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Abstract

The aim of this study was to prepare mosquito repellent textiles. To compare bio-based and synthetic mosquito repellent
agents, limonene and permethrin were encapsulated with ethyl cellulose shell. Coacervation was employed, which is a simple
and reproducible method for the encapsulation with high production efficiency. Morphological assessment showed that the
capsules had smooth surfaces and their shape was spherical. The homogenous size distribution of the capsules was sup-
ported by laser diffraction analysis. The capsules showed narrow size distribution and the mean particle size of the optimum
formulations for limonene and permethrin was 1 and 1.3 pm, respectively. The size of the produced capsules was considered
suitable for textile applications. The FTIR spectra revealed the similarity of the chemical structure of capsules with shell
material. Cotton fabrics were treated separately with limonene and permethrin capsules by padding method. The presence
of capsules on the fabrics was determined after 20 washing cycles. Insecticide activity was evaluated against common house
mosquitoes (Culex pipiens), with respect to cone bioassay of World Health Organization (WHO). Mosquitoes were tended to
stay away from treated fabrics, and mortality rates of mosquitos were noted as 41% and 54% for limonene and permethrin,
respectively. Although efficacy of fabrics decreased with increasing washing, the fabrics still showed repellency after 20
washing cycles. This study showed that the developed product might be used as an alternative to the other products in the
market for avoiding mosquito-borne diseases.

Keyword Insect repellent textiles - Insecticide - Mosquitocide - Limonene - Permethrin - Ethyl cellulose -
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Introduction

Insects have many functions that can be considered both
beneficial and harmful to human beings and they play a con-
siderable part in human life. They transmit many diseases,
which may adversely affect human life. They can cause sig-
nificant damages to agricultural products and materials made
from natural raw materials such as wool and cotton used in
textile industry [1]. Some of them may be annoying by sting-
ing or biting, and some can only disturb human beings with
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their sounds or appearance. On the other hand, they have a
significant role in natural balance. They transfer pollen and
help the cultivation of agricultural products, and serve as
nutrients of many upper organisms in the food chain. They
transform various organic wastes, and from time to time,
they are useful as human food. By considering all the above
points, their destruction by mass purge would damage our
living environment and cause ecological disaster [2].
Mosquitoes are one of the most harmful insects. They
carry and transmit arboviruses such as malaria, dengue
fever, and zika [3]. There are numerous methods developed
to protect humans from mosquitoes. Besides mass insecti-
cide applications, there are several types of personal applica-
tions. One of the most common methods is to keep away the
insects by a simple mosquito net. However, it can only be
used when the person is motionless. Also, mosquito coils,
which are insecticide-impregnated spiral shaped incenses,
candles, lanterns, and torches, are generally used outdoors.
Even they are relatively effective, the smoke of incense may
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contain contaminants that can cause health concerns, in
addition to fire risk. There are also many commercial insect
repellent products in different forms such as spray, aerosol,
or lotion in the market. Because they are applied directly to
the skin, they may cause undesired skin reactions. Encap-
sulation of insecticides is an alternative way to avoid exces-
sive usage of insecticides. With using micro- and nano-sized
capsules in textile finishing, it is possible to produce wash-
resistant textile products that are effective even if less active
substance is used [2, 4, 5].

Basically, encapsulation produces small spheres covered
with a thin shell film to protect the active substance. With
encapsulation technology, it is possible to protect easily per-
ishable substances such as insecticides, antimicrobials, and
antioxidants by environmental factors like oxygen, heat, and
light. In addition, people are exposed to much lower doses
of these substances. Encapsulation of insect repellents has
become appealing not only by the above reasons but also
because of prolonging the desired effect. It has been possible
to preserve the functional properties through encapsulation
[6,7].

Ethyl cellulose (EC), which is chosen as shell material,
is a rigid, thermoplastic, and hydrophobic material. This
polymer is resistant to water, alkali, and salt. It is compat-
ible with the coacervation technique and can be applied to
textile surface [8, 9]. Permethrin is a poorly water-soluble
synthetic insecticide in the pyrethroid group. It is determined
as Class II, moderately hazardous according to hazard classi-
fication of WHO pesticides guideline and it is recommended
for the finishing applications to mosquito nets. Permethrin is
a contact and digestive effective insecticide. The mechanism
of action is through neuronal membranes called neurotox-
ins. Due to its good solubility in oil, it is absorbed rapidly
through cuticle of the insect and shows its toxic effect. The
toxicity is low against non-target livings such as mammals
and skin absorption is weak. Therefore, it is preferred in
public health pest control [10—12]. Limonene is a highly
volatile oil and is derived usually from citrus family. It has
been widely used in food and cosmetic industries owing to
its pleasant smell and flavor. This natural active agent is also
employed in many products due to its insecticide feature.
Limonene was found to be as effective as N,N-diethyl-m-tol-
uamide (DEET), which is a potent synthetic insecticide,
when used at the same dose. However, due to its volatile
nature, it loses effectiveness by quick evaporation, and end-
users become vulnerable against insects [6, 13].

The insect repellents, such as DEET and permethrin, do
not have good water solubility. In direct use, some insecti-
cidal agents especially natural oils stain the textile products.
Beside that, they may cause allergic reactions in the skin
due to direct contact. Moreover, the washing resistance of
these products is limited. Thus, studies on encapsulation
are carried out to overcome these disadvantages. Polyurea
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capsules containing diazinon were formed by interfacial
polymerization. Mean diameter of the capsules was deter-
mined as 36 um and pH-triggered insecticide release was up
to 130 days [14]. Eucalyptol was encapsulated with sodium
alginate by interfacial insolubilization reaction. Release of
the active agent was assessed by estimating the finger forces
[15].

In another study, citronella was encapsulated with chi-
tosan using modified orifice method [16]. DEET melamine
capsules were applied to a polyester net fabric. The insecti-
cidal effect was examined using tunnel test against Anoph-
eles gambia mosquitoes [17]. The MCT-f-CD complexes
containing cypermethrin and prallethrin were produced sep-
arately and applied to the fabrics. Bioassays against mosqui-
toes (non-defined) have shown that the fabrics treated with
these complexes are more effective even after washing than
those fabrics soaked only into solutions of these insecticidal
agents [18]. MCT—f-CD complexes with limonene were
formed. Insecticidal effect of fabrics grafted with inclusion
complexes was compared with those of fabrics impregnated
and coated with limonene solutions. As the concentration
and exposure time increased, the toxicity on mosquitoes
was recorded to increase [6]. Gelatin—gum Arabic capsules
containing citronellal were produced with complex coacer-
vation and the long-lasting insecticidal effect of the fabrics
treated with these capsules was determined [19]. In a later
study, citriodiol and citronella essential oil, encapsulated
into gelatin—arabic gum polymer, mixed, and compared
with commercial melamine—formaldehyde capsules contain-
ing citriodiol [20]. In vivo behavior of DEET—4-CD and
eucalyptol-3-CD complexes-treated fabrics on Hyalomma
marginatum ticks was investigated by Inceboz et al. [21].
Sittipummongkol et al. used spray dying method to encap-
sulate neem oil in three different shell polymers: PVA, gum
Arabic, and whey protein isolate/maltodextrin [22]. Euca-
lyptus oil and cedar wood oil were encapsulated with gum
arabic by simple coacervation method. Insect repellency
behavior of fabrics treated with capsules tested against sil-
verfish (Lepisma saccharina) insect was defined [23].

In this study, one chemical (permethrin) and one natural
(limonene) insecticidal agents were used as core materials
and they were encapsulated with ethyl cellulose (EC) shell
by coacervation method. Microcapsule formulations were
examined by scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), and particle-size
distribution analyses. The optimum formulas were applied
to cotton fabrics separately by the impregnation method. To
evaluate the effect of active agent and capsule endurance on
fabric, in vitro mosquito repellency assays were conducted
before and after washing.

Today, insect-borne diseases are affecting human life
enormously. Therefore, it is necessary to maintain such stud-
ies to prevent mosquito-borne diseases. There are different
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studies regarding mosquito repellency of fabrics in the litera-
ture. In many of these studies, synthetic active agents were
employed as insecticide. This study is focused on encapsu-
lation and comparison of synthetic and natural insecticidal
agents. It shows that natural products can be as effective as
synthetic products. Also, it is important to obtain wearable
insect repellent product ensuring sufficient durability against
domestic washing. In addition, this study is essential because
of in vitro tests performed with Culex pipiens.

Experimental
Materials

In this research, desized, mill scoured, and bleached plain
weave cotton fabric (specific weight 130 g/m?) was used.
The shell material EC Premium 4 was donated from Dow
Chemicals, Istanbul, Turkey. Limonene (Sigma-Aldrich)
and permethrin (Farmatek, Turkey) were employed as core
materials. Tween 20 was used as a surfactant. The surface
active agent, ethanol and ethyl acetate (EA) were supplied
from Merck, Darmstadt, Germany. Acrylic-based commer-
cial binder “ORGAL NA 366" (Organik Kimya A.J) was
used. All other auxiliary chemicals used in the study were
of laboratory-reagent grade.

Preparation of nano- and micro- capsules

Encapsulation of active agents was performed by coacerva-
tion method. Coacervation method is one of the leading pro-
duction methods of microencapsulation of water-insoluble
active agents. Fundamentally, active agents dissolved in an
aqueous system are separated to droplets with the help of
high shear mixer. Each of these droplets, dispersed in the
system, is coated by a thin film of polymer. The liquid film
of polymer must be solidified before water removal of the
system. Afterward, capsules are isolated [24-26]. In this
process, capability of water-insoluble polymers to inter-
act with water was used to form the capsules. The organic
phase, composed of active agent and EC, was prepared by
dissolving the appropriate amount of these ingredients in
the solvent (EA) using a magnetic stirring bar. After that,
the polymer-rich organic phase was added slowly to the pol-
ymer-free aqueous phase. The organic phase was separated
into micro-droplets with a high shear homogenizer (Silver-
son) at 8000 rpm. Every single droplet was coated with a
thin film of shell material, simultaneously. Subsequently, the
liquid film was solidified by adding water into the system.
A centrifuge machine was used at 5000 rpm (3689 RCF/g)
for 15 min for removing water and obtaining microcap-
sule slurry. At the final step, the slurry was treated with an

ultrasonic bath for having smoother structure and drying at
laboratory conditions.

Characterization of nano- and micro- capsules

Several characterization analyses were performed to deter-
mine the specified formula. Encapsulation yield was calcu-
lated according to the ratio of practical mass to theoretical
mass. Equation of production yield is as follows:

Actual capsule amount(g)

Production yield (%) = x 100

Theoretical capsule amount (g)

Morphological properties of insect repellent capsules
were examined through scanning electron microscopy
(SEM) images. The analysis was carried out with a Quanta
250 FEG SEM. Capsules were gold-coated to provide elec-
trical conductivity (15 mA, 2 min). The images were taken
at 10,000 X magnification.

Fourier transform infrared spectroscopy (FTIR) analy-
sis was performed to determine encapsulation performance
with the changes in the infrared spectrum. Measurements
were taken at a wavelength range of 4000-400 cm™! using
a Perkin Elmer Frontier FTIR device. The obtained spectra
were smoothed to remove the noises with official software
of the device.

To determine the size of the resulting capsules, a Malvern
Zeta sizer Nano-S particle-size distribution tester was used.
Before measurement, an aqueous solution of capsules in a
certain rate was prepared and sonicated in an ultrasonic bath
until forming a good mixture. After that, the capsule disper-
sion was put in disposable cuvettes. Then, the light emitted
by the laser Doppler passed through the dispersion.

Textile treatment

An application bath was prepared including insect repellent
capsules (40 g/L) and acrylic-based binder (50 g/L). The
fabrics were impregnated in the bath and squeezed through
the rollers, so that wet pick-up became 90%. The fabrics
were exposed to a one-step drying and fixation process
(7 min at 120 °C) in a laboratory stenter [27-29].

Evaluation of treated fabrics and in vitro studies

The capsule-treated fabrics were washed separately for 1,
10, and 20 times at 40 °C for 30 min, according to ISO 105-
C06:2010. An ECE non-phosphate reference detergent (A)
(4 g/L) was used. The fabrics were rinsed and then dried in
laboratory conditions.

Insecticidal activity of the limonene and permethrin cap-
sules-treated fabrics was evaluated against female mosqui-
toes (Culex pipiens) in accordance with cone bioassays of
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Fig. 1 Experimental set-up for insect repellent test

WHO 2005 standard guidelines for laboratory and field test-
ing of long-lasting insecticidal mosquito nets [30]. The test
was conducted at 28 °C with 50-70% ambient humidity. For
the trials, a 60° inclined test apparatus was designed. After
the test fabrics were laid on the test set-up, transparent cones
were placed on equal intervals. Mosquitoes were loaded into
the test system from the narrow rim of the cones and con-
tacted with the fabrics for 30 min. Afterwards, the mosqui-
toes were placed in a separate monitoring device with an
aspirator system and life conditions were observed for 24 h.
The experiments were repeated three times for each group
of fabrics: untreated (control), treated, and washed (Fig. 1).
The mosquitoes that cannot stand cannot fly in a coordinated
manner, lie on its back, move legs and wings, but unable
to take off, can stand, and take off briefly, but falls down
immediately were defined as moribund. The mosquitoes that
were immobile and did not show a sign of life were defined
as knock-down with the assessment made after 30 min and
were named as dead with the assessment made after 24 h.
Mortality of the control fabric was found 5.00%. Corrected
mortality should be calculated if the control mortality was
ranged from 5 to 20%. Therefore, corrected mortality in
percentage was calculated using Abbott’s formula [30-32]:

Corrected mortality (%)
__ Test mortality(%) — Control mortality(%)
a 100 — Control mortality(%)

x 100

Results and discussion

Encapsulation studies were carried out at 1:1, 2:1, 4:1,
and 10:1 polymer/active agent (w/w) ratio. Formulations
of limonene and permethrin capsules and the production
yield are given in Table 1. In the centrifuge step, no precipi-
tate was formed for Li M1, Per M1, and Per M2 formula-
tions. This may be due to the fact that the active substance
concentration is too high, and therefore, the encapsulation
does not occur. A relatively small quantity of sample was
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Table 1 Formulations and production yield of insect repellent capsule
experiments

Active agent Code Polymer:active agent Produc-
(w/w) tion yield
(%)

Limonene Li M1 1:1 -

Li M2 2:1 41

Li M3 4:1 62

Li M4 10:1 75
Permethrin Per M1 1:1 -

Per M2 2:1 -

Per M3 4:1 52

Per M4 10:1 85

collected from the bottom of the centrifugal tube. Therefore,
the production yield was not calculated for these formula-
tions. For the other formulations, the yield of the capsules
ranged between 41 and 85% (w/w), which can be consid-
ered relatively high (Table 1). A reduction in the amount of
active substance in the formulation affected the production
efficiency positively.

Capsules produced by the conservation method are usu-
ally characterized by their spherical shape and the mean par-
ticle diameter is determined using several factors such as
aqueous phase to polymer ratio and the shearing rate. Typi-
cal photomicrographs obtained by SEM of the capsules show
that the product is composed mainly of spherically shaped
particles (Figs. 2 and 3). Although Li M1 capsules seem to
have a spherical form, homogeneity was not observed in size
distribution. Furthermore, this formulation is not applicable,
because the capsule yield is very low. In the Li M2 formula-
tion in which the amount of active substance was reduced,
substantially homogeneous and spherical capsules were pro-
duced. In the formulations of Li M3 and Li M4, spherical
and smaller capsules were successfully formed. It was also
indicated that the capsules obtained from Li M2, Li M3, and
Li M4 formulations have homogeneous characteristics with
smooth appearance and do not show the presence of free
active agents on their surfaces (Fig. 2).

In the encapsulation process, no capsules were pre-
cipitated in the Per M1 formulation and only a very small
amount of Per M2 capsules was obtained. Therefore, Per
M1 samples for SEM were prepared from oily superna-
tants. Technically, it was not possible to take the photo-
micrographs larger than 1000 X magnification for Per M1
formulation. Images of Per M1 and Per M2 showed that
capsules were mostly aggregated and free permethrin was
present on the surface of the capsules. This may be the
reason why the capsules cannot be precipitated in these for-
mulations. On the contrary, Per M3 capsules were found to
be morphologically spherical, separated, and nano-meter
sized. The particle-size distribution was determined to be
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Fig.3 SEM photomicrographs of permethrin capsules at X 1000 and X 5000 (from left to right: Per M1, Per M2, Per M3, and Per M4)

consistent. Per M4 capsules were also found to be spherical
and particle distribution of capsules was relatively homo-
geneous (Fig. 3).

The mean particle size and distribution of these parti-
cles are also important for the textile application. The mean
particle size of capsules was determined by laser diffraction
method and changes in the size due to changing polymer
to active agent ratio were observed. When the particle-size
distribution analysis of limonene capsules was examined, it
was found that approximately 90% of the Li M1 and 80%
of the Li M2 formulations were between 1.41 and 0.9 um,
respectively. Similarly, Li M3 and Li M4 were found to have
an average particle size of 1 um, representing approximately
90% of the total mass. It was seen that Li M3 capsules had a
more uniform particle distribution than other formulations,
with a slight difference with Li M4 (Fig. 4).

The particle-size distribution of permethrin capsules
is given in Fig. 5. It was determined that Per M1 parti-
cles were distributed in different size ranges. It was found
that 35%, 43%, and 22% of particles were concentrated at
89 nm, 0.4 pm, and 0.8 um, respectively. Per M2 capsules
were found to be relatively small, which showed a regular
particle distribution, and 99% had an average particle size
of 9 nm. It was found that Per M3 capsules had a relatively
larger particle size than Per M2, but approximately 95%
had an average size of about 1.3 um. It was observed that
the distribution of Per M4 capsules was less uniform than

1 10 100 1000 10000
Particle size (nm)

Fig.4 Particle-size distributions of limonene capsules

35
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0
1 1000 10000

Partlcle size (nm)

Fig.5 Particle-size distributions of permethrin capsules

that of Per M2 and Per M3, and 91% of the capsules were
collected in a particle-size range of 1 um.

The FTIR spectra of limonene capsules and the materials
forming them are given in Fig. 6. The limonene spectrum is
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Fig.6 FTIR spectra of limonene capsules

in accordance with the related literature [33]. The character-
istic peaks of limonene were obtained at 2918 cm™! (-C—H
stretching), 1645 cm™' (~C=C stretching), 1436 cm™!
(—C — H bending), and 885 cm™! (out-of-plane bending)
When the IR spectrum of EC was examined, the stretching
vibrations of characteristic -C—O—C- band and -C—H band
were observed at 1054 cm™! and at 2870 and 2972 cm™!,
respectively. C—H bending was located at 1375 cm™!. When
the spectra of the capsules were examined, both EC and
limonene peaks were identified. The strong peak of EC at
1053 cm™! aroused from —C—O-C— band was observed in
all formulations. The C-H bands, obtained at 2973 and
2870 cm™!, were found to be deeper than EC peaks and
close to the peak intensity of limonene. This may indicate
successful encapsulation. In addition, the bands originating
from the C=0 stretch appear at 1735 cm™". This may be due
to the use of ethyl acetate.

In Fig. 7, the FTIR spectra of permethrin capsules are
presented. Many sharp characteristic peaks of permethrin
between 4000 and 550 cm™! can be observed, which are
defined earlier in the literature [34]. The C=0-stretching
vibrations of carbonyl groups were seen at 1724 cm™! and the
asymmetric stretching vibrations of C—-O-C were observed at
1283 cm™'. The peaks at 1214 and 1162 cm™" indicate C-O-
stretching vibration. In-plane and out-of-plane deformation
vibrations occurred at 816 and 690 cm™!, respectively. When
the spectra of capsules were examined, both EC and perme-
thrin characteristic bands were observed. The missing perme-
thrin and limonene bands in the spectrum of capsules were
considered as a result of capsulation. Thus, it was considered
that the active agents were captured inside the EC shell.

According to the performed analysis, optimum capsule
formulas were determined as Li M3 and Per M3. These
formulations were preferred for use in the textile finishing
studies, since they had smoother surfaces and better parti-
cle-size distributions, and they were morphologically more
uniform. Also, the production yield was relatively higher:
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Fig.7 FTIR spectra of permethrin capsules

62% and 52% for Li M3 and Per M3, respectively. After
that, the selected formulas were applied to cotton fabrics
separately, and the capsule-treated fabrics were washed for
1, 10, and 20 times. The SEM micrographs of the fabrics
including limonene and permethrin capsules are exhibited
in Figs. 8 and 9, respectively. These images showed that
capsule application succeeded for both formulations. It was
observed that capsules were covered with the binder and
fixed onto the textile surface. Also, the effect of repeated
washings on capsules was evaluated. Capsules on the textile
surface and also embedded in the binder were observed even
after 20 washes for both formulations.

The fabrics including insect repellent capsules were
also subjected to insect repellent activity test in accord-
ance with WHO standard. The assays were performed for
treated and washed fabrics. The results of knock-down and
mortality rates are tabulated in Table 2. No knock-down
(KD) was observed just after contact with the control fab-
rics. 24 h mortality rate was found to be 5.00%; there-
fore, the corrected mortality rate was calculated. The first
observations after contact (30 min KD) showed that there
were no significant knock-downs for all the fabrics treated
with capsules. However, after 24 h, mortality was found to
be 53.9% and 40.8% for fabrics finished with permethrin
and limonene capsules, respectively. It is concluded that
the insects were exposed to a relatively lower amount of
insecticide after 30 min of exposure due to the polymer
barrier. Yet, the fabrics showed delayed killing action in
24 h [6, 35]. Although the mortality rate of mosquitoes
decreased with increased washing, insecticidal effect was
detected even after 20 washes. After washings, 24 h mor-
tality ratios were found to be similar in limonene and per-
methrin capsule-containing fabrics as 19.4% and 18.6%,
respectively (Fig. 10). In addition, it was monitored that
mosquitoes contacted with the capsule-containing fabrics
were relatively more immobile than those contacted with
control fabrics. Mosquitoes that have been in contact with
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Fig. 9 SEM photomicrographs of cotton fabrics treated with permethrin capsules: a no wash, b 1 wash, ¢ 10 washes, and d 20 washes

Table 2 Insecticidal activity of the fabrics treated with limonene and
permethrin capsules

Number of Knock- Mortality (%) Corrected

mosquitoes down mortality
(%) (%)

Control 20 0.0 5.0 -
Limonene fabrics

0 Washing 46 6.5 43.8 40.8

1 Washing 49 2.0 29.8 26.1

10 Washings 48 2.1 30.8 272

20 Washings 47 0.0 234 19.4
Permethrin fabrics

0 Washing 54 0.0 55.6 539

1 Washing 52 3.8 36.5 342

10 Washings 48 0.0 33.0 29.5

20 Washings 53 0.0 22.6 18.6

the fabrics containing both active agents exhibited an ina-
bility to fly or stand on their legs.

Conclusion
The aim of this study was to develop an alternative

method for prevention of mosquito-borne diseases. In
this research, two different insecticidal active substances,

W Permethrin (%) mortality
20 @ Limonene (%) mortality
=)
£
§ 10
3
2 01
Ko
©
e
0

0 5 10 15 20 25 40 45 50 55 60

30 35
Mortality (%)

Fig. 10 Insecticidal activity test results of limonene and permethrin
capsule-treated fabrics

one natural “limonene” and another synthetic “perme-
thrin”, were encapsulated by coacervation method and
then successfully applied on cotton fabrics. The capsules
remained on the fabric and have been able to maintain the
insecticidal effect at a certain rate after 20 washes. There
was also a reduction in the ability of the mosquitoes’ fly
or standing that contacted with fabrics containing both
active substances. It was found that the fabrics containing
limonene capsules showed relatively less mortality against
Culex pipiens than those containing permethrin. With
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using active agents in capsular form, insecticides ensured
with a considerably low dose of insecticides. In addition
to that, because the active ingredient is surrounded by a
polymer, the end-user would not be in constant contact
with these agents like some products on the market (such
as incest repellent aerosols and lotions). Thus, acute and
long-term adverse effects can be avoided. Furthermore,
since the active ingredients are resistant to washing and
oxidation with encapsulation, there would be no need for
repeated application with the developed product. In this
way, end-users will be able to reduce or quit using the
topical products. The results revealed that textile products
treated with capsules containing limonene and permethrin
exhibit appropriate properties for insect repellency, and
they might be an effective and promising alternative to the
products in the market.
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