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Figure S1. TGA analysis of CNT and CPC-CNT.



Figure S2. pH-Dependent Zeta Potential of CPC-CNT

Figure S3. BET specific surface area and inset pore diameter distribution for CNT-CPC

Table S1. Comparative Overview of Nanopesticide Systems Targeting Spodoptera litura: 
Physicochemical Characteristics, Biological Effects, and Environmental Considerations

Nanope
sticide 
Type

Source 
Material

Averag
e Size 
(nm)

Target 
Organis
m

LC50 
(g/L)

Max 
Mortali
ty (%)

Effect on 
Develop
ment and 
Physiolo
gy

Environ
mental 
Consider
ations

Refer
ence

Chitosa
n-
Seleniu
m 
Nanoco
mposite 
(Ch-
SeNPs)

Mycosyn
thesized 
using 
Penicilliu
m 
griseoful
vum 
(fungal 
filtrate)

67.41 Spodopt
era 
littoralis

Low 
LC50 
(exact 
value not 
specified
)

Higher 
than 
SeNPs 
and 
fungal 
spores

Strong 
larvicidal 
and 
pupicidal 
activity; 
cytotoxic 
ultrastruc
tural 
impact; 
safe to 
honeybe

Eco-
friendly 
biosynth
esis; 
safe for 
non-
target 
organis
ms (e.g., 
honeybe
es)

[1]



es
Seleniu
m 
Nanopar
ticles 
(SeNPs)

Mycosyn
thesized 
using 
Penicilliu
m 
griseoful
vum 
(fungal 
filtrate)

91.25 Spodopt
era 
littoralis

Low 
LC50 
(exact 
value not 
specified
)

High 
mortali
ty, 
lower 
than 
Ch-
SeNPs

Significa
nt 
insectici
dal 
activity 
and 
ultrastruc
tural 
disruptio
n in 
larvae

Eco-
friendly 
biosynth
esis; 
cost-
effective
; safe for 
pollinato
rs

[1]

Silver 
Nanopar
ticles 
(AgNPs
)

Chemical
ly 
synthesiz
ed 
AgNPs

50–60 Spodopt
era 
littoralis

Not 
applicabl
e 
(nonletha
l)

Not 
applica
ble

Reduced 
larval 
and 
pupal 
weight; 
increased 
plasmato
cyte 
count; no 
change 
in 
nutrient 
levels

Studied 
at 
nonletha
l dose; 
possible 
immune 
modulati
on; 
lower 
metaboli
c 
interfere
nce

[2]

Zinc 
Oxide 
Nanopar
ticles 
(ZnONP
s)

Chemical
ly 
synthesiz
ed 
ZnONPs

10–30 Spodopt
era 
littoralis

Not 
applicabl
e 
(nonletha
l)

Not 
applica
ble

Extended 
larval 
period; 
reduced 
weight; 
decrease
d 
protein, 
lipid, 
carbohyd
rate 
levels; 
increased 
hemocyt
e counts; 
enhanced 
amylase, 
G6PD, 
lipase, 
catalase, 
and SOD 

Nonleth
al dose 
showed 
significa
nt 
effects 
on 
develop
ment, 
metaboli
sm, and 
immunit
y

[2]



activities
Hydrop
hobic 
Silica 
Nanopar
ticles 
(TSiNP 
HPHO)

Tetraethy
l 
orthosilic
ate 
(TEOS)

Not 
specifie
d (very 
small)

Spodopt
era 
littoralis

10.048 100% High 
impact 
on 
protein, 
chitinase, 
phenol 
oxidase; 
reduced 
protease, 
amylase

Low-
cost, 
eco-
friendly

[3]

Silica 
Nanopar
ticles 
from 
Sodium 
Silicate 
(SSiNP 
HPHI)

Sodium 
silicate

Not 
specifie
d 
(mediu
m)

Spodopt
era 
littoralis

10.076 100% Same as 
above

Eco-
friendly; 
low-cost 
from 
industria
l 
byprodu
cts

[3]

Hydrop
hilic 
Silica 
Nanopar
ticles 
from 
TEOS 
(TSiNP 
HPHI)

Tetraethy
l 
orthosilic
ate 
(TEOS)

Not 
specifie
d (big)

Spodopt
era 
littoralis

10.401 100% Same as 
above

Biocom
patible, 
safe; 
expensiv
e 
precurso
r

[3]

Microsil
ica from 
Sand 
(TSi)

Sand 
(Top-
down 
method)

175,00
0 (µm 
size)

Spodopt
era 
littoralis

40.299 70% Mild 
effects

Low 
impact; 
low 
efficacy

[3]

Tungste
n Oxide 
(WRT)

WO₃ 
nanomat
erial

Not 
specifie
d

Spodopt
era 
littoralis

No 
toxicity 
alone

No 
mortali
ty 
alone

No toxic 
effect 
alone; 
combine
d 
increased 
develop
mental 
delay

Low 
toxicity 
but no 
standalo
ne 
pesticida
l effect

[4]

Magneti
c 
Nanopar
ticles 
(MNPs)

Fe₃O₄-
based 
magnetic 
nanoparti
cles

Not 
specifie
d

Spodopt
era 
littoralis

No 
toxicity 
alone

No 
mortali
ty 
alone

Antagoni
stic in 
mixture; 
increased 
malform

Safe 
alone; 
activity 
depends 
on 

[4]



ations combina
tion

Cu-
Doped 
MNPs 
(MNP-
Cu)

Fe₃O₄ 
doped 
with Cu

Not 
specifie
d

Spodopt
era 
littoralis

No 
toxicity 
alone

No 
mortali
ty 
alone

Induced 
enzyme 
activity 
(GST, α-
esterase); 
repellent

Safe 
alone; 
combina
tion 
causes 
stress 
and 
immune 
modulati
on

[4]

Cyroma
zine + 
MNP-
Cu (500 
mg/L)

Synthetic 
+ Cu-
doped 
magnetic 
nanomat
erials

Not 
specifie
d

Spodopt
era 
littoralis

Not 
specified 
(repellen
cy and 
enzyme 
effects)

No 
adult 
emerge
nce at 
500 
mg/L

Max 
repellenc
y 
(57.6%); 
strong 
immune 
response 
via Q-
PCR

Promisin
g for 
reduced 
chemical 
pesticide 
use; 
mixture 
efficienc
y

[4]

Cyroma
zine + 
WRT 
(500 
mg/L)

Synthetic 
+ WO₃ 
nanomat
erial

Not 
specifie
d

Spodopt
era 
littoralis

Not 
specified

27.3% 
adult 
emerge
nce

Some 
adult 
emergen
ce and 
moderate 
develop
mental 
delay

Moderat
e impact 
with 
adult 
emergen
ce; less 
effective 
than 
MNP-
Cu

[4]

Cu-
Doped 
Zinc 
Oxide 
Nanopar
ticles 
(Cu-
ZnONP
s)

ZnO 
nanoparti
cles 
doped 
with 
copper 
(Cu) 
using wet 
chemical 
synthesis

Not 
explicit
ly 
stated; 
charact
erized 
via 
SEM 
and 
TEM

Spodopt
era 
littoralis

Not 
specified; 
dose in 
% (1–
5%)

95% 
populat
ion 
reducti
on at 
5% 
Cu-
ZnON
Ps 
after 
16 
days

Significa
nt pest 
populatio
n 
reduction
; strong 
dose-
depende
nt 
toxicity; 
highest 
efficacy 
at 5% 
concentr
ation

Eco-
friendly 
and 
cost-
effective
; 
potential 
to 
reduce 
use of 
conventi
onal 
insectici
des and 
related 

[5]



risks
Iron 
Nanopar
ticles 
(FeNPs)

Trigonell
a 
foenum-
graecum 
leaf 
extract

Not 
specifie
d 
(green 
synthes
ized, 
charact
erized)

S. litura, 
H. 
armigera

Not 
specified 
individua
lly

Appro
x. 70–
80% at 
72 h

Strong 
antifeeda
nt 
activity 
(up to 
90–
95%); 
suppress
ed detox 
enzymes 
(CarE, 
GST, 
P450); 
altered 
esterase 
banding

Green 
synthesi
s, plant-
derived, 
eco-
friendly

[6]

FeNPs + 
Fenvale
rate 
(Fen)

FeNPs 
from 
fenugree
k + 
synthetic 
pyrethroi
d 
(Fenvaler
ate)

Not 
applica
ble 
(mixtur
e)

S. litura, 
H. 
armigera

130.31 
mg/L (S. 
litura), 
89.32 
mg/L (H. 
armigera)

92.83
% (S. 
litura), 
91.41
% (H. 
armige
ra) at 
72 h

Synergist
ic 
toxicity; 
reduced 
detoxific
ation 
enzyme 
activity; 
enhanced 
antifeeda
nt 
response; 
resistanc
e 
manage
ment 
potential

Combin
es lower 
dose 
synthetic 
pesticide 
with 
plant-
based 
nanomat
erial for 
reduced 
environ
mental 
risk

[6]

Silver 
Nanopar
ticles 
(AgNPs
)

Green 
synthesis 
using 
Leonotis 
nepetifoli
a leaf 
extract

Not 
explicit
ly 
mentio
ned; 
charact
erized 
via 
SEM, 
TEM, 
DLS

Spodopt
era 
litura, 
Helicove
rpa 
armigera
, Aedes 
aegypti, 
Culex 
quinquef
asciatus

47.44 
ppm 
(Aedes 
aegypti), 
35.48 
ppm 
(Culex 
quinquef
asciatus)

Larval 
mortali
ty: 
78.49
% (S. 
litura), 
72.70
% (H. 
armige
ra); 
Pupal 
mortali

Antifeed
ant 
activity: 
78.77% 
(S. 
litura), 
82.16% 
(H. 
armigera
); 
Histologi
cal 

Eco-
friendly 
biosynth
esis; 
high 
efficacy; 
potential 
to 
reduce 
chemical 
insectici
de use; 

[7]



ty: 
84.66
% (S. 
litura), 
77.44
% (H. 
armige
ra)

damage 
to 
epithelial 
and 
goblet 
cells in 
larval 
midgut

suitable 
for 
agricultu
ral and 
public 
health 
applicati
ons

CSNp-
BV 
(Chitosa
n NPs 
with 
Beauver
icin)

Chitosan 
+ 
Beauveri
cin (from 
Beauveri
a 
bassiana)

160–
230

Spodopt
era litura

Not 
specified, 
dose-
dependen
t 
response 
observed

100% 
(early 
instars)

Reduced 
pupal 
and adult 
emergen
ce, dose-
depende
nt 
mortality 
in all 
larval 
stages

Biocom
patible, 
controlle
d 
release, 
environ
mentally 
friendly 
formulat
ion

[8]

CdS Cadmiu
m acetate 
& 
thiourea 
via 
CTAB-
based 
method

60 Spodopt
era litura

0.50884 93.79 Disruptio
n of 
midgut 
epithelial 
cells, 
stiffenin
g, oozing 
of body 
contents, 
prematur
e 
moulting

Toxicity 
due to 
cadmiu
m, 
possible 
ecologic
al 
impact

[9]

Nano-
Ag

Acid 
leaching 
tail 
solution 
and 
hydrazini
um 
sulphate 
reduction

<90 Spodopt
era litura

1.40314 56.89 Disruptio
n of 
digestive 
system, 
oozing of 
gut 
content, 
cell 
damage

Toxic to 
aquatic 
systems, 
can 
cause 
chromos
omal 
aberratio
ns

[9]

Nano-
TiO2

Anatase 
with 
amines 
and 
NaOH

>50 Spodopt
era litura

0.79110 73.79 Midgut 
rupture, 
larval 
swelling, 
discharg
e of 

Toxicity 
depends 
on 
particle 
size and 
exposure

[9]



contents, 
stiffened 
body

; less 
data 
available

Seleniu
m 
Nanopar
ticles 
(SeNPs)

Mycosyn
thesized 
using 
Trichode
rma sp. 
culture 
filtrate

40–100 Spodopt
era litura

39.739 
ppm

Signifi
cant 
larval 
mortali
ty at 48 
h 
(LC90 
= 
142.83
9 ppm)

Strong 
larvicidal 
and 
antifeeda
nt 
activity; 
histopath
ological 
damage; 
spherical 
crystallin
e SeNPs 
confirme
d

Biogenic 
synthesi
s; 
fungal-
mediate
d; 
potential
ly eco-
friendly 
alternati
ve to 
chemical 
insectici
des

[10]

Fe0 
Nanopar
ticles 
(Fe0NP
s) from 
Beauver
ia 
brongni
artii

Mycosyn
thesized 
using 
Beauveri
a 
brongnia
rtii 
conidia

410–
800 nm 
(0.41–
0.80 
µm)

Spodopt
era litura

59 ppm 
(7 days 
post-
treatment
)

Not 
stated 
directl
y; 
increas
ed 
mortali
ty with 
dose 
and 
time

Reductio
ns in 
feeding, 
growth 
rate, 
enzyme 
activity 
(GST, 
antioxida
nts); 
altered 
nutrient 
utilizatio
n

Fungus-
mediate
d 
biosynth
esis; 
supports 
eco-
friendly 
pest 
control

[11]

Silver 
Nitrate 
Nanopar
ticles 
(AgNPs
)

Cymbop
ogon 
citratus 
extract 
with 
AgNO₃

Not 
specifie
d in 
summa
ry

Spodopt
era litura

Not 
mentione
d

98% 
(AgNP
s with 
C. 
citratus
, 
ethanol
-based)

Prolonge
d larval 
toxicity; 
high 
mortality 
at 72 h 
post-
exposure

Eco-
friendly 
biosynth
esis, 
ethanol 
as non-
toxic 
dispersa
nt

[12]

Zinc 
Oxide 
Nanopar
ticles 
(ZnONP
s)

Various 
plant 
extracts 
with ZnO

Not 
specifie
d in 
summa
ry

Spodopt
era litura

Not 
mentione
d

90% 
(ZnON
Ps with 
ethanol
)

Larval 
mortality
; ethanol 
improves 
dispersio
n and 

Sustaina
ble 
alternati
ve to 
chemical 
insectici

[12]



toxicity des
Copper 
Nanopar
ticles 
(CuNPs
)

Copper 
salt 
precursor

N/A Spodopt
era litura

N/A 74.44 
(leaf 
dip), 
68.89 
(larval 
dip)

Dose-
depende
nt larval 
mortality 
observed
; 
effective 
by both 
leaf and 
larval dip 
methods

Potential 
eco-
friendly 
alternati
ve to 
synthetic 
insectici
des

[13]

CPC-
function
alized 
Carbon 
Nanotub
es 
(CPC-
CNTs)

Carbon 
nanotube
s 
functiona
lized 
with 
cetylpyri
dinium 
chloride 
(CPC)

~30–50 Spodopt
era litura

~0.68% 
(estimate
d)

42.20
% at 
0.6% 
concen
tration

↑ MDA 
(oxidativ
e stress), 
↓ 
SOD/CA
T, ↓ 
AChE 
(neuroto
xicity), ↓ 
fecundity
, ↓ 
fertility, 
↓ adult 
emergen
ce

Potential 
concern 
due to 
CNT 
persisten
ce; CPC 
is a 
cationic 
surfacta
nt—eco-
safe 
handling 
required

This 
study 
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