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Abstract

Molecular weights of chitosan are important to their physical and biological features. The
present study aims to compare the larvicidal efficacy of nanoparticles prepared with low
(L-CS) and medium molecular weight (M-CS) chitosan, encapsulated with methanolic
aerial part extract (MAE) of Artemisia absinthium (chitosan-plant extract complex)
against Anopheles stephensi. They were characterised in terms of entrapment efficiency,
drug release percentage, Fourier Transform Infrared Spectroscopy (FTIR), X-ray
Diffraction (XRD), Scanning Electron Microscopy (SEM) and zeta potential. Out of
various concentrations of L-CS- and M-CS-based nanoparticles, MAEL-CSNPs and
MAEM-CSNPs, respectively, 10 ug/mL MAEL-CSNPs exhibited higher entrapment
efficiency (64.10%). In vitro drug release study showed a controlled and sustained crude
drug release from MAEL-CSNPs (86.60%) within three hours, with the best R? value
observed in the Higuchi model (0.97). Spectroscopically characterised MAEL-CSNPs
with the lowest LCso value (2.99 ug/mL) were subjected to toxicity analysis using zebrafish
embryos, and the result indicates that, for the encapsulated drug, below 100% mortality
at 10 pug/mL concentration and it may act as a potent larvicide without harming
non-targeted organisms. Thus, the results showed the capability of MAEL-CSNPs to act
as a potent, eco-friendly larvicide against An. stephensi larvae.
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1.  Introduction

The health sector and entomologists have been facing various challenges to protect
humankind from harmful mosquitoes. Mosquitoes are primarily responsible for the spread
of several intimidating vector-borne diseases, namely dengue, lymphatic filariasis,
chikungunya, malaria, Japanese encephalitis and yellow fever [1]. Considering the
escalating populations of vector mosquitoes and cases of vector-borne diseases, immediate
control strategies are needed to improve the usefulness of control measures [2]. Malaria is
one of the severe infectious diseases that leads to the suffering of about half a billion
people each year worldwide [3]. This disease is preventable and curable, and many
anti-malarial studies have been conducted with herbal-based products. However, more
notice is still needed due to the rapid mutations in malaria receptor structures when
competing with each drug [3]. Apart from plant-derived compounds, green-synthesised
nanoparticles (NPs) from different plant parts have been considered an innovative
approach for controlling mosquito population in an eco-friendly manner [4]. Polymeric
nanoparticles offer a new advancement in drug discovery and can be made from artificial
or natural polymers. Chitosan is a propitious biopolymer for drug delivery systems.
Because of its desirable properties, chitosan is extensively used in the biomedical and
pharmaceutical sectors. Chitosan is viewed as the most significant polysaccharide for
various drug delivery purposes due to its cationic character and primary amino groups,
which are responsible for its different properties such as mucoadhesion, controlled drug
release, transfection, in situ gelation, efflux pump inhibitory properties and permeation
enhancement [5]. Based on molecular weight, chitosan can be classified into low
molecular weight (< 150 kDa), medium molecular weight (150 - 700 kDa), and high
molecular weight (> 700 kDa). The physical, chemical and biological features of chitosan
mainly depend on the degree of deacetylation and molecular weight [6]. High molecular
weight chitosans show poor solubility and high viscosity at neutral pH. In contrast, low
molecular weight chitosans show more solubility and less viscosity, with easy membrane
penetration at neutral pH. Because of these properties, various studies have been carried
out using this low molecular weight chitosan as a biological stimulant, antibacterial
material, antifungal agent or antioxidant [7-11].

Artemisia absinthium L. (Asteraceae) is native to temperate regions of North America,
South Africa, Europe and Asia. The plant was reported in folkloric medicine for its
repellent property against moths, lice and bed bugs [12]. It is also a rich source of terpenes,
antioxidants, phenolics, flavonoids and various biologically active compounds [13].
A. absinthium contains several phytochemical compounds, namely, lactones, terpenoids
(e.g., trans-thujone, vy-terpinene, 1,4-terpeniol, myrcene, bornyl acetate, cadinene,
camphene, trans-sabinyl acetate, guaiazulene, chamazulene, camphor, and linalool),
essential oils, organic acids, resins, tannins, and phenols [14]. In addition, it was used as
an anthelmintic and insect repellent [15]. Larvicidal activity of leaf extract (methanolic
and ethanolic) of A. absinthium was used to determine toxicity against Aedes aegypti [16].
Larvicidal, pupicidal, and adulticidal effects of acetone, chloroform and methanolic leaf
and stem extracts of A. absinthium were evaluated against Ae. aegypti [17]. Efficacy of
the leaf extract of A. annua was studied by Preethi et al. [18] against An. stephensi. The
ECso value of the leaf extract of A. cina was assessed against Cx. pipens [19]. Based on
the previous literature, there is no work on the larvicidal efficacy of low and medium
molecular weight chitosan nanoparticles encapsulated with methanolic aerial part extract
(chitosan-plant extract complex) of A. absinthium against Anopheles stephensi. Therefore,
the present investigation was undertaken.
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2.  Materials and Methods

2.1. Materials

Methanol (99.5%) extra pure was purchased from Loba Chemie Pvt. Ltd., Mumbai, India;
benzene (99.5%) and acetone (99.5%) of analytical grade were procured from Spectrum
Reagents and Chemicals Pvt. Ltd., Edayar Cochin, India. Low (< 150 kDa) (L-CS) and
medium (150 - 700 kDa) (M-CS) molecular weight extra pure chitosan, sodium
tripolyphosphate (TPP), glacial acetic acid, dialysis membrane bag, phosphate buffer,
temephos, and microtiter plates were procured from Sisco Research Laboratories
(Mumbai, India).

2.2.  Collection, Identification and Preparation of the Plant

A. absinthium was collected from Coimbatore district, Tamil Nadu, India. The plant was
identified and authenticated in the Botanical Survey of India, Coimbatore district, Tamil
Nadu (BSI/SRC/5/23/2020/Tech). The aerial part of the plant was shade-dried in hygienic
conditions for 4 - 5 days. Thereafter, the aerial part was powdered in an electrical grinder
machine and carefully stored for further processing.

2.3.  Extraction Process

A simple cold maceration process using three solvents, benzene, acetone and methanol,
was performed to extract the aerial part of the plant. Ten grams of powder were mixed
with 100 mL of solvents separately and were kept for 24 hours in an orbital shaker. Then,
the extracts were filtered through Whatman No. 1 filter paper. Finally, the solvent was
evaporated using a rotary evaporator to obtain the concentrated mass. Then the extracts
were stored in the refrigerator for further use.

2.4.  Mosquito Larvicidal Bioassay

An. stephensi larvae were collected from the National Centre for Disease Control (NCDC)
field station at Mettupalayam, Coimbatore district, Tamil Nadu. The early fourth instar
larvae of An. stephensi were taken for the larvicidal bioassay, which was carried out
according to the WHO standard with slight modifications (1996) [20]. For the
experiments, larvae were maintained in trays containing tap water and regularly fed with
a diet of brewer’s yeast and dog biscuits in the ratio of 3:1. All the experiments were
carried out at 27 +2°C and 75 - 85% relative humidity under 14:10 hours of light:dark
cycles. Larvae were introduced to all the solvent extracts at three different concentrations
of 0.75, 1.50, and 3.00 mg/L along with control Temephos (1 mg/L) and negative control
(methanol, acetone, and benzene). The larval toxicity assays were replicated four times,
and the mortality of larvae was recorded every 24 h.

2.5.  Synthesis of Methanolic Aerial Part Extract Encapsulated Chitosan
Nanoparticles

L-CS- and M-CS-based nanoparticles containing methanolic aerial part extract (MAE),
denoted as MAEL-CSNPs and MAEM-CSNPs, respectively, were prepared using the
ionic gelation method [21]. Briefly, 0.5% (w/v) chitosan was dissolved in 1% glacial acetic
acid and stirred until the solution became transparent. Then, the pH was adjusted to 5.0 at
room temperature. MAE at five different concentrations (10, 20, 30, 40, and 50 pg/mL)
was separately added to L-CSNPs and M-CSNPs to prepare the chitosan-plant extract
complex. Then, 0.1% of the sodium tripolyphosphate solution (TPP) was added dropwise
to the mixture and stirred until an opalescence was noted. The mixtures were centrifuged
at 10000 rpm for 15 min and washed twice with deionised water. After centrifugation,
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the supernatants were discarded, and the pellets containing MAEL-CSNPs and
MAEM-CSNPs were stored in the refrigerator at 4°C for further use.

2.6. Determination of Entrapment Efficiency

The amount of MAE encapsulated within the L-CSNPs and M-CSNPs was determined by
an indirect method, by calculating the amount of unencapsulated drug. After adding the
TPP, the mixtures were centrifuged at 10000 rpm for 15 min, and the clear supernatants
containing the free unencapsulated drugs were collected, diluted with distilled water and
measured spectrophotometrically at 273 nm [22]. The drug (MAE) entrapment or
encapsulation efficiency (EE, %) in L-CSNPs and M-CSNPs was determined using the
following equation:

- (MAE added — MAE in supernantant) - 100%

€]
MAE added
2.7. Determination of in vitro Drug Release Percentage
The percentage of MAE released from MAEL-CSNPs and MAEM-CSNPs was estimated
using the dialysis tube analysis technique (12,000-14,000 g/mol molecular weight).
In brief, the dialysis membrane was washed with lukewarm double-distilled water (70°C)
for 1 h and rinsed thoroughly (thrice) to remove glycerine. MAEL-CSNPs and MAEM-
CSNPs with higher entrapment efficiencies (86.6 and 80.0%, respectively) were immersed
separately in the dialysis bags containing 50 mL of phosphate buffer (pH 7.4) at room
temperature with stirring at 1000 rpm. 3 mL of the solution was withdrawn every half an
hour and replaced with an equivalent volume of fresh solution. This process was repeated
for up to 5 h. The withdrawn samples were analysed using UV/visible spectroscopy at
265 nm, and the amount of MAE release patterns from MAEL-CSNPs and MAEM-
CSNPs was determined [23]. The drug release percentage was determined using the
following formula:

C
Drug release = C_t -100% 2)
0
where:
C; —is the drug concentration calculated from the absorbance at 265 nm at time t,
Co  —isthe initial drug concentration.

2.8. Invitro Drug Release Kinetics

Different release kinetic models, such as zero order, first order, Higuchi and Korsmeyer-
Peppas, have been used to fit the cumulative in vitro drug release data and to explain the
drug release kinetics [24]. The best model of release pattern was evaluated according to
the highest determination coefficient (R?) value [25].

2.9. Characterisation of Methanolic Extract Encapsulated Chitosan

The synthesised methanolic extract encapsulated chitosan nanoparticles, MAEL-CSNPs
and MAEM-CSNPs, were subjected to Fourier transform infrared spectroscopy
(ATRS-FTIR Shimadzu AIM 9000) for identifying functional groups present in these
materials. The size and morphology of chitosan nanoparticles were investigated through
scanning electron microscopy (Quanta 400 ESEM). The particle size of the nanoparticles
was also assessed using an X-ray diffractometer (Shimadzu LabX-XRD 1600) based on
the Scherrer equation. The physical stability of nanoparticles was determined using a zeta
potential analyser (Malvern Panalytical, Chennai, India).
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2.10. Mosquito Larvicidal Activity of Encapsulated Chitosan Nanopatrticles

The larval toxicity assays were carried out using early fourth-instar larvae of An. stephensi.
The larvae of An. stephensi were purchased from the Centre for Research in Medical
Entomology, Madurai, Tamil Nadu, India. Larvae were placed in enamel trays containing
dechlorinated water and maintained under laboratory conditions. The research experiment
was conducted according to standard WHO procedure (WHO, 1996). The larvicidal assays
with treatments such as MAEL-CSNPs and MAEM-CSNPs were carried out according to
the standard guidelines. A total of 10 larvae were introduced into a glass beaker with tap
water (250 mL) with the required concentration of the sample (100 pg/mL). Three
replicates were done, and a negative control (methanol and water) was also maintained.
The larval mortality percentage was calculated after 24 h of exposure. The control
mortalities were also corrected using Abbott’s formula [26].

2.11. Zebrafish Embryo Toxicity Assay

The sample exhibiting the highest larvicidal activity (MAEL-CSNPs) and the control
(MAE) were subjected to toxicity analysis using the zebrafish model. The zebrafish
embryos were collected from laboratory-adapted zebrafish (Danio rerio) (1:2). After
12 hours of fertilisation, the embryos were taken and rinsed with clear water for the
toxicity assessment, and unfertilised eggs were discarded. The zebrafish embryos were
kept in a 24-well plate and treated with 10 pg of MAEL-CSNPs for incubation. The
mortality, embryo hatchability and malformations of the treated and control groups were
observed every 0, 6, 12, 24 and 48 hours [27].

2.12. Statistical analysis

The average larval mortality data were subjected to Probit analysis for calculating LCsg,
LCq and other statistics at 95% fiducial limits, and the upper confidence limit, lower
confidence limit and chi-square values were calculated using the SPSS 11.5 (Statistical
Package of Social Sciences) software. Results with p <0.05 were considered to be
statistically significant.

3. Results

3.1. Larvicidal Activity of A. absinthium Extracts Against An. stephensi Larvae
Among three extracts of aerial plant parts (obtained using benzene, acetone and methanol)
that were tested at three different concentrations (0.75, 1.50 and 3.00 mg/l), the mortality
rates of An. stephensi within 24 hours varied with the dose. Among the tested plant
extracts, the methanolic extract showed the highest mortality rate, with 3 mg/L resulting
in 100% mortality compared to the other two concentrations (Table 1). The 95%
confidence limits of LCsy, LCgo, chi-square value and degrees of freedom were also
calculated based on the mortality rates of larvae. The lowest LCsy was exhibited by
methanolic extract (1.170 mg/L) compared to benzene (2.410 mg/L) and acetone
(1.714 mg/L). Similarly, the lowest LCy value was shown by the methanolic extract
(1.819 mg/L) compared to other extracts (2.739 mg/L and 4.322 mg/L, respectively). The
degrees of freedom (DF) and the chi-square analysis of mortality with the use of
methanolic extract were 2.0 and 1.261, respectively.

270 Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXX, 2025,
https://doi.org/10.15259/PCACD.30.019



Larvicidal activity of different molecular weights chitosan-plant extract complex against
Anopheles stephensi

Table 1. Larvicidal activity of A. absinthium solvent-based plant extracts against
An. stephensi larvae after 24 hours.

Plant C Mortality LCso LCL UCL LCos 5 DF
extract | (mg/L) [%0] [mg/L] | [mg/L] | [mg/L] | [mg/L] *

S 0.75 42.75

£ 1.50 80.00 1.170 1.035 1.317 1.819 | 1.261 | 2.0
= [ 300 | 100.00

@ 0.75 36.75

% 1.50 65.00 1.714 | 1.470 1985 | 2.739 | 2.046 | 1.0
< 3.00 85.50

@ 0.75 23.00

§ 1.50 44.00 2.410 2114 | 2.836 | 4322 | 1.636 | 1.0
i 300 | 6850

Positive Control 4.33 - - - - - -

Note. Negative control nil mortality; C, extract concentration; LCso, lethal concentration 50,
referring to the concentration of a substance that is lethal to 50% of the population; LCapo, lethal
concentration 90, referring to the concentration of a substance that is lethal to 90% of the population;
LCL, lower confidence limit; UCL, upper confidence limit; %2, chi-square value; DF, degrees of
freedom.

3.2. Entrapment Efficiency

Drug encapsulation or entrapment efficiency of L-CSNPs and M-CSNPs with methanolic
aerial plant extract (MAE) is presented in Figure 1. Among various concentrations, low
molecular weight chitosan-based nanoparticles encapsulated methanolic extract (MAEL-
CSNPs) at 10 pg/mL showed higher entrapment efficiency (64.10%) compared to medium
molecular weight chitosan-based nanoparticles encapsulated methanolic extract (59.34%).
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Figure 1. Entrapment efficiency of different concentrations of MAE encapsulated in
CSNPs. Values are expressed as mean + SD of three replicates. Statistically
significant values (p < 0.05) are different according to Duncan’s Multiple
Range Test, wherea>b>c>d>e.
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3.3.  Invitro Drug Release Kinetics

The MAEL-CSNPs and MAEM-CSNPs samples exhibiting the highest (64.10 and
52.34%, respectively) drug entrapment efficiency percentage values were subjected to
in vitro drug release kinetics using four mathematical models: zero order, first order, the
Higuchi model and the Korsmeyer-Peppas model (Figure 2). The determination
coefficients of kinetic models are presented in Table 2. The Higuchi model with R? values
0f 0.978 and 0.893 for MAEL-CSNPs and MAEM-CSNPs was the best-fit model.

Zero order kinetics First order kinetics  _ 3457, - 34671
= 184475+ 0.4664 Re= 08707
100 R:=0.9529 g 67
o as a y=02148x + 2.5868
92 y ']‘:f_”a";;f M8 5 Re= 0.6695
% 80 -8 £
g LR
“ 60 3
5 %
- 40 ]
= 2]
2 30 %
-1
s < 1
10 =
0 T T T T 1 0 T T T T d
0 1 2 3 4 5 0 1 2 3 4 5
Time (Hrs) Time (Hrs)
MAEL-CSNPs MAEM-CSNPs MAEL-CSNPs MAEM-CSNPs
Higuchi model = 52.052% - 23.822 Korsmeyer peppas model
100 { R*=09786 o 3 ¥ =-0.1693x + 2.7196
g ¥ = 40.916x - 5.9668 z R*=0.9166
a 804 R*=038735 &5 y=-0.1621x + 25311
= £ Ri=0.8432
oo 60 w2
N Z 15
= s
e 1
§ 0y £ 05
w
0 ‘q T ‘R v .: 2 01 . . ; .
0 0.5 1 L5 2 25 N 1 5 3 4 5
Square root of time Log time
MAEL-CSNPs MAEM-CSNPs MAEL-CSNPs MAEM-CSNPs

Figure 2.  Invitro drug release kinetics models.

Table 2. Determination coefficients and kinetic constants of curves fitted using different
kinetics models for A. absinthium encapsulated nanochitosan.

MAEL-CSNPs MAEM-CSNPs
Kinetic model R? slope intercept R? slope intercept
zero-order 0.952 | 18.447 9.466 0.888 | 14.572 19.041
first-order 0.879 0.359 3.449 | 0.669 0.214 2.586
Higuchi 0.978 | 52.952 | -23.822 | 0.893 | -0.162 -2.531
Korsmeyer-Peppas 0.916 | -0.169 2.719 0.843 | 40.196 -5.966

3.4. FTIR Analysis

The spectra of both MAEL-CSNPs and MAEM-CSNPs were quite similar except for the
differences in band intensity (Figure 3). The bands at 1533, 1378, 1061, and 1023 cm™ in
the FTIR spectrum of MAEL-CSNPs (Figure 3a) are less intense when compared to the
FTIR spectrum of MAEM-CSNPs (Figure 3b).

272 Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXX, 2025,
https://doi.org/10.15259/PCACD.30.019



Larvicidal activity of different molecular weights chitosan-plant extract complex against
Anopheles stephensi

jmo_

90

(3]
(=]
—=
891

o
(=]

1022
506

% Transmittance
s
[=]

W
(=]

h
(=]

101

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

3186
1379

~
=}
1027
502

(o]
o

% Transmittance
(8,1

A
o

30

200
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Figure 3. FTIR spectra of (a) MAEL-CSNPs and (b) MAEM-CSNPs.

3.5.  XRD Analysis

Figure 4 shows XRD diffractograms of MAEL-CSNPs and MAEM-CSNPs. The
comparison of results indicates differences in position and intensity of peaks. The
characteristic peaks at 18.44°, 19.39°, 20.51°, and 22.50° of 809, 816, 783, and 844
intensity, respectively, in MAEL-CSNPs diffractogram (Figure 4a) are less intense and
slightly shifted in the diffractogram of MAEM-CSNPs (Figure 4b), i.e., to 18.49°, 19.48°,
22.5°, and 23.5° with 940, 946, 970, and 984 intensity, respectively.
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Figure 4. XRD diffractograms of (a) MAEL-CSNPs and (b) MAEM-CSNPs.

3.6. SEM Analysis

Figure 5 represents the SEM images of MAEL-CSNPs and MAEM-CSNPs at a 50 um
scale bar. Both MAEL-CSNPs and MAEM-CSNPs presented a homogenous topographic
surface, but MAEL-CSNPs showed smaller nanoparticles than MAEM-CSNPs.
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Figure 5. SEM micrographs of (a) MAEL-CSNPs and (b) MAEM-CSNPs.

3.7. Zeta Potential
In zeta potential analysis, MAEM-CSNPs showed a higher charge, i.e., +43.2 mV, than

MAEL-CSNPs, i.e., +30.8 mV (Figure 6).
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Figure 6. Zeta potential of (a) MAEL-CSNPs and (b) MAEM-CSNPs.

3.8.  Mosquito Larvicidal Activity Chitosan Nanoparticles

Among MAEL-CSNPs and MAEM-CSNPs, lower LC50 and LC90 values were observed
in MAEL-CSNPs (2.99 and 6.94 ng/mL, respectively). No mortality was found in the
negative control (Table 3).
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Table 3. Larvicidal activity of MAEL-CSNPs and MAEM-CSNPs against An. stephensi
after 24-hour exposure.

+ c

& Larval and pupal LCso LCfL UCfL 2 )

g C mortality (LCwx) ° ° g X

§ [ng/mL] [%] [ng/mL] LCso LCso GS), (DF=4)

= 2 (LC%) | (LCw) | &

o 2 4.4 +0.54° x

o N

S 4 6.0 +1.22 P

O - 2.99 013 | 4351 | + | 1.855

a9 7.2+0.83 (694) | (5.46) | (11.409) | £ | n.s.

2 8 10.0 + 0.0¢ 3

2 10 100+ 0.0° n

o 2 3.6+1.14° x

o S

5 5.2 +1.30° S

$) 3721 | 0854 | 5170 | + | 0.744
- 6 6.8+ 0.83¢

5 - (8.29) (6.59) | (13.477) | § | n.s.

< 8 8.6 = 0.54 F.'

2 10 10.0+0.0° "

Note. Negative control nil mortality; C, concentration of MAE encapsulated CSNPs; LCso, lethal
concentration 50, referring to the concentration of a substance that is lethal to 50% of the population;
LCoo, lethal concentration 90, referring to the concentration of a substance that is lethal to 90% of
the population; LCL, lower confidence limit; UCL, upper confidence limit; %2, chi-square value;
DF, degrees of freedom.

3.9. Zebrafish Embryo Toxicity assay

Based on the in vitro drug release capability and larvicidal activity, MAEL-CSNPs were
selected and subjected to toxicity analysis. The zebrafish eggs were treated with
control-MAE and MAEL-CSNPs at the 10 pg/mL concentration. At the beginning of the
test (0 h), the eggs are visible as a simple spherical structure. The developmental stage
was observed significantly from the 6™ hour onwards, and the complete larval maturation
stage was found at 48 h. The 6™ hour represents the sidewise elaboration of the yolk area,
and the 12" hour denotes the anterior area with simple eyes (Figure 7).

Olus 6lus 12lus 24lus ’ 18hrs

Control (MAE)
= F i /'f; N
£ > Vs <
y ‘ ¢ . V \
\ ) / I
R 4 ) ) 4 J
MAEL-CSNPs

Olus 6lus 12lus 24lus 48lus

Figure 7. Representative images of zebrafish embryos exposed to control and
MAEL-CSNPs.
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The abdomen and spine were seen during the 24™ hour. The mature larvae were only
visible on the 48™ hour. There is no yolk sac oedema, spine deformation or pericardial
malformation during the entire observation time of MAE and MAEL-CSNPs. The 24™ and
48" hours of zebrafish larvae represent healthy developments in control, and MAEL-
CSNPs showed 100% mortality at a 10 pg/mL concentration. The MAEL-CSNPs below
10 pg/mL concentration may act as a potent larvicide without harming non-targeted
organisms.

4.  Discussion

Many valuable drugs have been developed using various parts of the medicinally
significant plants. The herb A. absinthium was also mentioned in ancient Egyptian times
as being active against vermin, a common word for vector pests [28], and markedly
exhibited strong larvicidal activities toward mosquitoes [29]. It has also been used for
centuries as a moth repellent and common pesticide against slugs and snails [30].
The larvicidal bioassays of this investigation revealed the larvicidal potential of various
solvent-based aerial part extracts of A. absinthium. Among the different extracts, the
methanolic extract showed the highest mortality percentage (100%) and the lowest LCso
(1.170 mg/L) and LCg (1.819 mg/L), respectively. Larvicidal activities of leaf ethanolic
(92 + 2) and methanolic (68 + 2) extracts of A. absinthium against Aedes aegypti were
reported [16].

Chitosan nanoparticles were prepared by the ionic cross-linking between the
protonated amino groups of the chitosan chains and the phosphate groups of TPP. Chitosan
nanoparticles (L-CSNPs and M-CSNPs) were dissolved in different concentrations of
MAE, such as 10, 20, 30, 40 and 50 pug/mL, and formed MAEL-CSNPs and MAEM-
CSNPs. Among five different concentrations (10, 20, 30, 40 and 50 ug/mL), both MAEL-
CSNPs and MAEM-CSNPs showed higher entrapment efficiency, i.e., 64.10% and
59.34%, respectively, at 10 ug/mL. The in vitro drug release percentage was higher in
MAEL-CSNPs (86.6%) compared to MAEM-CSNPs (80.0%). The drug release
percentage was found to be pH dependent. In an acidic medium, an elevation in the
ionisation of protonated amine groups causes the bulging of chitosan nanoparticles, which
results in more diffusion of methanolic extract from encapsulated nanochitosan [31].

It was found that the in vitro MAE release from L-CSNPs and M-CSNPs can be
accurately described by Higuchi’s equation, as the plots created using this model show the
highest linearity (R? = 0.978 and 0.893, respectively), followed by zero order (R? = 0.952
and R?=0.888, respectively). The Higuchi model describes the drug discharge from an
insoluble matrix as the square root of a time-dependent process based on Fickian diffusion.
Moreover, it defines the constant release of a drug from a drug delivery system as
involving both dissolution and diffusion. Zero-order kinetics indicates the course of
constant drug release from a drug delivery system. If the system follows this mechanism,
the drug concentration in the blood remains constant throughout the delivery [32, 33].
As given in the literature, the decrease in intensity of the given bands is due to the removal
of acetyl groups during the deacetylation process of chitin [34]. The presence of C—H
rocking at 1379 and 1379 cm™ for MAEL-CSNPs and MAEM-CSNPs, respectively, in
the FTIR spectra indicates the incorporation of alkanes being a constituent of the plant
extract (MAE) [35]. XRD analysis of MAEL-CSNPs and MAEM-CSNPs shows
differences in intensity and peak position [36]. The amorphous nature of CSNPs was
observed for both samples in XRD analysis. This nature results from the destruction of the
crystalline structure of chitosan after crosslinking with TPP [37-39].
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MAEL-CSNPs and MAEM-CSNPs presented a homogenous topographic surface, but
MAEL-CSNPs showed smaller nanoparticles than MAEM-CSNPs [40]. In zeta potential
analysis, MAEM-CSNPs showed a higher charge, i.e., +43.2 mV, than MAEL-CSNPs,
i.e., +30.8 mV. The zeta potential of nanoparticles increased with the increase in molecular
weight of chitosan [41]. Nanoparticles with a surface charge of +30mV have been revealed
to be stable, as the surface charge is adequate to avoid aggregation of the particles [42].

Mosquitoes are the potential vectors of various diseases such as dengue, malaria and
brain fever. Effective control of these diseases is possible through early diagnosis and
proper treatment. The use of synthetic insecticides can increase mosquito resistance and
environmental pollution. Therefore, the development of effective and eco-friendly
botanical insecticides is needed. Nanotechnology is a promising field of research with
broad applications in vector control. Nanoencapsulation strategies can enhance the
efficiency of plant extracts or plant-derived compounds by protecting them from
degradation and providing a controlled release rate. Among the polymers used for
encapsulation, chitosan stands out because of its various biological properties, such as
non-toxicity, biocompatibility and biodegradability [43].

In this study, encapsulated chitosan nanoparticles (MAEL-CSNPs and MAEM-
CSNPs) were tested for their mosquito larvicidal activity. Among various treatments,
MAEL-CSNPs exhibited lower LCso and LCgo compared to MAEM-CSNPs. Our results
are similar to the results of Paula et al. [44], who found the highest larvicidal effect against
Stegomyia aegypti larvae by using 1.8-10° g/mol molecular weight chitosan and angico
cum nanoparticles loaded with essential oil of Lippia sidoides.

To determine the nanoparticle toxicity against non-targeted organisms, zebrafish
embryos were treated with control-MAE and MAEL-CSNPs at a 10 pg/mL concentration.
The 24 and 48 hours of zebrafish larvae represent healthy developments in control, and
MAEL-CSNPs showed 100% mortality at a 10 pg/mL concentration. The MAEL-CSNPs
below 10 pg/mL concentration may act as a potent larvicide without harming non-targeted
organisms. A similar study was made by Chou et al. [45], who used low molecular weight
chitosan-TPP NPs at different concentrations (10 - 100 pg/mL) to treat zebrafish larvae
and found that increasing the concentration of NPs decreases the survival rate [45].

5. Conclusions

Encapsulation of herbal extracts with chitosan nanoparticles or chitosan-plant extract
complexes is a worthwhile approach in developing eco-friendly larvicides. Based on the
present investigation, it can be concluded that the methanolic extract of the aerial parts of
A. absinthium was found to be a potent larvicidal extract against An. stephensi larvae. This
larvicidal potential was further confirmed by in vitro drug release kinetics and the
larvicidal activity of the chitosan-plant extract complex. Toxicity analysis of MAEL-
CSNPs using zebrafish supports its larvicidal effect against An. stephensi larvae if the NPs
are used below a 10 pg/mL concentration. Overall, the findings are helpful in the
development of more potent, biodegradable and nontoxic herbal-based larvicide against
the malaria vector. However, further investigations are necessary to determine the mode
of the individual chemical compound’s actions, its effects on non-targeted organisms and
field evaluation.

278 Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXX, 2025,
https://doi.org/10.15259/PCACD.30.019



Larvicidal activity of different molecular weights chitosan-plant extract complex against
Anopheles stephensi

6.  Acknowledgements

The authors duly acknowledge funding agencies, i.e. DST-FIST and DST-PURSE, India,
for providing all the instrumentation facilities for carrying out the research work in the
Dept of Botany, Bharathiar University, Coimbatore, Tamil Nadu, India.

7.  References

[1]  Dinesh DS, Singh H, Topno RK, Kumar V, Kesari S, Singh SP, Pandeya K; (2020)
Surveillance of breeding sites of dengue vector following the floods in an urban
area of Patna Bihar India. Dengue Bull 41, 85.

[2] Mahanta S, Khanikor B; (2021) Mosquitocidal activity of twenty-eight plant
essential oils and their binary mixtures against Culex quinquefasciatus, (Diptera:
Culicidae). Heliyon 7(2), e06128. DOI: 10.1016/j.heliyon.2021.e06128

[3] Habibi P, Shi Y, Fatima Grossi-de-Sa M, Khan I; (2022) Plants as sources of
natural and recombinant antimalaria agents. Mol Biotechnol 64(11), 1177-1197.
DOI: 10.1007/s12033-022-00499-9

[4] Ramkumar G, Shivakumar MS, Alshehri MA, Panneerselvam C, Sayed S; (2022)
Larvicidal potential of Cipadessa baccifera leaf extract-synthesized zinc
nanoparticles against three major mosquito vectors. Green Process Synth 11(1),
757-765. DOI: 10.1515/gps-2022-0071

[5] Elgadir MA, Uddin MS, Ferdosh S, Adam A, Chowdhury AJK, Sarker MZI;
(2015) Impact of chitosan composites and chitosan nanoparticle composites on
various drug delivery systems: a review. J Food Drug Anal 23(4), 619-629.
DOI: 10.1016/j.jfda.2014.10.008

[6] Roman-Doval R, Torres-Arellanes SP, Tenorio-Barajas AY, Gomez-Sanchez A,
Valencia-Lazcano AA; (2023) Chitosan: properties and its application in
agriculture in context of molecular weight. Polymers 15(13), 2867. DOI: 10.3390/
polym15132867

[7]  Tsai G-J, Su W-H, Chen H-C, Pan C-L; (2002) Antimicrobial activity of shrimp
chitin and chitosan from different treatments and applications of fish preservation.
Fish Sci 68(1), 170-177. DOI: 10.1046/j.1444-2906.2002.00404.x

[8] No HK; (2002) Antibacterial activity of chitosans and chitosan oligomers with
different molecular weights. Int J Food Microbiol 74(1-2), 65-72. DOI: 10.1016/
S0168-1605(01)00717-6

[91 Chung YC, SuYP, Chen CC, Jia G, Wang HL, Wu JG, Lin JG; (2004) Relationship
between antibacterial activity of chitosan and surface characteristics of cell wall.
Acta Pharmacol Sin 25(7), 932-936.

[10] LiuH,DuY,Wang X, SunL; (2004) Chitosan kills bacteria through cell membrane
damage. Int J Food Microbiol 95(2), 147-155. DOI: 10.1016/
j.ijfoodmicro.2004.01.022

[11] Sharp RG; (2013) A review of the applications of chitin and its derivatives in
agriculture to modify plant-microbial interactions and improve crop yields.
Agronomy 3(4), 757-793. DOI: 10.3390/agronomy3040757

[12] Szopa A, Pajor J, Klin P, Rzepiela A, Elansary HO, Al-Mana FA, Mattar MA,
Ekiert H; (2020) Artemisia absinthium L. — importance in the history of medicine,
the latest advances in phytochemistry and therapeutical, cosmetological and
culinary uses. Plants 9(9), 1063. DOI: 10.3390/plants9091063

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXX, 2025, 279
https://doi.org/10.15259/PCACD.30.019



Subbaiyan Pushparani, Sajeev Sradha, George Rani Anju, Vadakkenchery Salimudheen Hansiya,

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

Palanisamy Maheswari Uma, Jeganathan Aarthi, Byju Anju, Natesan Geetha

Haniadka R, Rajeev AG, Palatty PL, Arora R, Baliga MS; (2012) Zingiber
officinale (ginger) as an anti-emetic in cancer chemotherapy: a review. J Altern
Complement Med 18(5), 440—444. DOI: 10.1089/acm.2010.0737

Omer B, Krebs S, Omer H, Noor TO; (2007) Steroid-sparing effect of wormwood
(Artemisia absinthium) in Crohn’s disease: a double-blind placebo-controlled
study. Phytomedicine 14(2-3), 87-95. DOI: 10.1016/j.phymed.2007.01.001
Guarrera PM; (1999) Traditional antihelmintic, antiparasitic and repellent uses of
plants in Central Italy. J Ethnopharmacol 68(1-3), 183-192. DOI: 10.1016/S0378-
8741(99)00089-6

Sofi MA, Nanda A, Sofi MA, Maduraiveeran R, Nazir S, Siddiqui N, Nadeem A,
Shah ZA, Rehman MU; (2022) Larvicidal activity of Artemisia absinthium extracts
with special reference to inhibition of detoxifying enzymes in larvae of Aedes
aegypti L. J King Saud Univ Sci 34(7), 102248. DOI: 10.1016/j.jksus.2022.102248
Areshi S, Mashlawi AM, El-Shabasy A, Abdel Daim ZJ, Mohsen A, Salama SA;
(2023) Larvicidal, pupalicidal and adulticidal effects of Artemisia absinthium L.
against dengue vector Aedes aegypti (Diptera: Culicidae) in Jazan region, K.S.A.
Saudi J Biol Sci 30(12), 103853. DOI: 10.1016/j.sjbs.2023.103853

Sharma P, Mohan L, Srivastava CN; (2006) Phytoextract-induced developmental
deformities in malaria vector. Bioresour Technol 97(14), 1599-1604.
DOI: 10.1016/j.biortech.2005.07.024

Aly MZY, Badran RAM; (1996) Mosquito control with extracts from plants of the
Egyptian Eastern Desert. J Herbs Spices Med Plants 3(4), 3-8. DOI: 10.1300/
J044v03n04_02

World Health Organization; (1996) Report of the WHO Informal Consultation on
the Evaluation and Testing of Insecticides. World Health Organization, Geneva.
Calvo P, Remufan-Lopez C, Vila-Jato JL, Alonso MJ; (1997) Novel hydrophilic
chitosan-polyethylene oxide nanoparticles as protein carriers. J Appl Polym Sci
63(1), 125-132. DOI: 10.1002/(SICI)1097-4628(19970103)63:1<125::AID-
APP13>3.0.CO;2-4

Bagyalakshmi J, Haritha H; (2017) Green synthesis and characterization of silver
nanoparticles using Pterocarpus marsupium and assessment of its in vitro
antidiabetic activity. Am J Drug Deliv 5(3). DOI: 10.21767/2321-547X.1000019
Jeganathan A, Arunachalam K, Byju A, Rani George A, Sajeev S, Thangasamy K,
Natesan G; (2024) Chitosan nanoparticle-mediated delivery of Alstonia venenata
R.Br. root methanolic extract: a promising strategy for breast cancer therapy in
DMBA-induced breast cancer in Sprague Dawley rats. Antioxidants 13(12), 1513.
DOI: 10.3390/antiox13121513

Dash TK, Konkimalla VB; (2012) Poly-g-caprolactone based formulations for drug
delivery and tissue engineering: a review. J Control Release 158(1), 15-33.
DOI: 10.1016/j.jconrel.2011.09.064

Paarakh M, Jose P, Setty C, Christoper G; (2019) Release kinetics — concepts and
applications. Int J Pharm Res Technol 8(1), 12—20. DOI: 10.31838/ijprt/08.01.02
Abbott WS; (1925) A method of computing the effectiveness of an insecticide.
J Econ Entomol 18(2), 265-267. DOI: 10.1093/jee/18.2.265a

Paramasivam D, Balasubramanian B, Park S, Alagappan P, Kaul T, Liu W,
Pachiappan P; (2020) Phytochemical profiling and biological activity of
Plectranthus amboinicus (Lour.) mediated by various solvent extracts against
Aedes aegypti larvae and toxicity evaluation. Asian Pac J Trop Med 13(11),
494-502. DOI: 10.4103/1995-7645.295360

280

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXX, 2025,
https://doi.org/10.15259/PCACD.30.019



Larvicidal activity of different molecular weights chitosan-plant extract complex against
Anopheles stephensi

[28] Khater HF; (2017) Introductory chapter: back to the future - solutions for parasitic
problems as old as the pyramids. In: Khater H, Govindarajan M, Benelli G (eds),
Natural remedies in the fight against parasites. InTech. DOI: 10.5772/67554

[29] Ali SI, Gopalakrishnan B, Venkatesalu V; (2018) Chicory (Cichorium intybus) and
wormwood (Artemisia absinthium) extracts exhibit strong larvicidal activity
against mosquito vectors of malaria, dengue fever, and filariasis. Parasitol Int
67(6), 781-786. DOI: 10.1016/j.parint.2018.08.005

[30] Goud BJ, Dwarakanath V, Swamy BK; (2015) A Review on History, Controversy,
Traditional Use, Ethnobotany: Phytochemistry and Pharmacology of Artemisia
absinthium Linn. Int J Adv Res Eng Appl Sci 4(5), 77-107.

[31] Hamdi M, Nasri R, Li S, Nasri M; (2020) Design of blue crab chitosan responsive
nanoparticles as controlled-release nanocarrier: physicochemical features, thermal
stability and in vitro pH-dependent delivery properties. Int J Biol Macromol 145,
1140-1154. DOI: 10.1016/j.ijbiomac.2019.10.039

[32] Merchant HA, Shoaib HM, Tazeen J, Yousuf RI; (2006) Once-daily tablet
formulation and in vitro release evaluation of cefpodoxime using hydroxypropyl
methylcellulose: a technical note. AAPS PharmSciTech 7(3), E178-E183.
DOI: 10.1208/pt070378

[33] Gouda R, Baishya H, Qing Z; (2017) Application of mathematical models in drug
release kinetics of carbidopa and levodopa ER tablets. J Dev Drugs 6(2), 1000171.
DOI: 10.4172/2329-6631.1000171

[34] Suryani S, Chaerunisaa AY, Joni IM, Ruslin R, Ramadhan LOAN, Wardhana YW,
Sabarwati SH; (2022) Production of low molecular weight chitosan using
a combination of weak acid and ultrasonication methods. Polymers 14(16), 3417.
DOI: 10.3390/polym14163417

[35] Mohani N, Ahmad M, Jahan N; (2014) Evaluation of phytoconstituents of three
plants Acorus calamus Linn, Artemisia absinthium Linn and Bergenia himalaica
Boriss by FTIR spectroscopic analysis. Pak J Pharm Sci 27(6), 2251-2255.

[36] Saeed A, Zahid S, Sajid M, Ud Din S, Alam MK, Chaudhary FA, Kaleem M,
Alswairki HJ, Abutayyem H; (2022) Physico-mechanical properties of
commercially available tissue conditioner modified with synthesized chitosan
oligosaccharide. Polymers 14(6), 1233. DOI: 10.3390/polym14061233

[37] Ali MEA, Aboelfadl MMS, Selim AM, Khalil HF, Elkady GM; (2018) Chitosan
nanoparticles extracted from shrimp shells, application for removal of Fe(ll) and
Mn(11) from aqueous phases. Sep Sci Technol 53(18), 2870-2881. DOI: 10.1080/
01496395.2018.1489845

[38] Morsy M, Mostafa K, Amyn H, El-Ebissy A, Salah A, Youssef M; (2019)
Synthesis and characterization of freeze dryer chitosan nano particles as multi
functional eco-friendly finish for fabricating easy care and antibacterial cotton
textiles. Egypt J Chem 62(7), 1277-1293. DOI: 10.21608/ejchem.2019.6995.1583

[39] Hamrayev H, Shameli K; (2023) Synthesis and characterization of ionically cross-
linked chitosan nanoparticles. JRNN 7(1), 7-13. DOI: 10.37934/jrnn.7.1.713

[40] Aranda-Barradas ME, Trejo-Lopez SE, Real AD, Alvarez-Almazan S, Méndez-
Albores A, Garcia-Tovar CG, Gonzalez-Diaz FR, Miranda-Castro SP; (2022)
Effect of molecular weight of chitosan on the physicochemical, morphological, and
biological properties of polyplex nanoparticles intended for gene delivery.
Carbohydr Polym Technol Appl 4, 100228. DOI: 10.1016/j.carpta.2022.100228

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXX, 2025, 281
https://doi.org/10.15259/PCACD.30.019



Subbaiyan Pushparani, Sajeev Sradha, George Rani Anju, Vadakkenchery Salimudheen Hansiya,

[41]

[42]

[43]

[44]

[45]

Palanisamy Maheswari Uma, Jeganathan Aarthi, Byju Anju, Natesan Geetha

Ing LY, Zin NM, Sarwar A, Katas H; (2012) Antifungal activity of chitosan
nanoparticles and correlation with their physical properties. Int J Biomater 2012,
632698. DOI: 10.1155/2012/632698

Mohanraj VJ, Chen Y; (2007) Nanoparticles - a review. Trop J Pharm Res 5(1),
561-573. DOI: 10.4314/tjpr.v5i1.14634

Ferreira TP, Haddi K, Corréa FT, Zapata VLB, Piau TB, Souza LFN, Santos
S-MG, Oliveira EE, Jumbo LOV, Ribeiro BM, Grisolia CK, Fidelis RR, Maia
AMS, Aguiar RS; (2019) Prolonged mosquitocidal activity of Siparuna guianensis
essential oil encapsulated in chitosan nanoparticles. PLoS Negl Trop Dis 13(8),
€0007624. DOI: 10.1371/journal.pntd.0007624

Paula HCB, Sombra FM, Abreu FOMS, Paul RCM de L; (2010) Lippia sidoides
essential oil encapsulation by Angico gum/chitosan nanoparticles. J Braz Chem
Soc 21(12), 2359-2366. DOI: 10.1590/S0103-50532010001200025

Chou C-M, Mi F-L, Horng J-L, Lin L-Y, Tsai M-L, Liu C-L, Lu K-Y, Chu C-Y,
Chen Y-T, Lee Y-L A, Cheng C-H; (2020) Characterization and toxicology
evaluation of low molecular weight chitosan on zebrafish. Carbohydr Polym 240,
116164. DOI: 10.1016/j.carbpol.2020.116164

282 Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXX, 2025,

https://doi.org/10.15259/PCACD.30.019



