrating that temperature insignificantly
affected the Py-LM-Gels release behaviors. In other words, Py-
LM-Gels can provide a stable release of pyrethrin in a tempera-
ture range that is suitable for mosquito larvae.

3.3.3 Effects of drug concentration on release behavior. As
depicted in Fig. 7(D), the Py-LM-Gels prepared with different

A 100

Cumulative release rate (%)

E—
0 —o— Py-LM-Gels| 0 — Higueht

0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Time (h) Time (h)
C p——

——30°C

=)

Cumulative release rate (%)

0 20 40 60 80 100 120 140 160 o 50 100 150 200 250 300 350
Time (h) Time ()

Fig. 7 (A) Cumulative release rate of Py and Py-LM-Gels; (B) four
release model curves of Py-LM-Gels; (C) cumulative release rate of Py-
LM-Gels at 20 and 30 °C; (D) cumulative release rate of Py-LM-Gels pre-
pared using pyrethrin emulsion with different concentrations; SEM
images of Py-LM-Gels before (E) and after (F) release.
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Table 3 The kinetic parameters and equation of pyrethrin released
from Py-LM-Gels

Model Equation R*

Zero-order Y =3.1998 + 0.7965¢ 0.7631
First-order Y =76.9936(1 — e~ %0309 0.9883
Higuchi Y = 8.9104¢"> 0.9718
Ritger-Peppas Y = 3.9925¢%6%%7 0.9091

concentrations of pyrethrin emulsions take different times to
reach equilibrium for drug release. This result indicates that
the effective time of the Py-LM-Gels may be influenced by the
concentration of pyrethrin emulsions. The higher the pyre-
thrin emulsion concentration, the higher the pyrethrin con-
centration in the Py-LM-Gels. The increase in pyrethrin in the
carrier lengthens the release time. The cumulative release of
the Py-LM-Gels prepared by the 7.5% pyrethrin emulsion still
increased slowly after 336 h. In addition, there was no signifi-
cant variation in the appearance of Py-LM-Gels before and
after release (Fig. 7(E) and (F)), which showed the good stabi-
lity of the drug carrier.

3.4 Stability

As shown in Fig. 8(A) and (B), owing to the hydrophobic cell-
ulose on the surface, the Py-LM-Gels can float stably on water
for more than 24 h. The floating rate did not decrease until
after 48 h. In contrast, the Py-Gels without hydrophobic cell-
ulose immediately sunk to the bottom. Additionally, Py-
LM-Gels can be easily removed from water after use.

In practical applications, the stability of storage is extremely
crucial. Hence, the appearance and pyrethrin content of Py-
LM-Gels over a period of 6 months were investigated. It is
evident in Fig. 8(C) that the content of all samples remained
stable without a significant decrease in concentration or sig-
nificant changes in appearance.

3.5 Application

3.5.1 Larvicidal activity test. As shown in Table 4, with an
increase in the number of Py-LM-Gels, the mortalities of Aedes
albopictus larvae increased during the same period. The results
indicate that the larvicidal activity of Py-LM-Gels can be con-
trolled by the number of Py-LM-Gels. There is no death of the
mosquito larvae in the LM-Gels group during the whole experi-
mental period.

3.5.2 Effect of water volume. The larvicidal activity of Py-
LM-Gels to Aedes albopictus larvae in beakers with different
volumes of water was evaluated. As depicted in Table 5, the
larval mortalities of the two beakers reached 100% within 24 h
and 48 h. The water volume of beaker-2 is 6 times larger than
beaker-1, while the larvicidal activity of water system-2 can still
reach 100%. This is because the Py-LM-Gels are floating on the
water surface, leading to the highest concentration of pyrethrin
on the surface of the water, where mosquito larvae happen to
live (ESI Video 47). These results suggested that Py-LM-Gels
based on the habit of larvae can improve the utilization of pyr-
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Fig. 8 (A) Digital images of Py-Gels, Gels, Py-LM-Gels and LM-Gels in

the water; (B) the flotation degree of LM-Gels and Py-LM-Gels; (C) long-
term storage stability of Py-LM-Gels; (D) duration of drug action of Py,
LM-Gels and Py-LM-Gels.

Table 4 Larvicidal activity of Py-LM-Gels

Larvicidal activity (%, Mean =+ S.E,

N=3)

Sample Time (h) 104 30¢ 60
LM-Gels 24 0 0 0
Py-LM-Gels 40.0 + 10.0 56.6 + 20.8 100
LM-Gels 48 0 0 0
Py-LM-Gels 70 73.3+15.3 100
¢ Number of Py-LM-Gels used.
Table 5 Larvicidal activity in different sizes of water systems

Larvicidal activity (%, Mean + S.E, N = 3)
Sample 24° 48“ 724
Control 0 0 0
Beaker-1 66.6 + 20.8 100 —
Beaker -2 43.3 +15.2 70 100

“Time of Py-LM-Gels release. Beaker-1: contained 50 mL of lake water.
Beaker-2: contained 300 mL of lake water.

ethrin effectively, thereby reducing the cost of applying
pesticide.

3.5.3 Duration of drug action. It can be observed from
Fig. 8(D) that, initially, the virulence of pyrethrin technology to
larvae was considerably higher than that of Py-LM-Gels.
However, the larval mortalities of pyrethrin technology
decreased rapidly and reached 3.3% after 72 h. In contrast,
with the release time extending from 24 to 48 h, the number of
dead larvae in the Py-LM-Gel group continued to increase. The
larvicidal activity of Py-LM-Gels started to decrease slowly only
after 48 h. Furthermore, the Py-LM-Gels maintained larvicidal
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performance even after 168 h. The above results showed that
the Py-LM-Gels were beneficial in extending the drug efficacy
period and decreasing doses with their slow-release properties.

4. Conclusions

In this study, the habits of mosquito larvae and the character-
istics of liquid marbles were exploited to design a green slow-
release carrier by cross-linking Ca®>" and pyrethrin emulsion
on the surface of the CaCl, solution. The liquid marble-based
hydrogels showed well-intended features, such as good floata-
tion, long sustained-release time, stable release of pyrethrin in
the needed range of temperature and good storage stability. In
addition, hydrogel carrier efficient mosquito larvae killing was
witnessed with the same dosage of pyrethrin in beakers con-
taining different volumes of water because the materials can
release pyrethrin on the water surface. Subsequent investi-
gations could concentrate on improving the reuse efficiency of
liquid marble hydrogel drug carriers and utilizing biomass
cellulose as a source of material for slow-release drug carriers
to improve the sustainability of the introduction strategy. In
summary, as a green slow-release drug carrier, this carrier can
effectively kill wigglers and provide a new clue for expanding
the application of liquid marbles.
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