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uncoated SLNs against chitosan-treated SLNs (CSLNs). Chitosan
treatment decreased the total hydrodynamic diameter from 410.3 to
Keywords: 245.2 nm, tightened the size distribution (PDI 21.6% to 16.3%),
Solid lipid nanoparticles; essential oils; chitosan; and raised the dominant intensity population from 80.10% to
essential oil nanoencapsulation; dynamic light 97.88%. FTIR spectra revealed band displacements that align with
scattering; DPPH interactions between the components. In the DPPH assay at 100-
400 ug/mL, CSLNs mitigated 45.4-77.6% of radicals, while
uncoated SLNs scavenged 3.6-38.4%. Chitosan treatment
consequently altered the antioxidant and protein-stabilizing
characteristics of the formulation in various ways, resulting in lower
encapsulation estimates for CSLNs. This trade-off highlights chitosan
concentration as a design variable to optimize, aiming to enhance
both radical scavenging strength and oil retention. Collectively, these
findings encourage the continued advancement of chitosan-treated
SLNs as a potential environmentally friendly mosquito repellent;
their repellent effectiveness has yet to be evaluated.
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INTRODUCTION

Diseases transmitted by mosquitoes, including malaria, dengue, and filariasis, continue to be significant
sources of illness, and personal protection from mosquito bites is essential for prevention. In 2024,
malaria was responsible for approximately 282 million cases and 610,000 deaths globally (World Health
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Organization, 2025). Synthetic repellents are effective; however, worries regarding their environmental
and health impacts have prompted the exploration of natural alternatives (Wu et al., 2022).
Repellents obtained from plants can rival the effectiveness of synthetic ones: a substance from lemon
eucalyptus, para-menthane-3,8-diol (PMD), was evaluated against high-concentration DEET and
demonstrated similar effectiveness in various assessments (Carroll & Loye, 2006). Most essential oils,
however, are volatile and offer protection for brief durations, prompting the suggestion of encapsulation
to delay their release and extend their protective effects (Maia & Moore, 2011).
Essential oils consist of intricate combinations of volatile, lipophilic substances known for their
antimicrobial, antioxidant, and anti-inflammatory properties. Their instability, tendency to oxidize, and
limited solubility in water make formulation challenging. Encapsulation can enhance dispersion,
safeguard delicate components, and alter the behavior of oils within a formulation.(Bakkali et al., 2008;
Dupuis et al., 2022; Sousa et al., 2022).

Solid lipid nanoparticles (SLNs) are colloidal carriers at the submicron level made from lipids that stay
solid at ambient and physiological temperatures, stabilized by surfactants in an aqueous medium. Their
lipid matrix can interact with lipophilic substances and safeguard them (Mehnert & Mider, 2001; Miiller
et al., 2000; Viegas et al., 2023). Essential oils have been incorporated into SLNs and associated lipid
carriers, though payload, crystallinity, and stability differ based on composition (Carbone et al., 2018;
Katopodi & Detsi, 2021). Hot homogenization in conjunction with sonication is a typical method for
preparation, and variations in processing conditions significantly influence particle size and dispersity
(Akbari et al., 2022; Duan et al., 2020; Khairnar et al., 2022).

Chitosan is a cationic polysaccharide, and its charge varies according to the medium's pH (Aranaz et al.,
2021). Due to its biodegradability and its interactions with negatively charged interfaces, it has served as
a surface modifier for nanoparticles (Aldayel et al., 2023; Burki et al., 2023; Silva et al., 2017; Wang et
al., 2018; Ways et al., 2018). Chitosan-coated lipid systems have been documented for essential oil delivery
and ocular transport (Aghabagherzadeh et al., 2024; Sikhondze et al., 2023), yet limited research has
analyzed a multi-oil SLN prior to and following chitosan treatment through light scattering and a basic
antioxidant assay.
This research had two objectives: (i) to analyze the size distribution and the UV-visible and FTIR band
characteristics of both uncoated and chitosan-treated SLN dispersions with a three-oil mixture, and (ii) to
evaluate their DPPH radical-scavenging capability in relation to that of ascorbic acid. The process involves
a physicochemical analysis and a preliminary screening prior to any assessment of repellency.

Research question: Does chitosan treatment change the size distribution and in vitro DPPH radical-
scavenging capacity of a three-oil SLN dispersion?

2. Materials and Methods

2.1 Materials and equipment

Stearic acid and glyceryl monostearate (GMS) served as solid lipids, while Tween 80 acted as the nonionic
surfactant. The essential-oil phase comprised Eucalyptus globulus, Lavandula angustifolia (lavender), and
Melissa officinalis (lemon balm) oils. Chitosan (low molecular weight; 50-190 kDa; degree of
deacetylation >75%; viscosity 20-300 cP, according to the supplier), glacial acetic acid, propylene glycol,
phenoxyethanol, ethanol, 2,2-diphenyl-1-picrylhydrazyl (DPPH), ascorbic acid, and distilled water were
utilized. Chemicals were acquired from the University of Central Punjab's laboratory stock.
An ultrasonic processor and a high-speed homogenizer were employed for emulsification and reduction
of particle size. Particle size and polydispersity index were assessed using an Anton Paar Litesizer 500
(Section 2.4). FTIR spectra were obtained using an FTIR spectrophotometer, while UV-visible scans were
measured with a UV-visible spectrophotometer. Standard lab apparatus consisted of a magnetic stirrer
with temperature regulation, an ice bath, an analytical balance (accuracy 0.0001 g), and thermometers.
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Table 1. Components of the essential-oil SLN dispersion.

Component Role

Stearic acid Solid lipid

Glyceryl monostearate (GMS) Solid lipid / co-emulsifier
Eucalyptus globulus oil Essential-oil active
Lavandula angustifolia oil Essential-oil active
Melissa officinalis oil Essential-oil active
Tween 80 Surfactant

Distilled water Aqueous phase
Phenoxyethanol Preservative

Propylene glycol Co-solvent / humectant
Chitosan Surface treatment (CSLNs)
Glacial acetic acid Chitosan solvent

2.2 Preparation of essential-oil-loaded SLNs

SINs were created through hotmelt homogenization, a technique effective for encapsulating
hydrophobic essential oils in a solid lipid matrix due to the oils easily dissolving in the melted lipid prior
to emulsification (Mehnert & Mider, 2001). The lipid phase, made up of stearic acid and GMS, was
heated on a magnetic hotplate to 80 °C and maintained at this temperature for about 5 min to guarantee
full melting. The essential-oil mixture (lavender, eucalyptus, and lemon balm) was subsequently added
drop by drop to the melted lipid while stirring gently to ensure uniform distribution. Simultaneously,
distilled water was warmed to an equivalent temperature (80 °C), and Tween 80 along with propylene
glycol were mixed into it. The hot water phase was introduced gradually into the lipid phase while stirring;
this slow addition aids in forming small droplets instead of large aggregates. The coarse emulsion obtained
was homogenized at 30,000 rpm with 5 s on/off pulsed cycles for 2 minutes, followed by probe-sonication
at 65% amplitude for 2 minutes with 5 s on/off pulses; pulsed sonication instead of continuous reduces
localized heating that may harm the essential-oil components. Right after sonication, the dispersion was
moved to an ice bath (0-4 °C) and stirred steadily for 15-20 min; ongoing stirring during this cooling
phase aids in stopping the solidifying particles from clumping (Miiller et al., 2000). After the dispersion
cooled to room temperature (~ 25 °C), phenoxyethanol was incorporated as a preservative, the suspension
was filtered using a 0.45 pm membrane to eliminate any unincorporated aggregates, and the dispersion
was kept at 4 °C. The final volume was made up to 100 mL with distilled water.
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2.3 Chitosan treatment

A 1% (v/v) solution of acetic acid was prepped by combining 1 mL of glacial acetic acid with 90 mL of
distilled water and adjusting the total volume to 100 mL with distilled water. One gram of chitosan
powder was gradually introduced to 100 mL of the solution to create a 1% (w/v) chitosan solution. The
solution was mixed at 600 rpm at room temperature for 2-4 hours until it became clear. In preparing
CSLN, 1 mL of the chitosan solution was gradually mixed into 5 mL of the SLN dispersion at room
temperature while stirring at 550 rpm for 30 minutes. Consequently, the mixture contained around
0.17% (w/v) chitosan and 0.17% (v/v) acetic acid. CSLNs were kept at 4 °C. Uncoated control SLNs
were treated with 1 mL of a 1% (v/v) acetic acid solution, excluding chitosan, under identical conditions.

2.4 Dynamic light scattering

Dynamic light scattering (Filippov et al., 2023; Jia et al., 2023) was employed to measure the
hydrodynamic diameter and intensity-weighted size distributions with an Anton Paar Litesizer 500. Every
sample was diluted 1:99 (v/v) using distilled water. Measurements were conducted at 25.0 °C following a
10 s equilibration period, utilizing water as the dispersant (refractive index 1.3303; viscosity 0.8903
mPa-s). Every measurement included 60 runs of 20 seconds and was analyzed using the cumulant model.

2.5 FTIR spectroscopy

FTIR spectra were obtained for the essential-oil mixture, chitosan, uncoated SLNs, and CSLNs as liquid
(aqueous) samples, across a range of about 4000-600 cm™!. Because water absorption coincides with the
O-H/N-H and amide I regions, band positions were assessed qualitatively only.

2.6 UV-visible profile

A UV-visible scan of the uncoated SLN dispersion was performed in the range of about 200 to 450 nm,
with absorbance values measured at 210, 265, and 290 nm. The scan is described in detail and was not
utilized for measuring oil content.

2.7 DPPH radical-scavenging assay

DPPH radical scavenging was assessed using DPPH (0.1 mM; 3.9 mg in 100 mL ethanol) and ascorbic
acid as the positive control (Brand-Williams et al., 1995). Dispersions of uncoated SLN and CSLN were
evaluated at concentrations of 100, 200, 300, and 400 pg/mL, with absorbance measured at 517 nm
following a 30-minute incubation in the dark at room temperature. The expression of inhibition is based
on the work of Gulcin and Alwasel (2023) as well as Kedare and Singh (2011):

DPPH scavenging (%) = (A_DPPH — A_sample) / A_DPPH x 100 (Gulcin & Alwasel, 2023; Kedare &
Singh, 2011)

where A_DPPH is the absorbance of DPPH without sample (0.4487) and A_sample is the absorbance of
the tested sampleAll samples and the ascorbic acid control were assessed in one session on the same day,
using the same DPPH standard. Each concentration was assessed three times.

2.8 Data reporting

Values are presented as mean + SD based on triplicate DPPH measurements from a single preparation
batch. These replicates assess analytical repeatability rather than variability between batches; hence, no
inferential tests are presented and no conclusions at the batch level are made.

3. Results

3.1 Particle-size distribution

Uncoated SLNs exhibited a Z-average hydrodynamic diameter of 410.3 nm along with a PDI of 0.216.
The intensity distribution revealed a primary peak at 113.4 nm (80.1% of intensity) and a secondary peak
at 1759 nm (19.9%). CSLNs exhibited a Z-average of 245.2 nm and a PDI of 0.163, showing a prominent
peak at 176.0 nm (97.9%) and a smaller peak at 2435 nm (2.1%) (Table 2; Figure 1). Every value
corresponds to an individual measurement from one batch of each formulation, and the two formulations
were assessed under varying cell and scattering conditions (Section 2.4). The primary peak moved from
113 to 176 nm, thus the decreased Z-average primarily indicates a smaller proportion of the large-particle
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population (19.9% versus 2.1% by intensity), rather than a consistent decrease in particle size. Intensity
weighting exaggerates the representation of large particles, and distributions based on number were not
achieved.

Table 2. DLS results for uncoated SLNs and CSLNs. Single measurement from one batch for each
formulation.

Parameter Uncoated SLNs CSLNs
Z-average hydrodynamic diameter 410.3 nm 245.2 nm
Polydispersity index (PDI, dimensionless) 0.216 0.163
Dominant intensity peak 113.43 nm 176.01 nm
Dominant peak area 80.10% 97.88%
Secondary peak 1759.3 nm 2435 nm
Secondary peak area 19.90% 2.12%
Peak width (instrument SD), peak 1 44.84 nm 75.84 nm
Peak width (instrument SD), peak 2 444.2 nm 584.6 nm
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Figure 1. Intensity-weighted particle-size distributions of uncoated SLNs (a) and CSLNs (b), measured
by DLS at 25 °C. Dominant peaks are 113.43 nm (80.10%) and 1759.3 nm (19.90%) for uncoated
SLNs, and 176.01 nm (97.88%) and 2435 nm (2.12%) for CSLNSs.

3.2 FTIR spectra

Positions of the bands varied somewhat among the essential-oil mixture, chitosan, uncoated SLNs, and
CSLNs (Table 3; Figure 2). The wide O-H/N-H band shifted approximately 12 cm™ (from 3308 to 3296
cm™!) and the amide I band shifted by around 2 cm™ (from 1638 to 1636 cm™!) between uncoated SLNs
and CSLNs. The spectrum of the uncoated SLN showed a baseline shift and lacked distinct fingerprint
bands, restricting comparisons to the broader and amide areas. Shifts of this magnitude are minimal,
therefore FTIR is presented descriptively and is not construed as proof of molecular interaction.

Table 3. Selected FTIR minima.

Sample

Broad region

1600-1700 cm™ region

Selected fingerprint features

Essential-oil blend 3386 1673 1245, 1090, 1047
Chitosan 3277 1638 —

Uncoated SLNs 3308 1638 —

CSLNs 3296 1635 1074
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Figure 2. FTIR spectra of the essential-oil blend, chitosan, uncoated SLNs, and CSLNs, shown with
vertical offsets for clarity.

3.3 UV-visible profile

The UV-visible spectrum of the uncoated SLN dispersion exhibited absorbance values of 2.164 at 210
nm, 0.146 at 265 nm, and 0.389 at 290 nm (Figure 3). The profile is described in detail. Due to the weak
chromophores in this region of the essential oils and the presence of other absorbing components in the
dispersion, these values were not utilized to assess oil content or encapsulation.
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Figure 3. UV-visible wavelength scan (200-450 nm) of the uncoated SLN dispersion, with readings
at 210 nm (A = 2.164), 265 nm (A = 0.146), and 290 nm (A = 0.389).
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Table 4. DPPH radical scavenging at 517 nm across 100-400 pg/mL. Absorbance and scavenging

values are shown as mean * SD.

Concentration | CSLN CSLN Uncoated Uncoated | Ascorbic Ascorbic

(ug/mL) absorbance | scavenging | SLN SLN acid acid
(mean £ SD) | (%) absorbance scavenging | absorbance | scavenging

(mean = SD) | (%) (mean £ | (%)
SD)

100 0.2450 £1454+£0.2 | 0.3330 +1258+0.0 [0.0414 +]90.8+0.1
0.0008 0.0001 0.0003

200 0.1594 £ 64500 |04323 13620 0.0401 +{91.1+0.0
0.0002 0.0089 0.0002

300 0.1005 £ 77.6£0.0 |0.2762 138404 |[0.0223 +£|95.0£0.2
0.0000 0.0018 0.0007

400 0.1004 £ 77.6£0.0 | 0.3046 £1321£0.8 [0.0257 +|943+0.1
0.0002 0.0037 0.0006

3.4 DPPH radical scavenging

CSLNs scavenged more DPPH radicals than uncoated SLNs at all tested concentrations (100-400
pg/mL), achieving a plateau of 77.6% at 300 and 400 pg/mL, suggesting that the scavenging ability was
nearly saturated at these levels (Table 4; Figure 4). Uncoated SLNs scavenged between 3.6% and 38.4%,
reaching a maximum of 300 pg/mL, and the response varied non-monotonically with concentration; this
has been documented. Ascorbic acid, serving as the positive control, yielded 90.8-95.0%. All values were
determined relative to the same DPPH-only reference absorbance (0.4487), and both formulations were
assessed in a single run on the same day, in triplicate.

Scavenging was calculated against a DPPH-only reference absorbance of 0.4487. All samples and the
ascorbic acid control were measured in a single run.
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Figure 4. DPPH radical scavenging of uncoated SLNs, CSLNs, and ascorbic acid (positive control) at
100-400 pg/mL, measured at 517 nm. Error bars show the standard deviation of replicate sample
absorbance, propagated to percent scavenging.
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4. Discussion

The DLS data align with a shift in the size distribution following chitosan treatment, each formulation
was assessed once from a single batch. The movement of the primary peak from 113 to 176 nm, along
with the alteration in the mass of the large-particle group, would gain from validation through number-
weighted analysis and electron microscopy in subsequent studies.

CSLNs exhibited greater DPPH scavenging compared to uncoated SLNs across all tested concentrations.
This study did not include a control with only chitosan; incorporating one in future research would clarify
if the polymer alone affects the signal. Constituents of essential oils are also noted to be reactive to radicals
(Bakkali et al., 2008), and they might play a role in the signal for both formulations. The observed non-
monotonic response of uncoated SLNs is documented here, and understanding its cause will necessitate
testing over several batches and days.

The reasoning behind the repellent is a theory. The PMD research (Carroll & Loye, 2006) pertains to a
compound from Corymbia citriodora (lemon eucalyptus), not E. globulus; thus it advocates for plant-
based repellents by analogy instead of providing direct evidence for the oil blend utilized here. Wu et al.
(2022) documented the repellent properties of essential oils and their components against Aedes
albopictus. The current formulation has not been evaluated for repellency, and no claims of repellency
are made. A WHO-compliant test would be necessary prior to any comparison with synthetic repellents.
This study presents an initial physicochemical and antioxidant analysis of a single batch from each
formulation, laying the groundwork for future research on encapsulation, repellent effectiveness, and
antioxidant properties in biological contexts.

5. Limitations

o This research is initial and restricted to a single batch for each formulation, with DLS and DPPH each
evaluated once per condition. The two DLS measurements were conducted under varying cell and
scattering conditions. Zeta potential, validated oil loading (GC or GC-MS), and microscopy were not
conducted, thus the chitosan layer and encapsulation remain unverified. FTIR was obtained from
aqueous samples and is utilized solely for qualitative analysis. The testing of repellent activity, oil release,
and storage stability was not conducted.

6. Conclusion

In each formulation batch, chitosan treatment resulted in a reduced Z-average diameter and a decreased
PDI, along with enhanced in vitro DPPH radical scavenging. These results are initial. Future studies need
to incorporate independent batches, zeta potential assessments, and electron microscopy, confirmed
quantification of oil loading via GC or GC-MS, a chitosan-only DPPH control, investigations on storage
stability and release, as well as repellency tests prior to asserting any claims regarding repellent activity.
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