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Cellulose Nanocrystal-based Pesticide Slow/Controlled-release
Microcapsules Prepared by Pickering Emulsion Template Method

Dao-bin Kang?, Er-min Zhou', Yi-lin Tan, Yong-jiang Li, Jiang-peng Wang, Jiu-yi Lang,
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Abstract Current pesticide research and development emphasizes intelligent, precise, and environmentally
friendly strategies aimed at enhancing pest control efficacy and reducing environmental pollution. In this study,
cellulose nanocrystal-based microcapsules (IMI@pH-DMAEMA MC) were fabricated via in situ free-radical
polymerization using Pickering emulsion templates for pesticide delivery. The microcapsules can serve as
hydrophobic carriers, enabling sustained and stimuli-responsive pesticide release. The microcapsules achieved an
encapsulation efficiency (EE) of 95.05% and a loading efficiency (LE) of 61.80% for IMI. They also exhibited UV-
shielding properties that prevent the photodegradation of pesticide molecules and showed acid-responsive release
under acidic conditions (pH=5). Rainfastness tests demonstrated that the wettability and retention of IMI@pH-
DMAEMA MC on cotton, tomato, and cabbage leaf surfaces were superior to those of conventional commercial
IMI emulsifiable concentrate (EC). Compared with EC (LCsy: 32.035 mg/L) and IMI (LCsy: 42.760 mg/L),
IMI@pH-DMAEMA MC (LCsy: 10.607 mg/L) exhibited significant advantages in efficacy evaluation against
cotton aphids. Notably, preliminary ecotoxicity assessments showed that IMI@pH-DMAEMA MC has the
potential to reduce acute toxicity and improve safety toward non-target organisms. Life cycle assessment (LCA)

Received 2026-04-08, Accepted 2026-08-24, Published online

T These authors contributed equally to this work.

* Corresponding author, E-mail: junlil07@163.com



2 Acta Polymerica Sinica

indicated that IMI@pH-DMAEMA MC had significantly lower environmental impacts than EC. Overall, this
study developed an environmentally friendly, easy-to-prepare pesticide delivery system capable of sustained/

controlled release, providing a promising strategy for smart pesticide delivery and contributing significantly to

precision pesticide application and sustainable agricultural development.
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Fig. 1 Schematic illustration of the preparation mechanism.
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Fig. 2 (a) Water contact angles on the surfaces of CNCs and MAACNC:s; (b) Optical and scanning electron (SEM) micrographs of
Pickering emulsion and pH-DMAEMA MC; (c) FTIR spectra; (d) XRD patterns; (¢) TGA curves; (f) DTG curves.
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Fig. 3 (a) Encapsulation efficiency and drug loading efficiency of IMI@pH-DMAEMA MC; (b) Release profiles of pure IMI and IMI
in the IMI@pH-DMAEMA MC system; (c) Release rates of IMI in the IMI@pH-DMAEMA MC system under different pH conditions;
(d) The { potential of IMI@pH-DMAEMA MC under different pH conditions; (e) Particle size distribution of IMI@pH-DMAEMA
MC under different pH conditions; (f) The Baker-Lonsdale kinetic model was used to determine the release rate of IMI in the IMI@pH-

DMAEMA MC blend system at pH=5.



WS T

Ak 9

e T —NH(CHs),,  1E HLA 8] P i L R S
TERI R, PUERE 7RI T 5 4G, ff
WU T4k, TR RCH IE FL I RUR R A, 7 T8
B] R L HE R 3G 5, R A SR AW B KV R AR
WK 5 A eiess, | iR RS OK, ik IMI 9
B 76 pH=7 B (#EL pK,), IR E B R 71k, ¥
IRARRE TR, BEICF2%; 1 pH=9 Y (%1 T pK.), &
BEEFRFE, BRI, W72,
M 2 T 259k . R 5 UE DMAEMA 72
YIRETBORAE R IR FARES, 2l e T i 24t
pH=5. 7. 9 NI CHALRTRIAR /A . 45 LW, 1k
Jie 11 CHLAT B8 pH T B 38 = (B 3d). 7E pH=5 B,
F AL 5 XU T LA AT, UEAE 43 0 A7 T 29 +62.95 il
+80.58 mV, F W] I Ei pH Ik T DMAEMA [ pK,
(7.5)8F, BUEFIEI 746150 pH=7 (F21E pK)i, ¢
HLAL B 2+46.61 mV, 7650 250 T PPIRAS
pH=9 (= T pK)Hf, (IR¥%H-86.76 mV, JARK T
i 25 S5 1A i VA OH 1 5 7K 28 THT R B DA J FR
PRI PR I 40 5 N TR R 2 (— COOM) 7E B M 2% 4 T
58 4 L BN R BR R (— COO) T 85760, jyki 42 49 A
(B 3e)mr %0, Bk EAR KNI N pH=7 < pH=5 <
pH=9. pH N 7T, B4 2551+ 72 = DR e Ak e
IO EE, R R S el pH=5 I, T
5 R B R AR A R, U R K6, ]
I 5 IE L fR AL T 78 R I E AR, R FELL S
B AR R AP TR, R KT 046 45 (pH=7).
Y pH=9 i}, HIRHERISTE OB K4, (HRU
T2 MK SIHEREE TR, ERE
i 5% £R160.621 DLS i 558 P N BURL AR %o 56 48 R W
JE(L o< @031, DRI L TR A2 A R AR RS, TR
AN ERAE R R ST, 1X 5 Tan S5O B 72 25 A
L. I E AR U 650 (keps) 7T AFS HY, pH=9 1]
keps 18 (306900) %5 pH=5 (233800)#2 & T £ 31%.
P Rayleigh/Mie HUF HE i, 24 BUS 44 R < 49 K
U YEBRDIRIAZ S IR T R & I3 . pH=9 N keps 2
FH TR TR R A T R B R AR A
N, pH=7 I keps fi% 55 (413200), A2 HH IH s 50k 4
HEROR. BN SR m T, XSRS RN 4
w—E.

Syt — 5 B IMI@pH-DMAEMA MC K25 %)
BERLE], FRATRAHZES . —Z. Higuchi fll Baker-
Lonsdale 3/ /7 %155 B0 7 A [F] pH 251 T (RS TBCEL
PAEAT THE, PELSRWME3OFTR. ERBEI
TR B G (R2=0.8611), — 2 A5 70 7R A4S 741 A8

(R?=0.8950), 3K HIRETHE AT G B AR i e 110 e T Ay
IE, AR AN AR 5 BRI — 2R PR, X 2 B A
N pH=51% T DMAEMA [¥] pK,, SUEILE T4k, 7%
BRI, FEEEFLIAA B B R HE R 5]
A, ToiRYERF TR YA 75 i B T R R A

1M 2 /N3F Fickian & AR 2 43R4 T e i 1)
fl & FE . Higuchi £  R?=0.9547, Baker-Lonsdale
R R2=0.9287. Ff H. Higuchi B A (1) 40 & FE w5 T
Baker-Lonsdale #& ! . iIX & H T 5% 2 8 B IK 5,
29 S bRy B B X O KA 5E)E, SR BT
THERRARE/N, BRI 2R N ] 20, (& RAT A
B W5 3 Higuchi £5 B4 B £ 3 1) — 4E Dy Fa 25 P i 9
Hjleeen,  [K I Higuchi 15 84 i 90L& i 5% =1 . Baker-
Lonsdale 152 5 24 [R]FF 189/ Fickian 4 B LEE, (HIH
BT AW S S a TR AR R
W, SHMREAMET T WK -3 R S A7
w72, Rl G EEBSAK . 28170, Baker-Lonsdale
FEAL ) R2AT KT 0.92. IX 2 RUNEpH=5 F, %2
FETIK o T R K 4, 2540 00 F AN BENS 5
H5EZ, LB ANHY BT R E . e, 2
W T TR 3 P9 A% ) S TR 5 2 B0 8 (1O s 55
i, & FAT N T 25 W7 35 I 3RO 2 5 )
Fickian 47 #1681, D] 1 1245 284 475 B 450 e b 40,45 788
G B, 2N B R A TS TR
B2 W B L RER . 23R P BRI A
SE R R, MR ER ARG, 2
JEH Fickian 3 fidz ) .

TEpH=TFI 9 %M T, FE2R T AL REE
EERFT, BIRZIR, SRV AL, Bl
R RS, GX 5 AR DLS RoR15E 2
pH Wi & 47— 8. K, IMI@pH-DMAEMA MC
TERRVE A N BB, AT DMAEMA Ji
TG R R 72 Z M, AT S 2454 A Fickian 37
F09 77 R T . IZ AL g pH o A Gl B FE PR 24
BRI T 3l A
2.4 IMI@pH-DMAEMA MC RIRrt Fif6E

KM R E S E — Edmbik. k.
B 2SR BE i i R 2 A B R )2 . WAE . |, &
O EVEYIR PR N 201t RO 2 K, BRI HUSE
B, RIS e SR A, PR A 24
TR B SRR A S BN ANE . &K EC
FIMI@pH-DMAEMA MC ) i Ff1 AT 2o 76 AE
Vi A R EER . W 4@ TR, A
W1 R RF, KIEME. Fan. BoXr ik



10 Acta Polymerica Sinica

I FE A A 2 08 120,60 111.7°. 96.2°; ECXf A
67.0°. 79.5°. 78.3°; ifii IMI@pH-DMAEMA MC [%
#50.5°, 45.3°, 63.0°, i ¥ IMI@pH-DMAEMA
MCTEM Jr R 1 B A RIFFEEE . 75248 M,
Bl 2(a) T T WL B 42 ik A7 B T B B 2 MAACNCs 1)
Br/K G g, I H B S AR A K S TR R
ANET IR B, DARIIE Pickering SRS AR (IR 72 . 1
T FE 2 T JERE SR TH & 2 R S AN U R S A P
B, Gt s B2 o0 T o, R AE M v B
It TR P g AN P

UbAk, i D e g R OR (K 4c),  IMI@pH-

Cotton
(a) 130
120 M

1ol o —o— Water (+)

S -o-- Water (-)
100 - Cmomo oo

90 r
80

O\\
O--~.0

—— EC (+)
-v- EC(0)

Contact angle (°)
<

70 1%
60 | Bmg-

50 | —<- IMI@pH-DMAEMA MC (-)

——-IMI@pH-DMAEMA MC (+)

0 20 40 60 80 100 120 140 160 180
Time (s)

40

Tomato

120 7w

HO o ~0- 6 0.4

o R .

100 —o-- Water (-)
®

~

90 A~ —=EC (1)
w
80 - g

- —y.

Contact angle (°)

70 F<¢~. g _ -

e TV
..... —a
)

60 [ _<-IMI@pH-DMAEMA MC () 7'~
50|
0 - IMI@pH-DMAEMA MC (4)

0 20 40 60 80 100 120 140 160 180
Time (s)

Cabbage

—-o-- Water ()

O =0~ .-
110 + 0-«0770»;0<
~O=._.g.— 0=~

100 M

90 | —o— Water (+)
—— EC (+)

80 Fo

70 -

Contact angle (°)

ST

60 v EC (-)

50 T

—<- IMI@pH-DMAEMA MC (-) -

0 20 40 60 80 100 120 140 160 180
Time (s)

e

<+

DMAEMA MC7ERAE AN bRy B /)
izt = T EC MK, 3 — B E 5 IMI@pH-DMAEMA
MC BAM R TR ERE, E KR ATEEY) 1)
{5 BRI T, DT/ 4R 247 1) it FH . et i g 7K v A
Bk — BB Fr 2 ) PERE (] 4b). £E ML 10 min
&, IMI@pH-DMAEMA MC £ A~ [7] - 1) 45 B %
1t T EC ANIML & 44T 5, IMI@pH-DMAEMA
MC AL e i B AN Rl 1, 3
S P 8 A R i R 3R T R E R A M A S
IMI@pH-DMAEMA MC K [f )52 3 . Uk 5% i
SUBE, BGOSR T RTEAE T RN E 7).

Cotton
(b)
100 | —o— IMI@pH-DMAEMA MC
—— EC
90 —o— IMI
S 80f
8
S 70 ¢
=
=3
2 60t
2]
~
50 -
40
30 — . ; - . .
0 2 4 6 8 10
Washing time (min)
Tomato
100 —o— IMI@pH-DMAEMA MC
—o— EC
90 —— IMI
g 80 1
g 70t
-
=
§ 60 r
[
~© 50¢F
40 r
30
0 2 4 6 8 10
Washing time (min)
Cabbage
100 —o— IMI@pH-DMAEMA MC
—o— EC
—— IMI
~ 80¢f
s
]
&
T 60
=
3
~
40
20

0 2 4 6 8 10
Washing time (min)



[ M R 11

(c) Cotton I
35+ Tomato
B Cabbage I
30 F

Retention volume (mg/cm?)
3]
(=}

W

I
II
N

Water

@) o

I
EC

MI@
pH-DMAEMA MC

o — i R i el el

e — g g g
e e

20 ms 40 ms

60 ms

80 ms 196 ms

Fig. 4 (a) Contact angles of water, EC, and IMI@pH-DMAEMA MC on the upper (+) and lower (-) surfaces of cotton, tomato, and
cabbage leaves; (b) Rain-eroded residue retention of IMI, EC, and IMI@pH-DMAEMA MC on cotton, tomato, and cabbage leaf surfaces;
(c) Retention of water, EC, and IMI@pH-DMAEMA MC on cotton, tomato, and cabbage leaves; (d) The bouncing behavior of water,

EC and IMI@pH-DMAEMA MC on cotton leaves.
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Fig. 6 (a) Mortality of cotton aphids on leaves treated with different concentrations of IMI@pH-DMAEMA MC; (b) Mortality rate
of cotton aphids on leaves treated with different concentrations of IMI@pH-DMAEMA MC; (c) Mortality rate of cotton aphids on
leaves treated with different concentrations of EC; (d) The mortality rates of cotton aphids on leaves treated with different IMI
concentrations; (¢) Half-lethal concentrations (LCs) of IMI@pH-DMAEMA MC , EC and IMI; (f) Leaf condition of cotton plants
after continuous insect exposure for 216 h using the LCs, concentrations of IMI@pH-DMAEMA MC and EC.
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Table 1 LCj, Values, toxicity regression equations, and 95% confidence intervals of IMI, EC, and IMI@pH-DMAEMA MC against

Aphis gossypii.
Compound LCsy (mg/L) Toxin potency regression equation 95% Confidence interval (mg/L)
IMI 42.760 y=1.8191gC - 2.966 34.154-55.992
EC 32.035 y=1.8411gC-2.771 25.771-40.575
IMI@pH-DMAEMA MC 10.607 y=1.9631gC-2.013 8.625-13.259
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Fig. 7 (a) Mortality of earthworms after treatment with IMI, EC, and IMI@pH-DMAEMA MC at different concentrations; (b) Mortality
rate of earthworms after treatment with IMI, EC, and IMI@pH-DMAEMA MC at different concentrations; (c) Median lethal concentration

of IMI, EC, and IMI@pH-DMAEMA MC for earthworms.
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Table 2 LCs, values, toxicity regression equations, and 95% confidence intervals of IMI, EC, and IMI@pH-DMAEMA MC against

Eisenia fetida.

Compound LCsy (mg/L) Toxin potency regression equation 95% Confidence interval (mg/L)
MI 2.513 y=1.9991gC - 0.800 1.543-4.545
EC 1.930 y=2.0671gC - 0.590 1.158-3.214
IMI@pH-DMAEMA MC 3.511 y=1.8061gC - 0.985 2.109-8.164
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2513, 1.930 A13.511 mg/L. 5 IMI A EC 4b ¥ 41 41
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Fig. 8 (a) Mortality of zebrafish treated with different concentrations of IMI@pH-DMAEMA MC and IMI; (b) Mortality rates of
IMI@pH-DMAEMA MC and IMI; (c) Half-lethal concentrations (LCsy) of IMI@pH-DMAEMA MC and IMI; (d) Cabbage seed
germination rate; (e) Growth of seeds in different concentrations of IMI@pH-DMAEMA MC, IMI, and EC.

Table 3 LCs, values, toxicity regression equations, and 95% confidence intervals of IMI, EC, and IMI@pH-DMAEMA MC against

Eisenia fetida.
Compound LCsy (mg/L) Toxin potency regression equation 95% confidence interval (mg/L)
IMI 116.849 y=1.8921gC -3.913 69.273-214.215
EC 97.007 y=22821gC-4.534 60.748-154.550
IMI@pH-DMAEMA MC 312.472 y=1.8801gC - 4.689 183.030-1394.413
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Fig. 9 (a) System boundaries and material flow pathways of the LCA; (b) Impact categories assessed; (c) Comparative analysis of

environmental impacts. 1,4-Dichlorobenzene (1,4-DCB) was used as the reference substance.
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