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Abstract

Despite its beneficial properties and the efficiency of essential oil in controlling mosquitoes and other hematopoietic
insects, this biocontrol agent has several significant limitations, ranging from its chemical instability to its short protection
time and sensitivity to oxidation. This research aimed to address these limitations by altering the surface functionality
using encapsulated Vitex negundo essential oil (VnEO). The VnEO was extracted by hydrodistilation and analysed by
GC-MS. The oil was B-cyclodextrin (3-CD) encapsulated and monochlorotriazine (MCT) modified to improve its fabric
interaction and stability, while histological and immunohistochemical examinations were conducted to determine its
safety. The fabrics were subjected to FT-IR, SEM, XRD, TGA, fiberometric, and Zeta potential analysis, while the repellency
study was conducted in an olfactometer. Insecticidal monoterpenes and sesquiterpenes were confirmed by GC-MS, and
an entrapment efficiency of 94.3% was achieved. The repellent interaction with the fabric was confirmed by the forma-
tion of two intense bands at 3277 (O-H) and 1710 cm™' (C=0), broad diffraction peaks at 17.30° and 38.30-57.10° about
a4.70% increase in average fibre size and a 18.8% decrease in pore size, and lower fibre thermal stability. The surface of
the fabric is negatively charged, causing an enhancement in the adsorption and affinity of VnEO by grafting of 3-CD/MCT.
The dermatological investigation suggests that the oil has no significant toxic effects. In conclusion, the encapsulation
and fabric grafting employed are effective and safe for the preparation of a long-lasting repellent fabric.
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1 Introduction

In the words of Brown [1] and WHO report of 2015, malaria
is the world’s third deadliest disease and occupies a
unique place in the annals of history; considering its role
in the modern environmental movement and contribution
towards the fall of the Roman empire. The human malaria

can be caused by five Plasmodium species; transmitted
primarily by Anopheles gambiae [2].

In recent years, increased partnership and funding has
accelerated malaria control efforts. Consequently, the
introduction of various WHO-recommended malaria pre-
vention tools, which include the (i) vector control meas-
ure, which involves the use of indoor residual spraying
and insecticide-treated nets highly effective in preventing
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infection and reducing transmission. (ii) preventive chem-
otherapy, and (iii) RTS, S, or ASO1 malaria vaccine (Mos-
quirix™). Hemingway et al. [3] and Hwang et al. [4] in their
studies reported a significantly reduction in deadly severe
malaria cases, among young children on Mosquirix™.

There are major setbacks to these preventive tools
which include the mosquito resistance to at least one of
carbamates, organophosphates, and pyrethroids insecti-
cide classes were reported in 78 countries between 2010
and 2019. Another report showed that about 29 countries
showed mosquito resistance to all three classes [5]. Fur-
thermore, insecticide-treated nets have limitations due to
their ineffectiveness against exophagic malaria vectors,
lowered susceptibility, distribution issues, sustainability
issues, and poor coverage rates. Furthermore, there has
been a growing concern of plasmodium resistance to the
use of preventive chemotherapeutic drugs (quinoline-
based compounds, antifolates, and artemisinin deriva-
tives) over the last decade [6].

The several highlighted challenges of the afore-men-
tioned malaria preventative tools have led to increases in
malaria cases and deaths in many developing countries,
where children under the age of five, women in their first
and second pregnancy, migrants from areas where malaria
has not spread or is not transmitted and people who do
not have immunity to the disease are the most vulnerable
[7]. 1t was reported in 2019, that the global malaria burden
and estimated malaria cases stood at 224 and 227 million,
respectively, with an estimated 241 million malaria cases
recorded in 2020 [7]. In 2020, the WHO African region is
responsible for 95% of all malaria cases and 96% of malaria
deaths, and 80% of malaria deaths in the WHO African
region were in children under 5 years of age. Nigeria, from
an African perspective, accounts for 26.8% of malaria cases
and 31.9% of deaths in 2020 [8]. According to the CDC, [9]
report, nearly half of the world’s population lives in areas
at risk of malaria transmission, and the WHO African region
is responsible for the greatest burden of malaria.

Given the unfavourable African malaria statistics and
limitations of preventative tools, finding a viable and sus-
tainable alternative has become a topical and critical issue
of focus if we are to achieve the global technical strategy
for malaria target by 2030 [10]. These have led to the desire
to explore the possibility of developing a sustainable and
readily affordable mosquito repellent textile. Studies by
Jaswal [11] and Monllor et al. [12] have shown that fab-
ric surface alteration can change their qualities and give
new functionality. Adding essential oil to fabric for essence
release looks to be the most promising of the several strat-
egies that have been developed. The development of an
oil/cyclodextrin molecular inclusion complex presently
holds the most potential for managing essential oil release
for long-term mosquito control [13, 14].
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Cyclodextrine (CD) is a group of three industrially pre-
pared compounds (a-, B-, and y-CDs) with a molecular
weight of 200 to 800 g/mol, are made up of a cyclic oli-
gosaccharide consisting of 7 glucopyranose units linked
at the a-(1,4) position [15-17]. It has a unique structure
with a water-resistant cavity and surface, and it may
host various organic compounds after grafting, enabling
aroma fixation and slow-release function [18]. Sricharus-
sin et al. [19] and Andrade et al. [20] discovered that
when B-CD is attached to cellulose fibres, its ability to
form complexes is preserved with other molecules while
having no effect on the hydrophilic properties of cellu-
lose and does not produce skin irritation or sensitivity.

Vitex negundo essential oil (VnEO) has piqued interest
in the area of malaria vector control due to its strong
hydrophobic and H-bond interactions and olfactory
receptor blocking, subsequently resulting in vector dis-
orientation [21-24]. According to previous researches,
the essential oil of V. negundo has a significant repellent
effect on A. gambiae, with an EDs, of 0.14-0.08% v/v [21,
23]. However, its chemical instability, quality control con-
cerns, insolubility in aqueous systems, short-term pro-
tection against mosquito bite and susceptible to oxida-
tion have limited the applications [25, 26]. According to
Sangsuriya [27], because of the stability of covalent con-
nections with electron-rich groups on textiles or papers,
the monochlorotriazinyl group is a reactive anchor for
the dye-cyclodextrin molecular inclusion complex on
cellulose. On cotton textiles, the presence of CD aids
in the greater suppression of essential oil release from
finished fabrics; however, the fabrics and encapsulate
only have weak Vander-Waal and hydrogen interactions.
Hence, their adherence to any of the treated fabrics is
short-lived resulting in a temporary fabric finish that can
easily be washed off [28]. Their lack of durability on fab-
rics severely limits their effectiveness as finishing agents.
Instead, it is hypothesized that the modified monomo-
lecular complexes can form van der Waal bonds, ionic
bonds, or even covalent bonds with the fabric surfaces.
This improved monochlorotriazinyl-f-cyclodextrin (MCT-
[3-CD) derivative with improved stability is currently in
high demand [29]. The MCT--CD complex can be used
to permanently bind 3-CD to cotton using the standard
reactive dyeing method proposed by Bhaskara-Amrit
et al. [30]. Covalent bonds can be formed when the reac-
tive chlorine atom of the triazinyl group of MCT- 3-CD
reacts with nucleophilic residues on the cotton, like OH
[31]. According to Cabrales et al. [32] and Ali et al. [33], it
has the potential to serve as a universal anchor for a wide
range of textile materials. The purpose of this research is
to design a long-lasting repellent textile by altering the
surface functionality of fabric with monochlorotriazine
modified 3-CD encapsulated V. negundo essential oil.
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2 Materials and methods
2.1 Collection and extraction of V. negundo leaves

The leaves were collected from a specific location in
Nasarawa State (8.4998° N, 8.1997° E) in Nigeria. The
authentication of the plant was carried out in the Depart-
ment of Research on Medical Plants and Traditional Medi-
cine, National Institute of Pharmaceutical Research and
Development, Idu, Abuja, and assigned specimen number
NIPRD/Hebarium/1101.

Freshly collected leaves were cleaned with distilled
water and steam distilled for 45 min, followed by the sep-
aration of the distillate into essential oil and hydrosol in
batches. Finally, the oil was dried over anhydrous Na,SO,
and stored in an amber vial for further analysis.

2.2 Rearing, and identification of mosquitoes

Mosquito larvae were collected between September and
October, 2022, according to the previously reported proto-
col by Okoli et al. [24]. At the nesting locations, larvae were
identified using Coetzee [34] identification key, morpho-
logically classified, and collected from a deep temporary
pool with grass growth using a 30 cm long dipper. The
stages of immature larvae were carefully transported to
the insect in a vial., where they are placed in an open con-
tainer with 1 L of ground water for 2 h before being given
a finely ground low-fat flour-baked food product.

2.3 Experimental animals

Male Wistar rats weighing between 55 and 80 g were pur-
chased from the Animal Holding Facility at Bingham Uni-
versity, Physiology Department. The animals were exam-
ined and adapted to the new environmental conditions for
a week before the formal experiment. During the day, they
were fed chaw and given free access to tap water. They
were kept on a 12-h light/dark cycle. All animal studies
were performed according to the US National Institutes
of Health Guidelines for the Care and Use of Laboratory
Animals.

2.4 Experimental design

The rats were weighed and grouped into two groups of
five rats each. Before the administration, the dorsal fur of
the rats was shaved, and then oil samples were applied
topically to the skin of the rats according to the following
groupings: group 1 was administered neat V. negundo oil

topically, while group 2 was without treatment (normal
control). The administration lasted for 14 days before the
sacrifice.

2.5 Histopathology and immunohistochemical
examination of the skin

Skin tissue samples were taken for histopathological
examinations. The tissues were promptly fixed in 10%
formalin before being dried in a succession of ethanol
treatments and embedded in paraffin. Thin slices 4-5-um
thick were cut using a rotary microtome and stained with
hematoxylin and eosin for photomicroscopic examination.
The microscopic characteristics of the treated group was
then compared to those of the control group.

The skin tissues were exposed to the avidin-biotin per-
oxidase complex employing immunoperoxidase methods
for the immunochemical investigation. The samples were
fixed in 10% buffered formalin, embedded in paraffin,
and sectioned into 5 um thick sections. The slices were
subsequently subjected to pressure antigen retrieval (20
psi/125 °C). The primary antibody pan-cytokeratin was
used for immunohistochemistry. The immunohistochemis-
try image analysis toolbox (ImageJ computer application)
was used to automatically calculate the percentage area
of expression, the percentage of positively stained nuclear
area (labelling index), and a coloured deconvolution algo-
rithm to separate the counter stains [35].

2.6 Characterisation of V. negundo leaves essential
oils

2.6.1 Compositional analysis

The 0.2l of essential oil (diluted 100: 1 in hexane) were
injected into the port at 220 °C and eluted with nitrogen
at a rate of 1.2 mL/min through the HP-5 capillary at 244 °C
in a Varian CP-3800 gas chromatographer equipped with a
Varian Saturn 2000 mass detector. The oven temperature
was set at 280 °C and 3 °C per minute. Individual compo-
nents were identified using retention indices, which were
then compared to compounds previously described in the
literature. The individual components were identified with
retention indexes and then compared to the compounds
previously described in literature [36, 37]. In addition,
data from computer libraries linked to the GC-MS, Adams
Library, NIST’s website using Rl values from comparable
polarity columns and/or Mondello Library.

2.6.2 Preparation of inclusion complex

The inclusion complex was constructed using a needle
technique described in previous studies. By Menezes et al.
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[38] and Tao et al. [39, 40] with slight modification. A solid
mixture was prepared by introducing the oil into a mor-
tar already containing powdered -CD on various molar
guest: host ratio based on the encapsulation performance.
The mix was then dried in a desiccator at 28 °C until an
inclusion complex with a constant weight was obtained,
labelled as VNnEOB-CD and returned to the desiccator for
future analysis and use.

2.6.3 Encapsulation efficiency

A freshly produced 50 mL phosphate buffer with a pH of
7.4 was added to the VNnEOB-CD and gently stirred for 24 h
before filtering. After that, the filtrate was submitted to
GC-MS analysis. The encapsulation efficiency was deter-
mined using Eq. (1).

Actual essential oil content

100
Theoretical essential oil content

(M

Encapsulation efficiency (%) =

2.6.4 Modification of the inclusion complex

The monochlorotriazine modified inclusion complex
was synthesis according to Wacker-Chemie [41]. A clear

| 8
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solution of sodium salt dichlorotriazine was obtained by
dissolving cyanuric chloride and NaOH into water at 5 °C.
The second step involves the reaction of dichlorotriazine
molecule with VnEOB-CD at 15 °C in a neutral environ-
ment. The obtained solution is freeze-drying into a white
powder labelled as VNnEOB-CD/MCT.

2.6.5 Fabric treatment

Figure 1 shows the schematic for the preparation of mos-
quito repellent fabrics. A 30 cm by 45 cm sateen fabrics
was first treated with 2% Na,COj; for 2 min, dried, and then
impregnated with VnEO-CD/MCT in a treatment bath at
150 °C. The impregnated fabrics were subsequently pad-
ded using mechanical squeeze rollers at 15 kg/cm, yield-
ing a wet pick-up of 70-85%. The fabrics were then dried
for 2 min at 100 °C and cured for 3 min at 150 °Cin a
Werner Mathis AG oven. Afterwards, the treated fabrics
were rinsed with distilled water to remove any unreacted
chemicals and spray-dried in air with 8% ethanol solution
of VnEO. The fabrics were then stored in the laboratory
at ambient conditions for up to four weeks—Ilabelled as
VnEOB-CD/MCT-F.
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Fig. 1 Graphical abstract for the preparation of mosquito repellent fabrics
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2.6.6 Fabric analysis

The untreated fabric, activated fabric, and treated fabric
were characterised using FT-IR (PerkinElmer Spectrum 400,
Waltham, MA) measured over the range of 4000-400 cm™".
The surface morphology and fibermetric analyses were
investigated using a Philips XL30 scanning electron micro-
scope (Hillsboro, OR). The fabric was mounted on a tub of
clean glass and coated with a gold palladium film of 2 nm
thickness. for 120 s at 10 mA, under low-pressure argon
and explored at 4-25 kV. The X-ray diffraction data (XRD)
were obtained using a Rigaku D2000 Bragg-Brentano dif-
fraction meter equipped with a rotating copper anode, a
diffraction beam monochrome calibrated to CuK radia-
tion and a scattering detector with geometry in reflection
mode. Finally, the thermal responses were measured using
a Perkin Elmer thermogravimetric analyzer (Waltham, MA)
set at 303-1173 K and a heating rate of 283 K/min in a
nitrogen environment. The fabric analysis was conducted

Repellency after wash

Retension (%) =
etension (%) Repellency before wash

X 100 2

The amount of time required to observe behavioural
changes in the flight patterns of 50% female Anopheles
gambiae mosquitos was recorded when exposed to 5 g
of the treated fabrics (VnEO-CD/MCT-F), neat essential
oil (positive control), and cloth treated with monochlo-
rotriazine-modified B-CD without V. negundo essential
oil (negative control). After introduction of fabric, pure
essential oil, and negative control, a period of 10 min
was allowed to ensure equilibration of the air-essential
oil mixture. This was observed for 90 days, with the
introduction of fresh 100 female A. gambiae at pre-
determined intervals of 1, 14, 30, 60, and 90 days into
the olfactometer.

Following the procedure of Costantini et al. [43] with a
slight modification,using an olfactometer over a period
of 1800s, the mosquito repellency after six wash cycle
was calculated using Eq. 3:

mean number of mosquitoes selecting essential oil

%Mosquito Repelled = 100 — <

3)
100 — mean number of mosquitoes not selecting essential oil >

on Phenom XL Compact Desktop SEM (Thermo Scientific,
UK). A M6bius® Zeta Potential Analyzer (Wyatt Technology
Corporation) was used to measure the zeta potential of
the 1 mm length treated and untreated fabrics. The 0.1%
solids were prepared in 0.001 M KCl at various pH levels,
agitated for 600 s with a magnetic stirrer, and the results
were recorded.

2.6.7 Laundering durability

In order to obtain sufficient friction and reflect the true
durability of washing under normal conditions, the treated
fabric has been washed. Water containing 2 g/L sodium
carbonate and 5 g/L standard laundry soap, at 27 °C for
15 min was used for the treated fabrics obtained from the
6 wash cycles obtained at an interval of 15 days. The fabric
was rinsed in cold distilled water and dried at 30 °C. An
aliquot of the wash solution was extracted quantitatively
with analytical grade hexane and subjected to GCMS pro-
filing to determine the quantity of essential oil compound
in the wash solution. Mosquito repellency study was car-
ried out after each wash cycle on the treated fabric, and
the ability of treated fabrics to keep repellent fragrance
after washing is expressed as percentage retention accord-
ing to Nielsen [42] following Eq. (2).

2.7 Data analysis

The results are expressed as the mean value and stand-
ard deviation (mean SD) of each repeated sample (n=3).

3 Result and discussion

3.1 Yield and terpene composition of V. negundo
essential oils

The essential oils yield from 50 kg fresh V. negundo plant
was 0.40 £ 0.02%w/w and an aliquote of the oil was sub-
jected to GC-MS analysis with the terpene composi-
tion and chromatograms reported in Supplementary
Table S1 and Figure S1. The analysis of the oil revealed
the presence of 28 known compounds of which 80.16%,
7.63%, and 10.88% are monoterpene, sesquiterpene,
and unknown content; respectively. The study of Thi My
Dung et al. [44] on the chemical composition of essential
oil extracted from the leaves of V. negundo Linn From
Binh Thuan province by hydrodistillation and microwave
hydrodistillation also confirms the presence of greater
concentration of monoterpenoids (45.3%) than sesquit-
erpenoids (41.0%).
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The identified chemicals are consistent with Khokra
et al. [36] findings on the GC-FID and GC/MS analysis of
the chemical contents of V. negundo EOs leaves, flowers,
and dried fruits. Some monoterpenes and sesquiterpe-
nes with reported insecticidal properties such as linalool,
myrcene, a-terpinolene, a-pinene, and citronellal were
present in the oil in varying percentage compositions
[45] while a-pinene and myrcene were reported to be
present in quantity > 15%.

3.2 Histopathology and immunohistochemical
examination of the skin

The assay showed the presence of a focal mild epidermal
sclerosis (Supplementary fig. S2) and a low expression of
the primary antibody pan-cytokeratin with a nuclear area
of groups 1 and 2 is 53% and 81%; respectively (Supple-
mentary fig. S3). This is not in consonance with the study
of Kadir et al. [46], which shows the V. negundo may pre-
vent ongoing TAA-induced nephrotoxicity in rats, both
biochemically and morphologically. The observed focal
mild epidermal sclerosis with low expression of the pri-
mary antibody pan-cytokeratin might be the result of

Table 1 Entrapment efficiency

(%EE) of inclusion complex Gu.est:host Entrépment

ratio efficiency
(%EE)

1:1 61.80+0.20
1:2 77.10+0.50
1:3 94.30+1.50
2:1 54.60+1.00
3:1 52.00+1.00

Fig.2 Surface morphologies of the a pure -CD and b VnEOB-CD
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the chemotaxonomical variations in the essential oil
composition.

3.3 Characterization of the inclusion complex
3.3.1 Entrapment efficiency (%EE)

The optimal entrapment efficiency (EE) of VnEOB-CD pre-
pared is 94.3 £ 1.5% at a molar guest: host ratio of 1:3 while
the lowest is recorded at 1:1 molar ratio (Table 1). By impli-
cation the higher the host load the better the entrapment
efficiency. This optimal entrapment efficiency is consist-
ent with other previous studies of Kamimura et al. [47]
and Kfoury et al. [48], on the complexation of estragole
with cyclodextrins and microencapsulation of carvacrol in
hydroxypropyl-B-CD with value <99% reported.

According to Dos Passos Menezes et al. [49] lower value
of complexation efficiency is may be a result of surface
interaction of the essential oil or changes in the equilib-
rium states of molecules in a solution [40]. On the other
hand, the method used may have a significant impact on
the entrapment efficiency, as reported in the studies of
Wang et al. [50] and Santos et al. [51] where they discov-
ered 90.3% and 91.3% EE for garlic and carvacrol using
the co-precipitation technique and freeze-drying at low
temperatures,respectively.

3.3.2 Morphological examinations

Figure 2 depicts the surface morphologies of the f-CD and
the VNnEOB-CD. In this study, the best complexation result
was obtained at molar guest: host 1:3. The morphology
of the pure 3-CD shows a compact particle with irregu-
lar surface. Wen et al. [29] analyzed the morphology of
[3-CD inclusion complexes of cinnamon essential oil and
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reported an irregular particle size, whereas the inclusion
complex was present in a multilayered crystal form. Due
to the absence of a significant net load on the particles
included in the complex, 3-CD has a strong tendency to
accumulate due to itsself-assembly property in water,
which has no repulsive force to prevent particle accumu-
lation [52, 53].

When comparing VNnEOB-CD to pure B-CD, we discov-
ered differences in shape and size; these findings could
point to the formation of VnEORB-CD, which is consistent
with the studies of Cid-Samamed et al. [54] and Saikosin
et al. [55]. One of the primary benefits of the capsules is
their ability to provide long-lasting fragrance by slowly
releasing the essential oil over time, providing a consistent
aroma that can help keep fabrics smelling fresh and clean.

Figure 3 indicates that the surface appearance of the
untreated fabric, activated fabric, and treated fabric
(VNEOB-CD/MCT-F). The activated fabric surface is agi-
tated, inflated smooth, and flat with small twists [56]. The
surface of the VnEOB-CD/MCT-F was cylindrical with small
particles scattered over it (Fig. 3¢c). However, the surface of
the fabric had a significant number of particles accumu-
lated and aggregated on the surface of the samples. The
inclusion complexes deposited to the fabric covered its
surface, allowing the finished layer to form. This revealed
that this method was effective for applying inclusion com-
plexes to fabrics.

This is in line with Lis et al. [57] application of the cit-
ronella oil-cyclodextrin complex for controlled release in
biofunctional textiles, which results in entire covering of

the textile surface for the development of the final layer
(Fig. 4).

The production of aggregates is enabled by the base-
catalyzed interaction between the chloride group of the
VnEOR-CD/MCT and the fabric [58, 59] .

3.3.3 Fibermetric analysis

The image of the fiber and pore histograms of the
untreated fabric, activated fabric, and repellent treated
fabric were reported in Supplementary Fig. S4 and the
results are presented in Table 2.

The average fiber and pore sizes of the untreated fabric
and activated fabric decrease in by approximately 5% and
23.6%; respectively because the material is damaged by
the loss of amorphous compounds when treated with a
saturated carbonate solution. This is in consonance with a
study on the effect of sodium carbonate on the mechani-
cal and water absorption characteristics of natural fabric
by Abdul Karim et al. [60]. However, on treatment of the
fabrics with the inclusion complex modified with mono-
chlorotriazine to produce the repellent treated fabric
(VnEOB-CD/MCT-F) there was an increase in the average
fiber size and decrease in the pore size by 4.7% and 18.8%;
respectively. This is consistent with a study that activated
fabric exhibits a high degree of interfacial interaction with
substances such as reactive cyclodextrin [18], which might
explain the considerable change in surface texture seen.

Fibers with encapsulates

Fig. 3 Surface morphologies of the a untreated fabric, b activated fabric, and c repellent treated fabric
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Fig. 4 Monochlorotriazine modification of the VnEOB-CD

Table 2 Fibermetric measurement of the fabrics

Fabric Average fiber size  Average
(um) pore size
(um)
Untreated fabric 14.21 96.70
Activated fabric 13.50 73.92
Repellent treated fabric 14.17 59.99

3.3.4 Fabric functionalization

The FTIR spectra of the untreated fabric, activated fabric,
essential oil, pure 3-CD, VnEOB-CD, cyanuric chloride,
VnEOB-CD/MCT, and VnEOB-CD/MCT-F are presented
in Fig. 5. The FTIR spectrum of the cyanuric chloride
showed some bands in the 3191-2822 cm™' range
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and 1669 cm™' that corresponding to C-H and olefinic
groups stretching vibrations [61]. The pure B-CD FTIR
spectrum showed bands centered on 3309, 2920, 1637
and 1151-1026 cm™' corresponding to the strain vibra-
tions of O-H, C-H (CH, and CH, groups), C=0, and C-O.
Rocking vibrations of the C-H bonds and the C-C skel-
etal vibrations in the glucopyranose ring correspond
to bands in the region 940-700 cm™" were equally
observed. The EO spectrum showed some bands in the
2925-2853, 1779, and 1457 cm™ that correspond to
vibrations of the C-H bonds, C=0 group, and C=C group
of unsaturated components of the essential oils. These
reveals the presence of carbonyl and unsaturated type
of monoterpenes and sesquiterpenes in the essential oil.

The VNEORB-CD spectrum revealed O-H stretching
vibration bands at 3308 cm™' and a significant decrease
band intensity at around 2920 cm™" and 1733 cm™'; the
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reduction of characteristic peaks confirms the possible
interaction of the EO between 3-CD which might imply
the formation of VNnEOB-CD inclusion complexes. Krin-
gel et al. [62] discovered a link between fluctuation in
characteristic peak intensity and complex formation,the
inclusion of guest molecules in the 3-CD cavity limits
the mobility of encapsulated molecules. Similar stud-
ies that investigated the inclusion complexes of orange
oil, thyme oil, eucalyptus, and limonene discovered a
decrease in the strength of various essential oil charac-
teristic bands [49, 62, 63].

Fixation of VnEOB-CD/MCT on fabric was also confirmed
by FTIR results in Fig. 5. VnEOB-CD/MCT presented the FTIR
bands at 2914 (CH), 1603 (C=N) and 1021 cm™' (CI-C=N),
while a strong band at 3345 cm™" (OH) is observed for cot-
ton. The fabric, which was treated with modified inclusion
complex (VnEOB-CD/MCT) at curing temperature of 150 °C
for 3 min and underwent a washing-off process, exhibited
the same characteristic bands of VnEOB-CD/MCT and fab-
ric, confirming the existence of VNnEOB-CD/MCT grafted on
the fabrics. This resulted in the formation of two intense
bands on the fabric at 3277 cm™ and 1710 cm™' corre-
sponding to the stretching vibrations of O-H and C=0
bonds; a consequence of a chemical modification of the
fabric [64, 65]. The spectra of the untreated and activated
fabrics did not reveal any differences in peak position or
intensity; consequently, the activation step is a physical
process.

3.3.5 Fabric thermal response
Thermal stability of untreated fabric and treated fabric

(VNEOB-CD/MCT-F) is shown in Fig. 6. The thermal sta-
bility of a repellent fabric can have a significant effect

(a) 0

200-350°C

- 15
=)
£ £
é‘ 05 §
3
B47.854°C g

427 40°C

00 400 600 80

Temperature (°C)

(b)

Weight (%)

on its performance as a repellent [66]. At temperature
below 200 °C the vaporization of the physically adsorbed
water was negligible for both fabrics. The thermogram of
untreated fabric reveals three phases of weight loss. The
weight loss in the first phase, between 200 and 350 °C,
is ascribed to the dehydroxylation of the chemically
bonded water. In the second phase, from 427 to 440 °C,
the untreated fabric displays a slight weight loss, which
is attributed to the degradation of cellulose, as expected
from the literature [67].

In the third stage, in the temperature range of
547-554 °C, the fabric continues to decompose slowly
with a weight loss of 1.6%. In contrast, the weight loss of
the repellent-treated fabric increased by 5%; therefore,
the repellent treatment weakens the fabric and makes it
prone to thermal degradation, possibly acting as a con-
duit to increase the ingress of air for resultant oxidative
degradation. A similar weight loss around 426-550 °C was
observed for repellent treated fabric. However, there is a
distinct deterioration at 728-764 °C, which may be attrib-
utable to the contrasting behaviour of internal crystallites
and the chemical structure of untreated and repellent-
treated fabric as a result of the fabric’s chemical alteration.
The decomposition of the modified inclusion complex
grafted on fabric lowers its thermal stability compared to
that of the untreated fabric, which may compromise its
overall performance as a repellent [68].

3.3.6 X-ray diffraction analysis
Diffractogram for the inclusion complex, modified inclu-

sion complex, untreated fabric, activated fabric, and repel-
lent treated fabrics are shown in Figs. 7 and 8.

426-550°C

Deriv. weight (%/° C)

728-764°C

Temperature (°C)

Fig. 6 Thermal response of the a Thermal response of the fabric and b repellent treated fabric at 30-900 °C
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The morphology of a material, whether it is amorphous
or crystalline, can have an impact on the properties of
essential oils that are in contact with the fabric [69]. The
encapsulated essential oil (VNnEOB-CD) exhibited signifi-
cant diffraction peaks at 26=33.90°, 39.10°, 46.20°, 55.10°,
and 65.50°, which is a crystalline material feature. On mod-
ification of the inclusion complex with monochlorotria-
zine, new peaks appeared at 20=28.40° and 59.10°, with
peaks at 46.20°, 55.10°, and 65.50° were slightly altered
to 47.50°, 56.30°, and 69.40°, respectively By comparing
X-ray diffraction (XRD) patterns, the characteristic peak
intensity of the modified inclusion complex substrate
increases due to structural changes on inclusion complex
during monochlorotriazine grafting, which is consistent
with the findings of Khanna and Chakraborty [70] in their
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2 Theta (Degree)

study on the optimization of monochlorotriazine- 3-CD
grafting on cotton.

The grafting of the VnEOB-CD/MCT on fabric increased
the amorphous characteristics of the fabric. The treated
fabric showed a medium broad diffraction peak at
20=17.30° compared to the characteristic peaks of
the of the untreated and activated fabrics with sharp
strong peaks at 17.70, 26.00 and a broad peak at around
38.30°-57.10° (Fig. 8). According to Ambaye et al. [71],
amorphous materials lack long-range order in their struc-
ture, which can make them more porous and provide a
greater surface area for adsorption. This increased surface
area can lead to higher adsorption capacities for essential
oils, potentially making the amorphous materials more
effective at delivering essential oil fragrances or flavours.
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Fig.9 Zeta potential of untreated fabric and treated fabric

3.4 Zeta potential of the fabrics

Figure 9 shows the zeta potential of untreated and treated
fabrics in a wide pH. Over the pH range, the findings
indicated that untreated fabrics had a range of negative
charges on their surfaces.

The presence of abundant terminal sodium oxide,
hydroxyl, and chloride groups in the molecular structure
of the B-CD/MCT grafted onto the fabric surface was prob-
ably responsible for this behavior, as those groups gained
H+ions in the liquid phase and then transformed into
cationic groups at pHs lower than 7.5. The zeta potential
values of the treated fabrics increased across the entire
pH range, rendering the surfaces positively charged at a
low pH. When 3-CD/MCT interact with positively charged
surfaces of the fabrics, they can become adsorbed onto
the surface through electrostatic interactions enhancing
the affinity and adsorption of VnEO onto the fabric [72].
This enhanced interaction may increase the stability and
shelf life of the oil by reducing its volatility and preventing
oxidation. It may also enhance the oil’s ability to adhere to
certain surfaces, which can be useful in applications such
as flavouring or fragrance delivery([73].

3.4.1 Repellency potential of the treated fabric
and laundering durability

Table 3 shows the time needed to detect behavioural

changes in the flying patterns of 50% of the female A.
gambiae after being subjected to the treated fabric, pure

Table 3 Total A. gambiae repellence within 90 days of exposure

Repellence test by days Day 1 Day 14 Day30 Day60 Day90

Treated Fabric (min) 12 18 25 33 41
5 -
Negative control (min) - - - - -

Pure essential oil (min) 8 15 12

essential oil, and negative control over a 90-day period.
The period for behavioural changes in flying patterns dif-
fered considerably after exposure of the female A. gambiae
to the fabric and essential oil. The negative control did not
exhibit any form of repellency effect on the exposure to
the A. gambiae. Further, the efficacy of the V. negundo oil
has also been reported in previously published articles by
Hebbalkar et al. [74] and Okoli et al. [24].

The regulated release pattern of the essential from
the monochlorotriazine modified B-CD functionalized
surface of the fabric caused an increase in the distor-
tion in the flying patterns of A. gambiae as the number
of days increased. However, from day 1 to day 14, a simi-
lar response was noted for the pure essential; however,
repellency activity declined from day 12 to a point of no
activity. This is most likely due to the chemical volatility,
vulnerability to oxidation, and limited protection against
mosquito bites. According to the findings of Maes et al.
[75] the observed attitudinal shift is highly related to the
stabilisation of the essential oil by the encapsulate.

The treated fabric, subjected to six wash cycles and
subjected to mosquito repellency study over period of
1800s after each wash cycle, showed a gradual decrease
in repellency activity from 100+ 2.00 to 50 £4.10%. Gener-
ally, the observed repellency activity is associated with the
decrease in the percentage retention of the treated fabric
after each wash cycle (Fig. 10).

After the six wash cycles varying amount of a-pinene,
sulcatone, sabinene, myrcene, a-3-carene, linalool, cis-
sabinene hydrate, camphor, borneol, a-terpineol, (E)-f-
ocimenen, decanal, geraniol, linalyl acetate, and bornyl
acetate were released from the treated fabric into the wash
solution (Table 4). Linalool, cis-sabinene hydrate, a-pinene,
sulcatone, sabinene, myrcene, camphor accounted for
the largest amount of compound found in the wash solu-
tion across the 6 wash cycles. After the first wash cycle
there was a loss of 13% repellency possibly due to a
loss of a-pinene, sabinene, and myrcene which are lead

120

100 =

Z
80 =

\

N

60 =

% Retention

40 =

20 -

Wash cycle

Fig. 10 Effect of washing on the efficiency of treated fabrics repre-
sented as percentage retention of repellency activity
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Table 4 Comp.ositi.on RT Compounds % Compo- % Composition of each wash cycle solution
of pure essential oil and sition of EO
phytocompounds identified 2nd 3th 4th 5th 6rd
in each wash solution in
percentages 5.75 a-pinene 27.94 27.19  26.19
7.271 sulcatone 1.28 22.58 20.83 6.56  7.00
7.8 sabinene 8.38 12.49 8.02 7.69 6.47
8.289 myrcene 16.78 18.49 6.02 5.56
8.384 a-3-carene 1.44 8.28 376 427 242 5.62
8.805 (E)-B-ocimene 0.65 7.65 7.01 9.41 3.66 3.66
9.192 Cis-linalool oxide 6.72
9.633 trans-linalool oxide 0.88
9.776 linalool 1.16 5.85 8.08 10.77 747 1091
9.871 cis-sabinene hydrate 1.03 6.92 1221 10.68
10.76 camphor 1.81 8.16 13.54
11.01 citronellal 2.06
11.61 borneol 5.2 6.27 6.18 9.71 7.18
11.96 a-terpineol 1.05 6.59 4.88
12.07 verbenone 1.52
12.52 n-decanal 0.67 582 421
12.61 geraniol 2.87 4.52
13.01 linalyl acetate 3.95 12.34
13.47 bornyl acetate 1.94 6.18
13.86 4-terpinenyl acetate 3.71
14.62 a-cubebene 0.65
14.93 a-ylangene 0.97
15.56 a-copaene 0.82
15.99 B-bourbonene 0.94
16.14 B-elemene 0.67
16.56 a-gurjunene 0.77
16.68 B-caryophyllene 0.64
171 trans-a-bergamotene 0.68
18.12 B-selinene 0.82 12.12
18.59 ledene 0.67 124
Unknown 1.33 497 11.68 5389 17.09 336 54.95
Monoterpenes 80.16 95.03 63.8 46.11 8291 664 45.05
Sesquiterpenes 7.63 24.52

phytocompounds natural anti-mosquito in V. negundo
EO according to the findings of Okoli et al. [23] on the in-
silico and excito-repellent studies. After the first wash cycle
B-selinene and ledene were the only sesquiterpenes lost
to the wash solution.

After the second was cycle the repellent activity further
decreased by a significant amount with of a-pinene, sul-
catone, sabinene, (E)-B-ocimene, 3-selinene, and ledene
found in the wash solution. There was a relative stability
in the retention characteristic of the treated fabrics after
the third, fourth and fifth wash cycle. The sixth wash cycle
provided the highest decrease in repellency activity of
about 55% due to the consistent loss of sulcatone one of
the major anti-repellent compound in V. negundo due to
its strong hydrogen bond interaction with key odourant
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proteins in A. gambiae mosquitos [24]. However, the only
sesquiterpenes found in the wash solution were B-selinene
and ledene which occurred after the second cycle and
their removal is associated with the molecular weights
of the sesquiterpenes in relation to the size of the host
hydrophobic cavity.

4 Conclusion

The results of this investigation suggest that finishing fab-
ric with MCT-modified encapsulated VnEO is successful,
providing important information for the development
of biofunctional materials designed to repel mosquitos.
The characterization data of treated and untreated fabrics
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clearly demonstrated the efficacy of MCT on fabricin terms
of significant increases in chemical stability, protection
time, and oxidation resistance. The treated textiles did, in
fact, exhibit good repellency qualities, satisfactory wash
cycles, and distinctive features that might fulfil practical
usage requirements. The environmental effect of chemical-
based aerosol repellents will be eliminated with this inno-
vative alteration strategy, as well as the impact of malaria
in endemic areas. Based on the findings, it is possible to
infer that finishing fabric with MCT-modified B-CD encap-
sulated V. negundo essential oil is a potential option for
convectional malaria vector control that may satisfy desir-
able end-use qualities.
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