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A B S T R A C T

Mosquitoes, among the most lethal creatures on Earth, result in millions of deaths annually by transmitting 
various human diseases. This work aims to synthesize novel, efficient, safe, and environmentally sustainable 
natural substances to enhance mosquito vector management based on nanotechnology applications of the chi
tosan biopolymer. A nanoscale chitosan-coated nanocapsule containing linalool, α-terpinene, and curcumin was 
synthesized and characterized using several analytical methods, which confirmed the incorporation of the active 
ingredients to the vicinity of nanoscale lipid molecules coated with chitosan biopolymer. Under acidic condi
tions, an initial rapid release of active compounds was observed within the first two days, subsequently exhib
iting a gradual decline by the fourth day. Conversely, under alkaline conditions, the release commenced at a 
lower rate and progressively increased over time. The efficacy of α-terpinene, linalool, curcumin, and their 
nanoformulations against the third instar larvae of Culex pipiens was evaluated in both acidic and alkaline media 
at 24- and 48-h post-treatment. The NLC-CLA-CS nanocapsule demonstrated promising (the most potent) 
insecticidal effects, with notable potency observed for combinations of α-terpinene, linalool, and curcumin. The 
LC50 values for these formulations ranged from 8.78 to 61.33 ppm at 24 h post-treatment and from 6.08 to 29.54 
ppm at 48 h post-treatment, highlighting the potential of these compounds in mosquito control. The tested 
compounds demonstrated significant antimicrobial activity against a broad spectrum of bacterial strains, 
showcasing its potent efficacy in inhibiting microbial growth. Reduced toxicity against normal cells (WI38) 
compared to individual compounds. Minimal impact on most non-target insects, apart from Gambusia affinis.

1. Introduction

Pesticides play a major role in ensuring that food production keeps 

pace with the growing population. It also reduces the risk of disease- 
carrying insects to human health [1–3]. However, traditional pesti
cides that lack efficiency and specificity in their targets, coupled with 
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frequent use, lead to significant environmental concerns and potential 
risks to human well-being. Furthermore, reports indicate that the 
effectiveness of pesticides used against the intended organisms is less 
than 0.1 % [4]. As a result, the negative effects of public health pesti
cides and other pesticides on the environment and human health pose 
significant limitations to their use [5,6]. Hence, there is an urgent need 
to develop pesticide systems that can improve their efficiency and pro
long their effect on insects.

Among the medical insects that negatively affect human health are 
mosquitoes. Mosquitoes are responsible for transmitting various detri
mental diseases to both humans and animals [7]. These diseases include 
malaria, dengue fever, yellow fever, filariasis, Japanese encephalitis, 
chikungunya, and Streptococcus epidermidis in livestock. Vector-borne 
diseases affect every part of the world, however mosquito-borne diseases 
have significant economic consequences, such as reduced commercial 
production and employment; increased disease burden and mortality; 
poverty; and social vulnerability worldwide, particularly in impov
erished nations. Hemalatha, Elumalai, Janaki, Muthu, Babu, Velu, 
Velayutham and Kaleena [8] have identified regions characterized by 
tropical and subtropical climates. Mosquitoes frequently present haz
ards, prompting the use of various methodologies. People have created 
synthetic pesticides over time, and they have generally been successful. 
However, they compel insects to adjust to them, leading to the eventual 
development of resistance to insecticidal substances. According to Sudo, 
Takahashi, Andow, Suzuki and Yamanaka [9], the regular utilization of 
pesticides presents potential hazards to the ecosystem.

Most mosquito larvae inhabit ponds and water bodies that are 
inherently acidic due to alterations in water composition, compounded 
by pollution that further acidifies aquatic ecosystems. The review 
demonstrates that extreme pH levels, whether acidic or alkaline, nega
tively impact larval survival rates, developmental duration, and adult 
emergence success. Larvae subjected to severely acidic surroundings 
demonstrated diminished growth and increased mortality rates, whereas 
those in alkaline circumstances experienced developmental delays and 
decreased fitness. The best growth happened in neutral to slightly acidic 
conditions (pH 6.5–7.5), where larvae had higher survival rates, grew 
faster, and successfully became adults [10,11]. The results indicate that 
pH values in larval environments are a crucial determinant of mosquito 
population dynamics and may be utilized in vector control techniques. 
Understanding how pH levels affect mosquito growth could help create 
targeted methods to reduce mosquito-borne diseases by changing their 
living conditions to stop them from breeding [12].

Nanopesticides are tiny particles that have a pesticide’s active 
ingredient and other specially designed features that help with pest 
control [13]. Nanopesticides made from essential oils and /or natural 
products are a new technology that is growing quickly. They have many 
potential benefits, such as better safety for people and the environment, 
better stability, longer effectiveness, and less need for active ingredients 
[14]. Various researchers proposed that plants could be the best appli
cants and are suitable for large-scale production of nanoparticles [15]. 
Nanoformulation can enhance the solubility and bioavailability of 
essential oils (EOs) while also providing protection against environ
mental agents and facilitating controlled release. Studies by Asbahani, 
Miladi, Badri, Sala, Addi, Casabianca, Mousadik, Hartmann, Jilale, 
Renaud and Elaissari [16] and Cimino, Maurel, Musumeci, Bonaccorso, 
Drago, Souto, Pignatello and Carbone [17] have demonstrated these 
improvements.

Nanoparticles have greatly advanced in medical uses because the 
body can more easily absorb them and can keep certain medicines 
working longer at the right spot [18]. Chitosan nanoparticles (CS NPs) 
have unique physical and chemical properties, such as being minimal, 
dense, and having a large surface area [19]. These features have led to 
many important uses in medicine, like how drugs are released, how they 
spread in the body, and how they stick to mucus. The carriers must meet 
the fundamental conditions of being non-toxic, biocompatible, and 
bioactive. As a result, the CS NPs containing glycosaminoglycans have 

garnered significant attention. Making polymer nanoparticles often in
volves using natural carbohydrate polymers such as alginate and chi
tosan because they are safe for the body and can break down naturally 
[20].

Chitosan is a polycationic polymer that is both non-toxic and 
biodegradable, with a low level of immunogenicity. The ionic gelation 
method is a simple way to make CS NPs and get the right particle size so 
that they can pass through the epithelial membrane [21]. Polymer-based 
nanoparticles can be made by connecting polymer chains with covalent 
bonds or using physical interactions such as hydrogen bonds, electro
static forces, or hydrophobic associations [22]. The pharmaceutical in
dustry has investigated the use of sodium tripolyphosphate (TPP) in the 
synthesis of CS NPs as a potential nanocarrier. The CS nanoparticles 
could deeply infiltrate tissues via small capillaries, resulting in the 
effective transportation of drugs and proteins [19].

In this study, we plan to create lipid-chitosan nanocapsules that can 
deliver several natural drugs together, specifically curcumin, linalool, 
and α-terpinene, which are known to work as insecticides. Our goal is to 
combine these substances into one small formula to enhance their effects 
when used together. This smart nanocapsule is expected to release its 
active ingredients within both acidic and basic environments in different 
patterns, creating unique effects that would only have occurred by using 
more than one insecticide at the same time. By creating a new type of 
pesticide that responds to pH levels, we hope to provide an eco-friendlier 
way to control pests that is less harmful to other insects, making pesti
cide use more effective.

2. Materials and methods

2.1. Chemicals

Curcumin 97 %, oleic acid 90 %, steric acid 97 %, polysorbate 20 
(Tween 20), sodium taurocholate 96 %, sodium glycocholate 97.5, low 
molecular weight chitosan, deionized water was procured from Alfa 
Aesar (Thermo Fisher Scientific, Dreieich, Germany). Linalool (L) and 
α-terpinene (A) were procured from Acros Organics (Thermo Fisher 
Scientific, Dreieich, Germany). All chemical reagents were utilized 
without being purified.

2.2. Nano drug delivery

2.2.1. Synthesis of nanostructure lipid carrier encapsulated curcumin and 
monoterpenes

A Nanostructure lipid carrier was synthesized using the hot 
homogenization-sonication method with modification [23–27]. A lipid 
mixture consisting of stearic acid (880 mg) and oleic acid (1000 mg) was 
heated until fully melted. In a different container, 150 mg of curcumin 
was mixed with 1.5 mL of a methanol/chloroform mixture (1:3) while 
being heated and then added to the melted lipid mixture. Heating was 
maintained until the solvent was completely evaporated. Following this, 
equal amounts (200 mg each) of linalool and α-terpinene were intro
duced beneath the lipid layer. The lipid phase was then swiftly trans
ferred into the aqueous phase and stirred vigorously for two minutes. To 
stabilize the emulsion, ice-cold water was added, followed by 15 min of 
sonication. The resulting emulsion was lyophilized at − 48 ◦C for 48 h to 
yield a semi-solid nanostructured lipid carrier (NLC) containing co- 
encapsulated curcumin, α-terpinene, and linalool, referred to as NLC- 
CLA.

2.2.2. Synthesis of nanostructure lipid carrier (NLC) coated chitosan 
nanocapsule

According to Gartziandia, Herran, Pedraz, Carro, Igartua, and Her
nandez [28] and Radwan, El-Sherbiny, Selim, and Metwally [29], the 
prepared NLC-CLA suspension (10 mL) was combined with 30 mL of a 
0.25 % (w/v) chitosan solution and stirred for 2 h. A 1 % (w/v) solution 
of sodium tripolyphosphate (STPP) was then added dropwise over the 
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course of one hour, and stirring was maintained overnight. The mixture 
was then frozen and dried at - 48 ◦C for 48 h to create a thick, chitosan- 
coated nanostructured lipid carrier that includes curcumin, α-terpinene, 
and linalool (NLC-CLA-CS). Lyophilization changes the liquid emulsion 
into a solid, making it easier to measure concentrations for biological 
tests and concentrating the sample for analyses like FTIR and UV–V is 
spectroscopy.

2.2.3. Fourier transform infrared
Fourier transform infrared spectroscopy (FTIR) was done using a 

Thermo Scientific NicoletTM iS50 FTIR spectrometer, and the sample 
was placed directly without a KBr disc, scanning the wave numbers from 
400 to 400 cm− 1.

2.2.4. Particle size and the surface charge
The quality of the made nanoparticles was checked by looking at 

their size and how varied they are, using dynamic light scattering (DLS) 
at a 173◦ angle at room temperature. Their zeta potential, which helps 
understand how stable the particles are by measuring changes in scat
tered light due to their charge at a 12◦ angle, was also tested. All mea
surements, including zeta potential, PDI, and particle size, were carried 
out at the Egyptian Petroleum Research Institute using a Zeta Silver 
Nano Series (HT) Nano ZS instrument (Malvern Instruments, UK). Before 
testing, 5–10 mg of each nanoformulation was mixed in 10 mL of 
distilled water using a sonication bath and then placed into a quartz 
cuvette. Three independent readings were recorded for both the PDI and 
size distribution, and the most representative values were reported.

2.2.5. Surface morphology estimation by transmission electron microscope 
(TEM)

The morphology and stability of NLC nanoparticles were examined 
using Transmission Electron Microscopy (TEM). High-resolution TEM 
(HR-TEM) analysis was conducted at the Egyptian Petroleum Research 
Institute (EPRI) using a JOEL Jem-2100-115 system operating at 200 kV. 
To prepare samples, NLC nanoparticles were diluted with double- 
distilled water, applied to a carbon-coated grid, and negatively stained 
with 2 % phosphotungstic acid (PTA). The TEM images revealed 
consistent shapes and provided insight into the nanoparticles’ stability 
and aggregation behavior.

2.3. The drug encapsulation efficiency (EE) and loading capacity (LC)

The encapsulation efficiency (entrapment) of NLC-CLA-CS is 
measured by using the indirect ultrafiltration centrifugation method 
[29–31]. A 1 ml freshly prepared NLC-CAL-CS NP was placed in a viv
spin 20 centrifugal concentrator tube (MWCO 5 k Da), then centrifuged 
at 4500 rpm for 20 min at a temperature of 4 ◦C. The obtained super
natant, which contained free or non-encapsulated drugs, were separated 
and dissolved in DMSO by probe sonication (Scientz, ultrasonic 
homogenizer-HD, Ningbo Scientz Biotechnology Co., Ltd., China). The 
concentration of the non-encapsulated drugs of curcumin was measured 
using a UV spectrophotometer (Genway spectrophotometer 6305, 
Japan), DMSO as a blank, and a standard concentration of the target 
compounds (curcumin, Linalool and α-terpinene) in DMSO at 425 nm 
using a 1 cm glass cuvette at room temperature. Subsequently, the non- 
encapsulated drug (free drug) was calculated from this equation: 

Absorbance of the sample(freedrug or supernatent)
Absorbanceof standardcurcumin

×Standardconcentration 

The amount of entrapped drug is estimated by subtracting the free 
drug from the total amount of drug contained in 1 ml dispersion, as 
follows: Entrapped drug is calculated as the total amount of drug 
incorporated minus the amount of free drug found in the supernatant. 
The following equations are used to calculate the entrapment efficiency 
(EE) and the drug loading capacity (LC): 

EE% =
Amount entrapped drug

Amount of total drug added
×100 

LC% =
weight of the entrapped Drug

Nonoparticles weight
× 100 

Due to the high hydrophobicity of certain drugs, they can become 
adsorbed onto the ultrafiltration membrane, potentially leading to 
inaccuracies in calculating the amount of drug entrapped [32]. To 
evaluate the extent of drug adsorption on the membrane, a solution with 
a known drug concentration was passed through, and the concentration 
in the filtrate was analyzed. All experiments were conducted in a 
manner that prevented adsorption.

2.4. Drug release study

The in vitro release profile of the encapsulated NLC-CLA-CS nano
capsules was assessed using the dialysis bag technique [33,34]. 
Approximately 10 cm of dialysis tubing was soaked in 20 ml of phos
phate buffer (pH 7.4) and left overnight to equilibrate before the release 
study. Exactly 5 ml of the NLC-CLA-CS nanoformulation was put into a 
dialysis bag (with a molecular weight cut-off of 12 kDa from Sigma 
Aldrich), sealed at one end, and then tightly closed at the other end 
before being placed in a 250 ml beaker that contained 100 ml of 
phosphate-buffered saline (PBS, pH 7.4). To help it dissolve better, 1 ml 
of Tween 20 was mixed in, and the mixture was stirred gently at 150 rpm 
with a battery-operated magnetic stirrer (IKA® C-MAG, HS4 Digital, 
India). The entire setup was maintained in an incubator at 37 ◦C. 
Samples (1 ml each) were withdrawn at specified intervals over 72 h, 
and each removal was followed by the addition of an equal volume of 
fresh buffer to maintain constant volume. Each sample taken was 
divided: one part was tested for curcumin levels. In contrast, the other 
part was processed with n-hexane to measure the amounts of alpha- 
terpinene and linalool using gas chromatography with flame ioniza
tion detection (GC-FID). The analysis was done using an Agilent 7890B 
gas chromatography system with a DB-624 column, using hydrogen gas 
at a flow rate of 1.5 ml/min in a 1:5 split mode. The injection volume 
was 1 μl, with a temperature program starting at 40 ◦C (0 min), ramping 
at 10 ◦C/min to 200 ◦C (0 min), then increasing at 20 ◦C/min to 220 ◦C 
(0 min), and finally rising at 30 ◦C/min to 250 ◦C, where it was held 
briefly. The injector and FID were maintained at 250 ◦C and 300 ◦C, 
respectively.

2.5. Atomic force microscopy

An atomic force microscope (AFM, Flex Axiom Nanosurf) was used 
for the visualization of the surface topography, particle size, and 
roughness of the nanostructure lipid carrier encapsulated curcumin, 
linalool, and a-terpinene, and its coated nanocapsules deposited on a 
silicone substrate operating in the Phase Contrast mode and Cantilever 
type NCLR. The thin film of the nanomaterial was acquired for a surface 
625 × 625 nm and 1.25 × 1.25 μM.

2.6. Antimicrobial evaluation

The well-diffusion method is among the most applied techniques for 
assessing antimicrobial susceptibility. It provides both quantitative data 
(measured as the diameter of inhibition zones in millimeters) and 
qualitative results (susceptible or resistant). The Clinical and Laboratory 
Standards Institute (CLSI) recommends this technique for evaluating 
mold susceptibility. One of the key benefits of the disk diffusion method 
is its relatively quick turnaround time, with results available after 16 to 
48 h of incubation [33,34]. According to CLSI guidelines, it is best to use 
Mueller-Hinton agar without extras or standard bacteriology-grade 
Mueller-Hinton agar with a pH of 7.2 to 7.4 after it has set, because 
this helps fungi grow well in 24 to 48 h. However, each new batch of 

I.T. Radwan et al.                                                                                                                                                                                                                              International Journal of Biological Macromolecules 329 (2025) 147697 

3 



agar needs to be checked for compatibility according to CLSI rules, 
because some batches may not allow all species to grow well, resulting in 
larger inhibition zones that could go beyond acceptable limits. For this 
method, the inoculum should be prepared to match the concentration 
used in broth dilution procedures and must be applied to agar plates 
within 15 min of adjustment. The plate surface is streaked uniformly in 
three directions. After drying the surface for no more than 15 min, a 
sterile cork borer or pipette tip is used to punch a 6–8 mm diameter well. 
A volume of 20 to 100 μL of the antimicrobial agent or test extract, at the 
desired concentration, is then carefully added into each well.

2.7. In-vitro cytotoxicity assessment

The cytotoxicity assessment of the synthesized nanoparticles of NLC- 
CLA and NLC-CLA-CS was assessed using lung fibroblast WI38, Amer
ican Type Culture Collection CCL-75 (Vacsera, Cairo, Egypt). The cell 
line was seeded using RPMI media with 10 % fetal bovine serum (FBS) 
and an equivalent amount of antibiotics of streptomycin and penicillin 
(100 units per milliliter) to inhibit bacterial growth. The incubation 
protocol was done using a CO₂ incubator at 37 ◦C with a 5 % humidity 
rate. Cells were transferred to 96-well plates and seeded at a density of 
1.0 × 105 per well, and the incubation was completed in 48 h. As for the 
tested compounds, serial dilutions of the synthesized nanoparticles of 
1000, 500, 250, 125, 62.5, and 31.25 were prepared. After 48 h of in
cubation, cells were subsequently treated with several doses of the 
prepared dilutions. The treated plates were re-incubated for 48 h under 
the same conditions of humidity and temperature. After achieving 
suitable confluency, each seeded well received 20 μL of MTT solution (5 
mg/mL), and the additional hours of incubation were processed under 
the same conditions before cell viability determination and conse
quently, IC50 calculations. Optical densities were measured after the 
addition of 100 μL DMSO to ensure complete solubility of the purple 
color, and the absorbance was measured at a wavelength of 570 nm 
using a plate reader (EXL 800, California, CA, USA) [27,35].

2.8. Mosquito larvicidal bioassay

2.8.1. Culex pipiens rearing
Cx. pipiens larvae were reared in an insectary environment set to a 

constant temperature of 27 ± 2 ◦C, relative humidity of 75 ± 5 %, and a 
12-h light/dark photoperiod. The larvae were fed a diet consisting of 
Tetramin fish food mixed with powdered bread in a 3:1 ratio. Upon 
reaching the pupal phase, they were moved from enamel trays into 
containers filled with dechlorinated water and housed in mesh cages 
(35 × 35 × 40 cm), where adult mosquitoes eventually emerged. Female 
adults were regularly provided with hamster blood meals, while a 10 % 
sugar solution was available to all adults throughout the study. All tests, 
involving both larval and adult mosquitoes, were conducted within the 
same laboratory setting [36].

2.8.2. Assessment of larvicidal effectiveness
The larvicidal potential of selected natural products (α-terpinene, 

linalool, and curcumin) and their nanoparticles in pH 6 and pH 8 media 
were evaluated under controlled lab conditions against the 3rd larval 
instar of Cx. pipiens. Larvae were exposed to various concentrations of 
the oils: 6.3, 12.5, 25, 50, and 100 ppm, adjusted to pH levels of 6 and 8. 
For each treatment, twenty-five larvae were placed in 250 mL of distilled 
water within glass beakers, and each concentration was tested in four 
replicates. Mortality was recorded at 24 and 48 h post-exposure and 
during subsequent observation periods.

2.9. Efficacy of tested materials against non-target insects

Curcumin, α-terpinene, and linalool—and their conjugate nano
particles were examined against common water-dwelling arthropods in 
the mosquito breeding areas of Kafr Saad village, which has many water 

sources. Fish and insects like Stratiomys longicornis, Cybister tripunctatus, 
Sphaerodema urinators, Gambusia affinis, Eristalis tenax, and Ephydra sp. 
were caught using a nylon net trap and a dipper, then placed in plastic 
bags with some water and taken to the lab for testing. They were sub
sequently placed in plastic bags partially filled with natural water and 
transported to the laboratory for assessment. Before the test, predators 
were deprived of food for 24 h and subsequently administered LC50 
concentrations of the tested oils and their nanoparticles. Three predators 
were introduced into a 5-l tank containing 300 larvae per liter of 
dechlorinated water. The impact of the selected oil extracts was also 
evaluated over the survival rate of these aquatic insects that remained in 
these oil extracts for two days, where 10 predators were included for 
each oil under the LC50 concentration. Each test comprised three repli
cates, and controls and observations were performed following a 24-h 
exposure. Dr. Yasser El-Sayed identified the aquatic insects based on 
the classifications of Haggag, Mahmoud, Bream and Amer [37], 
Department of Entomology, Faculty of Science at Benha University in 
Egypt.

2.10. Statistical analysis

The data were analyzed by the software, SPSS V23 (IBM, USA), for 
doing the Probit analyses to calculate the lethal concentration (LC) 
values and the one-way analysis of variance (ANOVA) (Post Hoc/Tur
key’s HSD test). The significant levels were set at P < 0.05.

3. Results

3.1. Drug delivery

3.1.1. Particle size (DLS) and Zeta potential (ζ)
According to (Table 1) and (Fig. 1), the size of the nanostructure lipid 

carrier encapsulated curcumin, α-terpinene, and linalool co-delivery 
(NLC-CLA) and its conjugate chitosan-coated nanocapsule (NLC-CLA- 
CS) was 29 and 162 nm, while the polydispersity index manifested 0.31 
and 0.33, respectively. Zeta potential of the two nanoformulations 
revealed (− 7.37 mV) and (+50.4 mV), respectively.

3.1.2. Transmission electron microscope
The internal morphology of transmission electron microscopes pre

sented in Fig. 2 showed spherical and semispherical nanoparticles from 
less than 100 nm up to 200 nm.

3.1.3. Fourier transform infrared (FTIR)
Fourier transform infrared was performed to clarify the interactions 

resulting from the encapsulation process and the extent of the associa
tion between linalool and alpha terpinene with the lipid matrix, which 
were then encapsulated by chitosan. The curves presented in Fig. 3 were 
combined for ease of comparison and to reveal the changes occurring 
because of the encapsulation process.

3.1.4. Drug encapsulation efficiency (EE) and loading capacity (LC)
The encapsulation efficiency and loading capcity were assessed and 

the results presented in Table 2 confirmed the encapsulation efficiency 
of curcumin, α-terpinene and linalool were 72.6, 81.50 and 74.00 and 
loading capacity of 10.38, 14.09 and 15.52 %, respectively.

3.1.5. Drug release
The amount of curcumin released in the acidic (at pH = 6, Fig. 5) and 

Table 1 
Size (DLS) and zeta potential of the synthesized nanoparticles.

Nanoformulation Size(nm) PDI Zeta(mV)

NLC-CLA 29 ± 1.99 0.31 − 7.37 ± 1.99
NLC-CLA-CS 162 ± 1.99 0.333 + 50.4 ± 1.99
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Fig. 1. DLS and zeta potential of synthesized nanoparticles: a, b) NLC-CLA; c, d) NLC-CLA-CS.

Fig. 2. Internal Morphology manifestation by TEM of the curcumin-based nanoformulations: a) NLC-CLA, b) NLC-CLA-CS nanocapsule.
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alkaline conditions (at pH = 8, Fig. S1 and S2) were studied and 
measured during the first 96 h and the released concentrations were 
combined in Table. 3. The release of the drug in both media was 
compared to determine which one ensured faster or longer release and 
achieved better efficacy. The release study of both linalool and α-ter
pinene in acidic medium was completed for technical reasons that will 
be covered in detail in the discussion section using GC-FID (Fig. S3- 
S110) chromatography by injecting standards for these materials to 
determine their retention time and from there, and by comparing them 
with the samples of the release study, the concentrations of each of them 

are calculated through the beak area. The concentration of the released 
linalool and α-terpinene has been added to Table 4 and Figs. S11 and 
S12.

3.1.6. Atomic force microscopy
Atomic force microscopy was used to investigate the surface topog

raphy, particle size and roughness. Considering the AFM two and three- 
dimensional images at scale 1.25 × 1.25 μM presented in Figs. 4 and 5, 
both NLC-CLA and NLC-CLA-CS have particle sizes in the range below 
100 nm. The area roughness depicted by NLC-CLA and NLC-CLA-CS was 
9.089 nm and 1.079 nm, respectively.

Fig. 3. FTIR of the free and encapsulated curcumin, linalool, a-terpinene and their conjugate nanoformulations.

Table 2 
Encapsulation efficiency and loading capacity of the synthesized NLC-CLA-CS.

ID Encapsulation efficiency (%) Loading capacity (%)

Drug Curcumin α-terpinene Linalool Curcumin α-terpinene Linalool

NLC-CLA-CS 72.6 ± 1.99 81.50 ± 1.18 74.00 ± 1.06 10.38 ± 0.93 14.09 ± 1.21 15.52 ± 1.15

Table 3 
The curcumin concentration released from NLC-CLA-CS in acidic and alkaline 
mediums.

Release in acidic medium Release in alkaline medium

Time (h) Conc (μg/mL) Time (h) Conc (μg/mL)

6 10,980 6 280
12 12,850 12 543
18 12,995 18 924
24 11,980 24 1002
30 12,210 30 1789
36 12,880 36 2566
42 11,943 42 4670
48 10,625 48 4823
54 8980 54 3980
60 7567 60 4620
66 5360 66 5011
72 5217 72 7534
78 3297 78 8016
84 2894 84 7640
90 1894 90 9426
96 1937 96 10,889

Table 4 
α-Terpinene and linalool concentrations released from NLC-CLA-CS in acidic 
medium.

α-Terpinene conc. Linalool conc

Time (h) Conc 
(mg/ 
mL)

Conc (μg/ 
mL)

±SD Conc 
(mg/ 
mL)

Conc  
(μg/ 

mL)

±SD

Standard 2.07 2070 106.3 2.716 2716 123.4
Release at 12 

h
0.9 900 45.5 7.12 7120 97.8

Release at 24 
h

0.98 980 67.1 4.47 4470 112.3

Release at 36 
h

1.15 1150 98.9 3.72 3720 145.1

Release at 48 
h

1.05 1050 38.5 1.92 1920 22.5

Release at 72 
h

0.89 890 9.5 1.78 1780 37.2

Release at 96 
h

0.36 360 2.3 1.63 1630 6.9
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3.2. Antimicrobial evaluation

Antimicrobial evaluations were conducted (Tables 5, 6 and Fig. 6) to 
show the activity of the synthesized nanocapsule against different 
strains of bacteria which probably may grow in stagnant water.

3.3. In vitro cytotoxic effect

The cytotoxicity effect was performed and the results listed in 
Table 7 and Fig. 7

Fig. 4. Two and Three-dimensional AFM of the nanostructure lipid carrier loaded curcumin, linalool and alpha terpinene.

Fig. 5. Two and Three-dimensional AFM of the nanostructure lipid carrier loaded curcumin, linalool and alpha terpinene coated with chitosan.

Table 5 
Inhibition zone diameter (mm) of the synthesized curcumin-based nanocapsules 
against different microbial strains.

Microorganism NLC-CLA-CS NLC-CLA Cont.

Bacillus subtilis (ATCC 6633) 31 ± 0.2 29 ± 0.8 28 ± 0.5
Staphylococcus aureus (ATCC 6538) 24 ± 0.8 22 ± 1 24 ± 1
Escherichia coli (ATCC 8739) 23 ± 0.6 21 ± 0.5 20 ± 0.5
Klebsiella pneumoniae (ATCC13883) 23 ± 0.4 20 ± 0.5 23 ± 0.8
Candida albicans (ATCC 10221) 26 ± 0.6 26 ± 0.7 26 ± 0.6
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3.4. Mosquito larvicidal activity

The larvicidal effects of tested curcumin, α-terpinene, and linalool 
active ingredients and their conjugate nanoparticles were evaluated 
against the early 3rd larvae of Culex pipiens across various concentra
tions, as shown in Tables 8–11. The active ingredients tested in this 
study showed strong potential to kill Cx. pipiens larvae, indicating they 
could be useful for controlling mosquitoes. Data showed that the most 
effective mosquito killer was nanoformulations (α-terpinene, linalool, 
and curcumin), followed by a blend of the three active ingredients 
(α-terpinene, linalool, and curcumin) in a special tiny droplet form, 
followed by the same oils mixed physically without formulation as 
nanoparticles, then a mix of just α-terpinene and linalool, and finally, 
α-terpinene alone. The most effective concentrations were 25, 50, and 
100 ppm. At pH 6 and a concentration of 100 ppm, most of the tested 
materials and their nanoformulations resulted in 100 % mortality. All 
tested larvicides were more effective at pH 6 than at pH 8.

The results showed that mortality rates of the 3rd larval instars at pH 
6, 24 h post-treatment (PT) with α-terpinene, linalool, curcumin, a 
mixture of α-terpinene and linalool, a mixture of α-terpinene and cur
cumin, a mixture of linalool and curcumin, a mixture of α-terpinene, 
linalool, and curcumin, and a nanocapsule (NLC-CLA-CS) mixture of 

α-terpinene, linalool, and curcumin were 55, 40, 24, 68, 47, 48, 80, and 
93 % at 25 ppm and 90, 73, 44, 100, 86, 81, 100, and 100 % at 50 ppm, 
respectively. The corresponding mortality rates at pH 6, 48 h PT were 
72, 59, 43, 86, 77, 61, 94, and 100 % at 25 ppm and 100, 91, 64, 100, 
100, 98, 100, and 100 % at 50 ppm, respectively (Table 8).

The results in Table 9 showed that the mortality rates of Cx. pipiens at 
pH 8, 24 h PT with α-terpinene, linalool, curcumin, a mixture of α-ter
pinene and linalool, a mixture of α-terpinene and curcumin, a mixture of 
linalool and curcumin, a mixture of α-terpinene, linalool, and curcumin, 
and a nanocapsule (NLC-CLA-CS mixture of α-terpinene, linalool, and 
curcumin were 42, 32, 18, 56, 49, 41, 64, and 86 % at 25 ppm; 76, 57, 
36, 89, 80, 72, 92, and 100 % at 50 ppm; and 96, 88, 64, 100, 100, 95, 
100, and 100 % at 100 ppm, respectively. The corresponding values at 
pH 8, 48 h PT were 65, 48, 29, 80, 68, 55, 85, and 97 % at 25 ppm; 95, 
77, 53, 95, 91, 92, 100, and 100 % at 50 ppm; and 100, 98, 82, 100, 100, 
100, 100, and 100 % at 100 ppm, respectively.

The LC50 values at pH 6 for α-terpinene, linalool, curcumin, and their 
various mixtures were 19.17, 26.43, 61.33, 15.75, 20.83, 21.89, 12.55, 
and 8.78 ppm after 24 h, and 12.35, 17.51, 29.54, 9.47, 11.82, 15.69, 
8.56, and 6.08 after 48 h, respectively (Table 10). The corresponding 
values at pH 8 were 25.99, 37.31, 70.14, 19.09, 22.08, 27.65, 16.53, and 
10.57 at 24 h PT and 15.79, 23.62, 41.62, 12.64, 15.64, 18.81, 10.33, 

Table 6 
Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) of the curcumin-based nanocapsules.

Microorganism NLC-CLA-CS NLC-CLA

MIC MBC index MIC MBC index

Bacillus subtilis (ATCC 6633) 15.62 ± 0.0 15.62 ± 0.0 1 15.62 ± 0.0 31.25 ± 0.0 2
Staphylococcus aureus (ATCC 6538) 31.25 ± 0.0 62.50 ± 0.0 2 62.50 ± 0.0 62.50 ± 0.0 1
Escherichia coli (ATCC 8739) 125.0 ± 0.0 250.0 ± 0.0 2 250.0 ± 0.0 250.0 ± 0.0 1
Klebsiella pneumoniae (ATCC13883) 250.0 ± 0.0 500.0 ± 0.0 2 250.0 ± 0.0 500.0 ± 0.0 2
Candida albicans (ATCC 10221) 15.62 ± 0.0 31.25 ± 0.00 2 31.25 ± 0.0 31.25 ± 0.00 1

Fig. 6. The inhibition zones diameter of curcumin-based nanocapsule 1 (NLC-CLA), and 2 (NLC-CLA-CS) of the untreated negative control (C), and gentamycin 
positive control (G) (10.0 mg/ml) for bacterial strains (a) Bacillus subtilis, (b) Staphylococcus aureus, (c) Escherichia coli, (d) Klebsiella pneumoniae, (e) and 
Candida albicans.
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and 7.55 at 48 h PT, respectively (Table 11).

3.5. The efficacy of active ingredients and their conjugate 
nanoformulations against non-target insects

The efficacy of the active ingredients and their conjugate nano
formulations were evaluated against several predators as nontarget in
sects, including Stratiomys longicornis, Cybister tripunctatus, Sphaerodema 
urinators, Gambusia affinis, Eristalis tenax, and Ephydra sp., after being 

treated with LC50, as shown in Table 12, Fig. 8. The data showed that the 
selected active ingredients (α-terpinene, linalool, curcumin, and nano
capsule (NLC-CLA-CS) did not significantly affect the efficiency of some 
predators, such as Stratiomys longicornis and Cybister tripunctatus, as their 
predation rates remained close to those of the control. However, 
G. affinis showed a decrease in predation in how well it could catch prey 
when using nanocapsule (NLC-CLA-CS) compared to the control (81.00 
and 64.67 larvae, respectively). On the other hand, S. urinators had 
increased in their ability to predate with nanocapsule (NLC-CLA-CS) 

Table 7 
Cytotoxic effect of curcumin, linalool and α-terpinene and their conjugat nanoformulations

ID Conc. 
μg/ml

O⋅D (R1) O⋅D (R2) O⋅D (R3) Mean O⋅D ±SE Viability % Toxicity % IC50 

± SE

wi38 0(cont.) 0.735 0.739 0.731 0.735 0.0023 100 0

NLC-CLA-CS
1000 0.062 0.067 0.075 0.068 0.0037 9.251 90.748 302 

±4.06500 0.093 0.098 0.084 0.091 0.0040 12.471 87.528
250 0.559 0.564 0.552 0.558 0.0034 75.963 24.036
125 0.68 0.675 0.672 0.675 0.0023 91.927 8.072
62.5 0.733 0.735 0.732 0.733 0.0008 99.773 0.226
31.25 0.739 0.738 0.728 0.735 0.0035 100.00 0.0

NLC-CLA 1000 0.044 0.049 0.042 0.045 0.0020 6.122 93.877 198.08 
±0.751500 0.17 0.175 0.0169 0.120 0.0518 16.412 83.587

250 0.309 0.315 0.317 0.313 0.0024 42.675 57.324
125 0.523 0.532 0.528 0.527 0.0026 71.791 28.208
62.5 0.701 0.705 0.709 0.705 0.0023 95.918 4.081
31.25 0.729 0.733 0.735 0.732 0.0017 99.637 0.362

Curcumin 1000 0.032 0.036 0.031 0.033 0.0015 4.489 95.510 56.69 
±1.4500 0.056 0.055 0.059 0.056 0.0012 7.709 92.290

250 0.079 0.084 0.078 0.080 0.0018 10.929 89.070
125 0.16 0.169 0.171 0.166 0.0033 22.675 77.324
62.5 0.336 0.339 0.344 0.339 0.0023 46.213 53.786
31.25 0.588 0.595 0.599 0.594 0.0032 80.816 19.183

Linalool 1000 0.029 0.033 0.032 0.031 0.0012 4.263 95.736 42.62 
±3.62500 0.049 0.053 0.058 0.053 0.0020 7.256 92.743

250 0.089 0.08 0.095 0.088 0.0043 11.972 88.0272
125 0.152 0.15 0.156 0.152 0.0017 20.770 79.229
62.5 0.304 0.309 0.312 0.308 0.0023 41.950 58.049
31.25 0.485 0.494 0.498 0.492 0.0038 66.984 33.015

Terpinene 1000 0.023 0.03 0.028 0.027 0.0020 3.673 96.326 81.86 
±3.05500 0.059 0.055 0.062 0.058 0.0020 7.981 92.018

250 0.108 0.114 0.119 0.113 0.0030 15.464 84.535
125 0.243 0.24 0.238 0.240 0.0014 32.698 67.301
62.5 0.395 0.41 0.403 0.402 0.0043 54.784 45.215
31.25 0.533 0.539 0.544 0.538 0.0031 73.287 26.712

Fig. 7. Cytotoxic effect of curcumin, linalool, α-terpene, NLC-CLA, and NLC-CLA-CS.
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Table 8 
Efficacy of the active ingredients and their conjugate nanoformulation on the mortality of Culex pipiens larvae at pH 6 media, 24, and 48, h post-treatment (mean ± SE).

Time (hr) Tested material Concentration (ppm)

0 6.3 12.5 25 50 100

24 α-terpinene 0 ± 0aF 13 ± 1.22dE 27 ± 2.55dD 55 ± 2.74dC 90 ± 2.74bB 100 ± 0.00aA

Linalool 0 ± 0aF 9 ± 1.00eE 20 ± 2.24fD 40 ± 1.58fC 73 ± 2.55eB 98 ± 2.00bA

Curcumin 0 ± 0aF 4 ± 1.00fE 11 ± 1.00gD 24 ± 1.87gC 44 ± 2.45fB 75 ± 2.24cA

α-terpinene - Linalool 0 ± 0aE 17 ± 1.22cD 38 ± 2.55cC 68 ± 2.55cB 100 ± 0.00aA 100 ± 0.00aA

α-terpinene - Curcumin 0 ± 0aF 12 ± 1.22dE 28 ± 2.00dD 47 ± 2.55eC 86 ± 4.30cB 100 ± 0.00aA

Linalool - Curcumin 0 ± 0aF 12 ± 1.22dE 25 ± 2.24eD 48 ± 2.00C 81 ± 1.87dB 100 ± 0.00aA

α-terpinene- Lin - Cur 0 ± 0aE 20 ± 2.24bD 46 ± 2.92bC 80 ± 3.16bB 100 ± 0.00aA 100 ± 0.00aA

NLC-CLA-CS 0 ± 0aE 34 ± 1.87aD 66 ± 1.87aC 93 ± 2.00aB 100 ± 0.00aA 100 ± 0.00aA

48 α-terpinene 0 ± 0aE 21 ± 1.00eD 51 ± 2.92eC 72 ± 2.55EbB 100 ± 0.00aA 100 ± 0.00aA

Linalool 0 ± 0aF 14 ± 1.00gE 34 ± 1.00gD 59 ± 3.67gC 91 ± 2.45cB 100 ± 0.00aA

Curcumin 0 ± 0aF 8 ± 1.22hE 23 ± 1.22hD 43 ± 2.55hC 64 ± 2.92dB 90 ± 1.58bA

α-terpinene - Linalool 0 ± 0aE 30 ± 1.58cD 66 ± 3.67cC 86 ± 2.92cB 100 ± 0.00aA 100 ± 0.00aA

α-terpinene - Curcumin 0 ± 0aE 23 ± 2.00dD 53 ± 2.55dC 77 ± 1.22dB 100 ± 0.00aA 100 ± 0.00aA

Linalool - Curcumin 0 ± 0aF 17 ± 1.22fE 37 ± 2.55fD 61 ± 4.30fC 98 ± 2.00bB 100 ± 0.00aA

α-terpinene- Lin - Cur 0 ± 0aE 29 ± 1.87bD 77 ± 1.22bC 94 ± 4.00bB 100 ± 0.00aA 100 ± 0.00aA

NLC-CLA-CS 0 ± 0aD 54 ± 3.67aC 84 ± 1.87aB 100 ± 0.00aA 100 ± 0.00aA 100 ± 0.00aA

a, b & c: There is no significant difference (P > 0.05) between any two means for each time, within the same column have the same superscript letter; A, B & C: There is 
no significant difference (P > 0.05) between any two means, within the same row have the same superscript letter.

Table 9 
Efficacy of the active ingredients and their conjugate nanoformulation on the mortality of Culex pipiens larvae at pH 8 media, 24, and 48, h post-treatment (mean ± SE).

Time (hr) Tested material Concentration (ppm)

0 6.3 12.5 25 50 100

24 α-terpinene 0 ± 0aF 9 ± 2.45deE 20 ± 2.74eD 42 ± 2.00eC 76 ± 1.87eB 96 ± 2.92bA

Linalool 0 ± 0aF 5 ± 2.24fE 14 ± 3.67fD 32 ± 2.55fC 57 ± 3.39gB 88 ± 2.55dA

Curcumin 0 ± 0aF 2 ± 1.22gE 8 ± 1.22gD 18 ± 2.55gC 36 ± 2.92hB 64 ± 2.92eA

α-terpinene - Linalool 0 ± 0aF 12 ± 2.00cE 29 ± 1.87cD 56 ± 1.87cC 89 ± 1.87cB 100 ± 0.00aA

α-terpinene - Curcumin 0 ± 0aF 11 ± 1.87cdE 25 ± 4.18dD 49 ± 5.10dC 80 ± 2.24dB 100 ± 0.00aA

Linalool - Curcumin 0 ± 0aF 7 ± 2.00efE 20 ± 3.16eD 41 ± 1.87eC 72 ± 2.55fB 95 ± 3.16cA

NLC-CLA-CS 0 ± 0aF 16 ± 1.87bE 34 ± 1.87bD 64 ± 5.79bC 92 ± 2.55bB 100 ± 0.00aA

NLC-CLA-CS 0 ± 0aE 26 ± 3.32aD 57 ± 4.36aC 86 ± 3.67aB 100 ± 0.00aA 100 ± 0.00aA

48 α-terpinene 0 ± 0aF 15 ± 2.74dE 38 ± 2.55dD 65 ± 4.18eC 95 ± 3.16bB 100 ± 0.00aA

Linalool 0 ± 0aF 9 ± 2.92fE 25 ± 2.74fD 48 ± 4.06gC 77 ± 2.55dB 98 ± 2.00bA

Curcumin 0 ± 0aF 5 ± 1.58gE 16 ± 1.87gD 29 ± 4.00hC 53 ± 3.39eB 82 ± 3.39bA

α-terpinene - Linalool 0 ± 0aF 23 ± 2.00cE 46 ± 1.00cD 80 ± 3.54cC 95 ± 3.16bB 100 ± 0.00aA

α-terpinene - Curcumin 0 ± 0aF 16 ± 1.87dE 39 ± 1.87dD 68 ± 3.39dC 91 ± 2.45cB 100 ± 0.00aA

Linalool - Curcumin 0 ± 0aF 12 ± 3.39eE 29 ± 3.32eD 55 ± 4.18fC 92 ± 5.15cB 100 ± 0.00aA

α-terpinene- Lin - Cur 0 ± 0aE 28 ± 2.00bD 58 ± 2.55bC 85 ± 6.71bB 100 ± 0.00aA 100 ± 0.00aA

NLC-CLA-CS 0 ± 0aE 40 ± 3.16aD 76 ± 2.92aC 97 ± 3.00aB 100 ± 0.00aA 100 ± 0.00aA

a, b & c: There is no significant difference (P > 0.05) between any two means for each time, within the same column have the same superscript letter; A, B & C: There is 
no significant difference (P > 0.05) between any two means, within the same row have the same superscript letter.

Table 10 
Lethal concentrations (ppm) of the active ingredients and their conjugate nanoformulation on the mortality of Culex pipiens larvae at pH 6 media, 24, and 48, h post- 
treatment (mean ± SE).

Time (hr) Tested material LC50 (Low-Up.) LC90 (Low-Up.) LC95 (Low-Up.) Slope ± SE Chi (Sig.)

24 α-terpinene 19.17 (13.74–26.15) 54.21 (42.14–97.19) 72.78 (56.26–145.11) 2.839 ± 0.209 7.935 (0.047)
Linalool 26.43 (18.40–38.27) 83.36 (64.20–171.97) 115.43 (88.79–271.26) 2.569 ± 0.1902 8.940 (0.030)
Curcumin 61.33 (46.86–93.93) 322.48 (178.63–898.56) 516.24 (259.16–1716.69) 1.777 ± 0.251 0.013 (0.993)
α-terpinene - Linalool 15.75 (13.81–17.91) 48.72 (39.83–63.97) 67.10 (52.67–93.70) 2.6133 ± 0.237 3.318 (0.345)
α-terpinene - Curcumin 20.83 (13.77–30.67) 62.08 (48.66–133.04) 84.61 (67.51–207.91) 2.701 ± 0.199 10.896(0.012)
Linalool - Curcumin 21.89 (14.85–31.69) 67.33 (52.21–138.91) 92.58 (72.29–217.83) 2.626 ± 0.194 9.683 (0.021)
α-terpinene- Lin - Cur 12.55 (11.19–13.96) 31.19 (26.92–37.65) 40.37 (33.90–50.79) 3.240 ± 0.266 4.737 (0.192)
NLC-CLA-CS 8.78 (7.64–9.87) 21.92 (18.90–26.70) 28.41 (23.75–36.42) 3.224 ± 0.316 1.281 (0.781)

48 α-terpinene 12.35 (8.16–17.56) 34.29 (27.17–69.28) 45.54 (36.80–106.15) 2.949 ± 0.241 9.813 (0.020)
Linalool 17.51 (15.54–19.65) 50.91 (43.17–62.67) 68.89 (56.65–88.64) 2.765 ± 0.208 5.389 (0.145)
Curcumin 29.54 (25.75–34.03) 118.84 (93.64–162.57) 176.34 (132.63–257.84) 2.119 ± 0.170 2.005 (0.871)
α-terpinene - Linalool 9.47 (8.21–10.69) 25.50 (21.84–31.25) 33.76 (27.99–43.60) 2.978 ± 0.277 2.948 (0.399)
α-terpinene - Curcumin 11.82 (10.42–13.25) 31.76 (27.21–38.75) 42.03 (34.93–53.71) 2.985 ± 0.251 6.430 (0.092)
Linalool - Curcumin 15.69 (9.66–23.49) 43.05 (34.70–100.55) 51.32 (48.26–156.92) 2.922 ± 0.223 13.186(4.395)
α-terpinene- Lin - Cur 8.56 (7.54–9.54) 19.66 (17.38–22.96) 24.89 (21.49–30.18) 3.550 ± 0.310 2.198 (0.532)
NLC-CLA-CS 6.08 (5.02–6.96) 13.76 (11.98–16.79) 17.34 (14.61–22.60) 3.613 ± 0.476 2.208 (0.530)
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compared to the control (45.17 and 24 larvae, respectively). Further
more, results showed that most predators maintained high survival rates 
for 48 h with slight variation. Reduced survival rates were observed for 
some species when using nanocapsule (NLC-CLA-CS) in tested cups, 
where the survival rate of G. affinis (n = 8.67) and Ephydra sp. (n = 8.67) 
decreased compared to a control rate (n = 10.0). This reduction in
dicates the potential toxicity of this nanoformulation towards some 
sensitive aquatic insects. On the other hand, Sphaerodema urinators and 
Stratiomys longicornis showed no significant effect on survival.

4. Discussion

Although scientific understanding of insects has advanced consid
erably, the demand for insecticides continues to rise, largely due to the 
growing resistance these pests have developed against existing chemical 
agents. Moreover, the ecological harm caused by synthetic insecticides 
has necessitated limiting their application, especially at higher con
centrations, because of their toxicity to the environment. In response, 
there has been a notable shift towards exploring natural, eco-friendly 
alternatives for pest control [38]. In this context, lipid-chitosan nano
capsules incorporating curcumin and co-delivered with linalool and 
α-terpinene (NLC-CLA-CS) were prepared through a two-step process. 
First, nanostructured lipid carriers (NLCs) with curcumin, linalool, and 
α-terpinene were made by mixing them at high temperatures and then 
using ultrasound waves. The above process was then followed by 
encapsulating the NLCs with a chitosan layer through the addition of 
sodium tripolyphosphate (STPP), a safer crosslinking agent, and usually 
used in the food industry according to the United States Food and Drug 

Administration.
FTIR study was performed to characterize the chemical structure of 

each single component separately and combine them at the same 
nanostructure lipid carrier, and consequently, its chitosan-coated 
nanostructure lipid carrier. To determine the interactions of excipients 
with the drugs, firstly, the FTIR of the pure drugs curcumin, linalool, and 
a-terpinene were analyzed. The FTIR spectrum of curcumin revealed 
broad absorption at 3425 cm− 1 for the OH (hydroxyl), C––O (ketone): 
around 1628 cm− 1, and C–O (enol): 1245 cm− 1. Furthermore, FTIR 
spectrum of the linalool includes 3380 cm− 1 for the (OH), C––C (alkene) 
at 1675 cm− 1, and C–H (alkyl) at 2950 cm− 1. Also, FTIR spectrum of the 
a-terpinene contains C–H stretching at 2880 cm− 1, C––C stretching at 
1650 cm− 1, and C–H bending at 1580 cm− 1. Meanwhile the nano
structure lipid carrier before loading (free) is composed of steric acid, 
oleic acid, tween 20, and sodium glycocholate. Such components have 
comparable and similar bands: carboxylic acid O–H stretching around 
2500–3300 cm− 1, (stearic and oleic acids), C–H stretching: around 
2800–3000 cm− 1, (stearic and oleic acids), C––O stretching: round 
1690–1710 cm− 1 (stearic and oleic acids), and C–H bending: around 
1400–1500 cm− 1. After loading, the NLC-CLA spectrum differs a little, 
and most of the significant peaks of each single component exist in 
addition to a broad band of the hydroxyl group (-OH) in an FTIR spec
trum, which typically indicates the presence of hydrogen bonding or 
intermolecular interactions involving the hydroxyl group. Also, after 
chitosan-coating, NLC-CLA-CS FTIR spectrum revealed O–H and N–H 
stretching at 3550 cm− 1, C–H stretching at 2910 cm− 1, Amide C––O 
stretching, and 1680 cm− 1 confirmed the succession of coating NLC with 
chitosan polymer [39]-

Table 11 
Lethal concentrations (ppm) of the active ingredients and their conjugate nanoformulations on the mortality of Culex pipiens larvae at pH 8 media, 24, and 48, h post- 
treatment (mean ± SE).

Time (hr) Tested material LC50 (Low-Up.) LC90 (Low-Up.) LC95 (Low-Up.) Slope ± SE Chi (Sig.)

24 α-terpinene 25.99 (23.02–29.37) 83.31 (69.03–105.81) 115.90 (92.75–154.61) 2.533 ± 0.188 4.680 (0.196)
Linalool 37.31 (32.76–42.85) 133.02 (105.78–179.66) 190.73 (145.41–27,354) 2.321 ± 0.183 2.878 (0.410)
Curcumin 70.14 (58.79–87.53) 313.07 (217.23–528.89) 478.42 (311.59–889.35) 1.972 ± 0.192 0.677 (0.878)
α-terpinene - Linalool 19.09 (17.00–21.37) 54.21 (46.06–66.52) 72.88 (60.12–93.30) 2.827 ± 0.208 5.606 (0.132)
α-terpinene - Curcumin 22.08 (15.52–31.00) 67.34 (51.87–129.29) 92.36 (70.86–199.73) 2.647 ± 0.195 8.392 (0.038)
Linalool - Curcumin 27.65 (24.47–31.28) 89.40 (73.78–114.22) 124.69 (99.32–167.47) 2.514 ± 0.187 2.944 (0.340)
α-terpinene- Lin - Cur 16.53 (14.65–18.55) 47.96 (40.70–58.99) 64.86 (53.37–83.43) 2.770 ± 0.210 4.346 (0.226)
NLC-CLA-CS 10.57 (9.32–11.83) 26.87 (23.14–32.65) 35.02 (29.27–44.55) 3.161 ± 0.280 2.363 (0.500)

48 α-terpinene 15.79 (14.04–17.66) 43.61 (37.23–53.24) 58.16 (48.22–74.10) 2.904 ± 0.222 4.636 (0.200)
Linalool 23.62 (20.96–26.57) 90.57 (63.45–93.98) 105.09 (85.43–136.69) 2.537 ± 0.178 3.200 (0.631)
Curcumin 41.62 (36.05–48.78) 172.62 (131.24–249.71) 258.35 (186.61–402.41) 2.074 ± 0.175 2.168 (0.538)
α-terpinene - Linalool 12.64 (11.05–14.26) 39.03 (33.74–45.57) 53.72 (45.16–66.76) 2.618 ± 0.187 0.768 (0.856)
α-terpinene - Curcumin 15.64 (13.82–17.59) 46.38 (39.28–57.26) 63.12 (51.78–81.61) 2.715 ± 0.210 2.026 (0.567)
Linalool - Curcumin 18.81 (13.58–25.47) 51.55 (40.25–90.80) 68.62 (53.27–133.85) 2.926 ± 0.215 7.868 (0.048)
α-terpinene- Lin - Cur 10.33 (9.04–11.62) 27.48 (23.56–33.57) 36.26 (30.13–46.53) 3.015 ± 0.269 2.861 (0.413)
NLC-CLA-CS 7.55 (6.50–8.51) 17.77 (15.40–21.60) 22.64 (19.03–29.08) 3.448 ± 0.376 2.063 (0.559)

Table 12 
The mean number (± SE) of Culex pipiens larvae consumed by some predators treated with the active ingredients and their nanoformulation under laboratory 
conditions.

Parameters Insects Tested materials

Control α-terpinene Linalool Curcumin NLC-CLA-CS

Predation S. longicornis 46.00 ± 1.15cA 44.67 ± 0.88cAB 43.67 ± 0.67cC 45.33 ± 0.33cA 44.33 ± 0.33cB

C. tripunctatus 59.00 ± 1.53bC 64.00 ± 1.00bA 63.67 ± 1.20bA 61.33 ± 0.67bB 46.00 ± 1.15bD

S. urinators 24.00 ± 0.00dD 27.00 ± 0.58dB 25.00 ± 0.58dC 24.67 ± 0.67dCD 45.17 ± 0.65bA

G. affinis 81.00 ± 1.00aA 74.00 ± 1.15aC 72.00 ± 1.00aD 78.00 ± 1.53aB 64.67 ± 0.67aE

Survival S. longicornis 10.00 ± 0.00aA 9.67 ± 0.33bB 9.33 ± 0.33cC 10.00 ± 0.00aA 9.00 ± 0.58cD

C. tripunctatus 9.67 ± 0.33bB 9.33 ± 0.33cC 9.33 ± 0.33cC 10.00 ± 0.00aA 9.33 ± 0.33bC

S. urinators 10.00 ± 0.00aA 10.00 ± 0.00aA 10.00 ± 0.00aA 10.00 ± 0.00aA 9.67 ± 0.33aB

G. affinis 10.00 ± 0.00aA 9.00 ± 0.58dB 9.00 ± 0.58dB 10.00 ± 0.00aA 8.67 ± 0.33dB

E. tenax 10.00 ± 0.00aA 10.00 ± 0.00aA 9.67 ± 0.33bB 10.00 ± 0.00aA 9.33 ± 0.33bB

Ephydra sp. 10.00 ± 0.00aA 9.33 ± 0.33cB 9.00 ± 0.00dB 10.00 ± 0.00aA 8.67 ± 0.33dB

a, b & c: There is no significant difference (P > 0.05) between any two means, within the same column have the same superscript letter; A & B: There is no significant 
difference (P > 0.05) between any two means, within the same row have the same superscript letter.
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Determining the size of nanomaterials is a crucial parameter, as it 
influences not only their behavior but also their functional mechanisms 
and overall effectiveness. In the case of NLC-CLA, dynamic light scat
tering (DLS) analysis indicated that the average particle size was below 
100 nm prior to chitosan encapsulation. Additionally, the polydispersity 
index (PDI) (which reflects the variation in particle size) was found to be 
above 0.2, indicating a relatively broad size distribution. This type of 
size heterogeneity is commonly observed in nanostructured lipid sys
tems, as reported in several earlier studies [29,32,40].

After covering the lipid-based particles with chitosan, the average 
size of the particles increased significantly (over 150 nm) because a 
coating layer formed around them. This process also showed an increase 
in the polydispersity index (PDI), meaning there was more variation in 
size and differences among the particles. These changes signify the 
effectiveness of the encapsulation and indicate a clear alteration in 
particle morphology. Measuring the surface charge of these nano
particles is also important, as it offers information about their stability; 
the farther the charge value is from zero, whether positive or negative, 
the stronger the electrostatic repulsion between particles, which helps 
prevent aggregation, which reduces the chances of flocculation and thus 
keeps the particles separated, which ensures greater stability for longer 
periods [26]. We found that NLC-CLA particles were characterized by a 
type of stability that reflected the negative zeta value of − 7.37 mV. 
However, after the encapsulation process, we observe a complete 
reversal of the surface charge value to become more electropositive. 
Such a large positive value confirmed the successful occurrence of the 
encapsulation process. In the beginning, the NLC-CLA, which was 
composed of carboxylic acid ends, was predominantly negatively 
charged, so the zeta value was negative. The NLC-CLA-CS formulation 
exhibited a shift in zeta potential to a more positive value, indicating 
successful surface modification with a chitosan layer around the NLC- 
CLA nanoparticles [41,42].

The particle shape analysis revealed valuable insights into the for
mation and stability of nanoparticles. Both NLC-CLA and NLC-CLA-CS 

nanoparticles were predominantly spherical or oval in shape, with 
sizes under 200 nm, consistent with DLS results. Notably, the uncoated 
NLC-CLA particles displayed a uniform spherical morphology, whereas 
chitosan coating led to a morphological shift towards an oval shape and 
a slight size increase, likely due to the uniform distribution of chitosan 
on the particle surface [26].

Being NLC-CLA is the first step of preparation, followed by coating 
with chitosan, so the encapsulation efficiency (EE) and drug loading 
capacities (LC) of the incorporated curcumin, linalool and α-terpinene 
will be measured in the NLC-CLA nanoparticles. The total incorporated 
percentage of curcumin, α-terpinene, and linalool was performed with 
with an encapsulation efficiency (EE) exceeding 70 %. Whereas the 
loading capacity (LC) was found to be between 10-15 % for each single 
active ingredient. Such high EE and LC ratios indicate high compatibility 
between drug and carrier due to electrostatic attraction and 
donor–receptor coordination between drug molecules and carrier ma
terial [43,44].

Chitosan is a preferred material for encapsulating lipid nano
structures, due to its high safety rating, not only for humans but also for 
animals and the environment. Its natural origin has made it a target for 
researchers as well as its biodegradability, non-toxic, controlled drug 
release, and compatibility. The designated nanocapsule, combined with 
the lipid nps which contain curcumin, linalool, and α-terpinene active 
ingredients. The drug release study was conducted directly using our 
target nanocapsule NLC-CLA-CS, which contains curcumin, linalool, and 
α-terpinene, fully immersed in the vicinity of the NLC lipid matrix, 
consequently coated with chitosan.

At first, curcumin release was studied using both acidic and basic 
mediums. In the acidic medium, chitosan, a weak polybasic biopolymer, 
started to protonate due to the presence of amino groups, and the 
polymer became more positively charged. As a result, chitosan became 
more swollen and consequently more soluble and that permits active 
ingredients to release faster [45,46]. This explains the increased con
centrations of curcumin released at the beginning of the study, during 

Fig. 8. Comparative efficacy of the tested active ingredients and their nanoformulations against non-target predatory species: Stratiomys longicornis (a), Cybister 
tripunctatus (b), Sphaerodema urinator (c), Gambusia affinis (d), Eristalis tenax (e), and Ephydra sp. (f).
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the first two days, and then starting on the third day, the amount of the 
drug released begins to decrease significantly until we reach the fourth 
day, when curcumin release continues at a much lower rate. In the 
alkaline medium (7.5–8), chitosan chains became less protonated (lost 
their positive charges) and less soluble, leading to chitosan chain ag
gregation and a compact structure. Such behavior potentially slows 
down the drug release.

In other words, the chitosan coating slowed down the release of the 
active ingredients, resulting in a reduced concentration of detected 
compounds. This delayed release profile explains the decreased release 
rate of curcumin from the chitosan-coated formulation, particularly 
when compared to the faster release observed in acidic medium. Not all 
chitosan chains are necessarily negatively charged; in most cases, some 
chitosan amino groups have both positive and negative charges, espe
cially if the medium is weakly basic, as in this study. The formation of 
zero charges on chitosan chains makes them more soluble, but at a 
slower rate than in the weak acidic mediums. This low solubility results 
in slower but longer-term release of compounds from the capsule, which 
explains the results obtained in the weak basic conditions. Unlike the 
weak acidic condition, the release of small concentrations of active in
gredients at the beginning of the study, which increase over time, 
[47–49].

The release of both linalool and alpha terpinene in acidic media by 
GC/MS did not differ significantly from the results obtained by curcu
min. The released concentrations began to increase to reach their 
maximum value within the first 24 h (36 h for α-terpinene) and the 
release of the drugs continued decreasing until reaching the lowest 

concentration on the fourth day for both compounds, after most of the 
loaded amount had been released.

Atomic Force Microscopy (AFM) is an excellent tool for character
izing nanoparticles due to its ability to provide high-resolution, three- 
dimensional images of their size, morphology, and surface texture. 
Three- dimensional AFM illustrations presented in Figs. 9 and 10 man
ifested that the nanostructure lipid carrier loaded curcumin, linalool and 
a-terpinene (NLC-CLA) have particle size in the nanoscale. The particles 
exhibited a solid and rough topography. Such roughness confirms the 
successful preparation of the nanostructure lipid carrier, because of the 
sudden crystallization of its main component (solid lipids), during the 
preparation process. The Root Mean Square Roughness (sq) value of 
9.08 nm, indicates the presence of a significant percentage of particles 
with an irregular spherical structure. This is consistent with both the 
DLS and the polydispersity index (PDI), as well as with the results of the 
transmission electron microscope. Perhaps one of the advantages of this 
roughness is the increased surface area, which enhances interaction with 
the surrounding environment and leads to improved adhesion to the 
target cells or tissues. Conversely, this roughness may lead to negative 
effects such as the instability of these particles. This explains and con
firms the results we obtained from the zeta potential values, which were 
barely moving away from zero towards negative by a factor of 7.

On the other hand, Encapsulation with chitosan (NLC-CLA-CS) 
resulted in, the formation of capsules in the nanoscale range with a slight 
size increase. AFM images confirmed a thin layer of chitosan coated the 
nanostructure lipid particles. The chitosan layer reduced surface 
roughness to 5.91 nm, resulting in a smoother surface [39,50]. This 

Fig. 9. Suggested mode of action of the synthesized nanocapsule, NLC-CLA-CS, and their active ingredients in antimicrobial activity.
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increased stability and consistent with the zeta potential values post- 
encapsulation.

Culex larvae thrive in both fresh, sewage and agricultural waste
water, which are often infested with various bacterial strains such as 
Escherichia coli, Bacillus subtilis, and other pathogens. The prepared 
nanocapsules were tested against five ATCC laboratory bacterial strains 
to measure their antimicrobial activity. Both nanomaterials were highly 
effective against each strain to varying degrees due to the existence 
curcumin, but also linalool and α-terpinene, and their antimicrobial 
properties [51,52]. After the encapsulation with chitosan, a significant 
increase in the biological activity of the various bacterial strains was 
observed. The MIC value also decreased significantly, reflecting the 
effectiveness of chitosan. This is due to a simple mechanism of action 
involving electrostatic interactions between the positively charged 
NH3+ sites in chitosan and the negatively charged microbial cell mem
branes. This interaction alters the permeability of the microbial cell 
(Fig. 9), leading to the release of intracellular substances [53,54].

The importance of any synthetic chemical compound lies in its 
effectiveness against the biological target it is designed to combat. 
However, these synthetic materials are always highly toxic to the living 
cells of the host, and they are intended to protect against a specific 
threat. The synthesized nanocapsules were designed to achieve safety 
levels against marine organisms, aquatic systems, and the primary target 
of care: humans. These materials are constructed from completely inert 
materials, represented by a mixture of fatty acids as a primary protective 
layer for the active compounds, preventing them from coming into 
direct contact with living cells until the compounds are released. To 
increase safety, these fatty materials were encapsulated in a thin layer of 
chitosan polymer, which is taken from natural sources and is completely 
safe for the human and aquatic system. Therefore, when the toxicity of 
such nanocomposites was measured on non-cancerous Wi38 cells, the 
results indicated very little toxicity associated with both nanomaterials, 
both before and after the encapsulation process with chitosan. The 

results also confirmed that the IC50 value increased several times in the 
case of nanomaterials compared to the individual compounds.

Natural producta and essential oils (EOs) e.g., linalool are widely 
used for their ability to kill bacteria, fungi, mites, and insects, and they 
are also important in medicine and cosmetics [55,56]. Historically, they 
have also been used as natural insect repellents in regions such as China 
and Arab countries, making them a valuable source for identifying novel 
natural repellent compounds. The chemical compositions and concen
trations of the natural products and /or essential oils are significantly 
influenced by factors such as their geographical source, the part of the 
plant used, and the method of extraction. Since the effectiveness of the 
natural products is closely tied to their chemical composition, it is 
essential to identify the active ingredients [57].

This study aimed to test how well some natural substances, like 
curcumin, α-terpinene, and linalool, and their tiny particles work in 
solutions with pH 6 and pH 8 against Cx. pipiens larvae. The semi-acidic 
medium (pH 6) improved the efficacy of all tested materials. The best 
larvicide was the mixture of the three natural products (α-terpinene, 
linalool, and curcumin) in nanoform, followed by the insecticide mix of 
the same oils; then the combination of α-terpinene and linalool; and 
lastly, α-terpinene by itself, with LC50 values of 19.17, 26.43, 61.33, 
15.75, 20.83, 21.89, 12.55, and 8.78 ppm at 24 h after treatment, and 
12.35, 17.51, 29.54, 9.47, 11.82, 15.69, 8.56, and 6.08 ppm at 48 h.

Our findings are consistent with earlier research that reported 
linalool had a significant toxic effect on Cx. pipiens larvae, with an LC₅₀ 
value of 14.87 μg/mL [58]. Similarly, curcumin exhibited strong activity 
against Cx. pipiens and Ae. albopictus, with LC50 values of 6.0 and 9.2 
ppm, respectively [59]. Therefore, our results are in harmony with other 
results that recorded that the LC50 levels for linalool and γ-terpinene in 
Musca domestica adults were significantly lower following pre-treatment 
with piperonyl butoxide (PBO), indicating increased toxicity. This sug
gests that these compounds are normally metabolized by cytochrome 
P450 enzymes, which are inhibited by PBO [60].

Fig. 10. Suggested mode of action of the synthesized nanocapsule, NLC-CLA-CS, to get rid of culex mosquito.
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pH-responsive nanocapsules have been used against mosquito larvae 
in some limited studies, but use in multiple aquatic media (e.g., different 
acidity and alkalinity or in fresh and polluted water) is still relatively 
limited.

In a similar study, Xue, Zhu, Wei, Peng, Wang, Li, Ma, Wu, He and 
Qian [61] developed pH-sensitive nanocapsules containing the fungi
cide prochloraz using the Pickering emulsion process. These capsules 
were better at releasing the active ingredient in acidic conditions, 
making them more useful for controlling aquatic insects in very acidic 
waters. Although this technology does not directly target Culex pipiens 
mosquitoes, it is applicable to other mosquito species. In another study, 
researchers evaluated the toxicity of chitosan and silica nanoparticles 
loaded with deltamethrin, which showed improved efficacy against 
Culex larvae. The results showed an increase in toxic efficacy against Cx. 
pipiens larvae compared to the conventional pesticide [62–66].

The mechanism of action of pH-responsive nanocapsules depends on 
their ability to change physically or chemically in response to variations 
in the pH of the surrounding medium. They remain relatively stable in 
neutral or alkaline water but begin to decompose or swell when the pH 
drops, releasing the active compounds contained within. This targeting 
makes them particularly effective in relatively acidic environments, 
which are often breeding grounds for Culex pipiens larvae. They absorb 
compounds like curcumin and monoterpenes through the body wall or 
enter the larval digestive tract during feeding. These active compounds 
interfere with physiological pathways within the larvae. Curcumin 
causes an imbalance in the stress levels inside cells, while monoterpenes 
block the enzymes that help transmit signals in the nervous system, 
which can result in paralysis and death [62] (Fig. 10). The nanosystem 
design also allows the active ingredients to be released slowly over time, 
making the toxic effect last longer and cutting down on the need for 
multiple treatments. Furthermore, the pH-based property reduces side 
effects on non-target organisms in aquatic environments.

Biopesticides derived from natural products and / or essential oils 
are known for being environmentally sustainable [67]. However, they 
degrade rapidly when exposed to uncontrollable environmental factors 
such as heat, light, and humidity. To address this limitation, the natural 
products have been developed into nanoformulations e.g., nano
emulsions (NEOs), nanostructure lipid carrier (NLC), and liposomes 
(LPs) offering multiple benefits. Compared to traditional insecticides, 
nanoparticle-based insecticides consist of tiny particles with enhanced 
stability and a larger surface area. Like their original form, nanoparticle- 
based insecticides are also environmentally safe. This formulation rep
resents a modern approach to pesticide delivery. Notably, nanoparticle- 
based insecticides can be produced without the need for high-cost pro
cesses and the synthesis simply involves mixing the solid and liquid 
lipids and oils with surfactants and water in optimal ratios to achieve 
efficient and cost-effective results [68]. These findings align with our 
results, which demonstrated that the most effective larvicide was the 
nanocapsule blend composed of the three active ingredients: α-terpi
nene, linalool, and curcumin.

The study indicated that the average predation rate was similar 
across all the active materials tested, indicating that such active in
gredients mixtures are safe for non-target organisms, but different 
predator species responded differently to these materials. Gambusia 
mosquitofish had the slightly decreased predation rate in all tests, but in 
the case of nanoformulation included α-terpinene, Linalool, and curcu
min and coated with chitosan (NLC-CLA-CS) it had significantly reduced 
its predation rate [25]. On the other hand, Stratiomys and Cybister did 
not show any major changes in their health, indicating that these species 
might be better at handling or less influenced by the oils when they feed. 
In contrast, Stratiomys and Cybister did not show any significant changes 
in their predation, suggesting that these species may be more resistant or 
less affected by tested materials in their feeding behavior. Overall, most 
species showed relatively high survival rates, indicating that the oils 
were not lethally toxic to predators over the two-day period, with some 
minor effects for Gambusia and Ephydra. On the other hand, the other 

species were not significantly affected.

5. Conclusions

The results of this study showed that the the active ingredient (cur
cumin, α-terpinene, and linalool) and their conjugate nanocapsules are 
effective at killing Culex pipiens larvae. The different plant chemicals in 
some plants could kill larvae, providing a safe and effective alternative 
to chemical pesticides and biotechnological methods. The effectiveness 
of these agents was found to depend on several factors, including the 
applied concentration, length of exposure, and the pH of the surround
ing medium. Increased concentrations and prolonged exposure 
improved larvicidal performance. Notably, all tested substances showed 
enhanced activity in a mildly acidic environment (pH 6) because of the 
accumulation of active ingredients released when chitosan starts to 
become soluble. Among the formulations, the nanoformulation con
taining all three active ingredients (NLC-CLA-CS) demonstrated the 
highest efficacy. These results suggest that such nanoformulations could 
serve as viable, eco-friendly alternatives to traditional chemical in
secticides. It is also undeniable that insects are sensitive to the nano
formulation in a weakly alkaline medium, but to a lesser extent, since 
the active ingredients are released more slowly and over a longer period. 
The results also prove that the nanoformulation is effective in both 
weakly alkaline and weakly acidic media. Perhaps if the acidity 
increased to stronger media, the results would be completely different, 
depending on the chemistry of the chitosan coating polymer. Overall, by 
creating a new type of pesticide that responds to pH levels, we hope to 
provide an eco-friendlier way to control pests that is less harmful to 
other insects, making pesticide use more effective.

6. Future prospective

Nanostructure lipid carriers (NLCs) have revolutionized drug de
livery systems, offering enhanced stability, bioavailability, skin target
ing, and safer insecticides due to its natural constituents. The growing 
interest in lipid carrier and polymeric-based nanoacpsule systems has 
led to significant advancements, with over 30 commercial NLC formu
lations currently available. NLCs and their chitosan-coated NLCs pro
vided prolonged release, occlusive effects and improved drug 
incorporation and the chitosan-coated provides additional protection in 
addition to being selective to release its component at a specific pH. 
Such functions make the promising candidate for various applications. 
With their qualified scale-up technology (NLC), GRAS status of excipi
ents, and ease of large-scale production using High-Pressure Homoge
nization method, Membrane Contactor Technique and Microemulsion 
Technique, lipid nanocarriers are gaining industrial attention. Future 
research should focus on assessing toxicity and health hazards associ
ated with nanostructure lipid carriers as insecticides and their impact on 
freshwater aquatic life.
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