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Abstract

Supercritical fluid extraction (SFE) is a rapid, selective, and convenient method for sample preparation
prior to the analysis of compounds in a volatile product of plant matrices. In this study, insecticidal
activity and repellency were examined in a laboratory study to determine the active constituent of Perilla
frutescens and a supercritical fluid extract from Perilla frutescens against hard tick Haemaphysalis
longicornis.

The repellency of P, frutescens oil extract was evaluated in comparison with two commercial repellents
(Icaridin and DEET) against H. longicornis. Filter-paper diffusion assay revealed that P, frutescens oil (3.2
ng/cm?) had a 100% repellency and icaridine (3.2 pg/cm?) had a 96.1% repellency at 120 min.
Repellencies of 4 compounds and microcapsule P, frutescens of against H. longicornis were compared
with the repellency of Icaridine and DEET at 3.2 pg/cm?. Responses varied according to the test
compound and exposure time. Repellencies of Perillaldehyde and microcapsule P, frutescens were 100%
at 30 min post-treatment. P, frutescens oil merit further study as potential fumigants or lead compounds
for the control of H. longicornis.

Introduction

The supercritical fluid extraction (SFE) technology has advanced tremendously since its inception. It is a
method of choice in many processing industries. Over the last two decades, SFE has been well received
as a clean and environmentally friendly “green” processing technique. In some cases, it is an alternative
of organic solvent-based extraction of natural products (Mohammed et al.,, 2012, Jang, 2024). Since the
end of the 1970s, SFE has been used to isolate natural products. However, its applications have been
concentrated on only a few products for a long time. Now the development of processes and equipment
is beginning to pay off and industries are getting more and more interested in SFE techniques
(Reverchon and Taddeo, 1995, Jang, 2024).

Plant essential oils have been suggested as alternative materials for insect control because some of
them are selective to certain pests. In addition, they are often biodegradable to nontoxic products.
Moreover, they have little or no harmful effects on nontarget organisms (Isman, 2001; Mumcuoglu et al.,
2002, Jang, 2024). They can be applied to resting and hiding places in the same way as other
conventional insecticides. They also provide useful information on resistance management because
certain plant extracts or phytochemicals are highly effective against insecticide-resistant insect pests
(Lindquist et al., 1990; Ahn et al., 1997, Jang, 2024). In addition, some plant essential oils and their
constituents have been proposed as alternatives to commonly used synthetic insecticides because they
are exempted as minimum risk pesticides under Federal Insecticide, Fungicide, and Rodenticide Act
(FIFRA) requirements (U.S. EPA, 1996). Furthermore, plant essential oils are widely available, with some
of them being relatively inexpensive compared with plant extracts (Isman, 2001, Jang, 2024). Because of
this, much effort has been focused on plant essential oils or their constituents as potential sources of
commercial control agents.
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The hard tick, Haemaphysalis longicornis, is widely distributed in East Asia and Oceania (Fujisaki et al.,
1994; Silva et al., 2005; Tanaka et al., 2012, Jang, 2024). It can act as a vector for viruses, chlamydia,
rickettsia, bacteria, and protozoa (Fujisaki et al., 1994; Guan et al., 2002; Jongejan and Uilenberg, 2004; Li
et al.,, 2009, Jang, 2024). In South Korea, this species is the most abundant tick that infests humans and
domestic animals, with infestation rates peaking during the summer. At present, common anti-tick
measures include spraying synthetic drugs, performing regular medicated bathing of livestock, using
smoke agents as acaricidal drugs in forests, and applying synthetic acaricides to the environment and
animals (Regassa, 2000; lori et al., 2005; Patarroyo et al., 2009, Jang, 2024). Anti-tick drugs used usually
include chemical agents containing synthetic pyrethroids, organophosphates, and amitraz (Gazim et al.,
2011, Jang, 2024). Although these acaricides are beneficial when properly used, misuse has led to
poisoning in humans and animals (FAQ, 1998; Zorloni et al., 2010, Jang, 2024). Their misuse can also
lead to problems such as only partial success of treatment with these agents, development of serious
resistance in parasites, drug residue, and environmental hazards (Fernandes and Freitas, 2007; Ribeiro et
al,, 2007; Nong et al,, 2012, 2013, Jang, 2024).

The poly-e-caprolactone (PCL) is suitable for controlled drug delivery due to a high permeability to many
drugs excellent biocompatibility and its ability to be fully excreted from the body once bio resorbed (De
Avila SC et al., 2017). Biodegradation of PCL is slow in comparison to other polymers, so it is most
suitable for long-term delivery extending over a period of more than 1 year. PCL also has the ability to
form compatible blends with other polymers, which can affect the degradation kinetics, facilitating
tailoring to fulfill desired release profiles (De Avila SC et al., 2017).

PCL is a biodegradable polymer capable of incorporating various substances in their chemical structure.
This polymer is insoluble in water, but it can permeate their polymer chains, and their degradation is slow
in an aqueous medium without causing risks to the environment (De Avila SC et al., 2017). This work
presents the preparation and characterization of Microcapsules of poly-e-caprolactone (PCL) containing
P, frutescens oil of supercritical fluid extraction.

Materials and methods
Ticks

H. longicornis ticks were collected from naturally infested goats in Suncheon, South Korea. After
collection, they were maintained in the laboratory without exposure to any known acaricide. They were
reared in plastic containers (15cm x 12cm x 6 cm) at 25 = 1°C with a relative humidity of 75% in the dark.
Experimental tick nymphs were derived from post-blood meal larvae that fed on rabbits (New Zealand
white rabbits). They were 2—-3 weeks old after molting from engorged larvae.

Chemicals

Fore compounds used in this study were as follows: Perillaldehyde, acetic acid, Dimethyl anthranilate
and Bergapten supplied by Sigma Aldrich(St. Louis, MO, USA). Icaridine was obtained from the National
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Institute of Health, Korea Center for Disease Control and Prevention, Seoul, Korea. Icaridine and N,N-
diethyl-m-toluamide (DEET) were purchased from Aldrich (Milwaukee, WI, USA). Dibutyl phthalate was
supplied by Sigma (St. Louis, MO, USA). All other chemicals were of reagent grade.

Materials

PCL (Mn =80000), PVA (Mw = 85000 ~ 124000), and NF (= 98%) are purchased from Sigma-Aldrich. PEG
(Mw =2000) is purchased from Yakuri Pure Chemicals (Japan). NF is 1,4-dihydro-2,6-dimethyl-4-(2-
nitrophenyl)-3,5- pyridinedicarboxylic acid dimethyl ester, C;7H;gN,05. DCM (99.5%, Samchun Pure

Chemical, Korea) is purchased as a solvent and used as received without further purification.

Extraction

Experiments were carried out in a dynamic extraction unit, which mainly consisted of three parts: a CO,
reservoir, an extractor vessel, and three separator vessels in series, accompanied by a thermostatic bath,
a metering pump, a cryostat, the necessary instrumentation to control the pressures, temperatures,
mass flow rates, and valves for collecting extract. The operating temperature and pressure can reach up
to 60°C and 500 bar, respectively, with a maximum gas mass flow rate of 0.70 ml/min. As a
pretreatment, P, frutescens were dried and finely ground. A mass of 100 g was weighed in a precise
Scaltec instrument balance (precision of + 0.1 mg). The mean particle diameter of the resulting powder
was determined at around 1 mm (Jang, 2024).

The sample was then allowed to reach a constant extraction temperature before charging CO, into the
high-pressure pump from the storage cylinder. The CO, gas was further compressed to the desired
pressure of the pump. After 1 h, a time corresponding to the static extraction, the extractor valve was
opened and intermediate valves between separators were continuously adjusted in order to regulate the
pressure so that a constant flow rate could be kept. Samples were taken every 15 min by placing valves
at the bottom of separators. Samples were then weighed to obtain the mass of the essential oil.
Dynamic extraction was pursued for 3.5 h, after which it was noted that the extracted mass was very low.
Finally, the glass containing the extracted essential oil was kept in a freezer to be used for
chromatographic analysis. Operating conditions such as pressure, temperature, particle diameter, and
supercritical fluid flow rate were fixed (Jang, 2024).

Extractions were performed at a temperature range of 30—60°C with particle size of 0.5-2 mm at a
pressure between 100 and 500 bar. These ranges are the most frequently adopted for similar system
types where CO, is at its supercritical state. Therefore, the temperature was controlled thermostatically
and the pressure was regulated using a membrane pump to reach the extraction pressure. The
maximum mass flow rate was 0.70 ml/min through the pump, which was also connected to a cryostat in
order to liquefy CO,. The flow rate of the latter was measured with a Coriolis force flow meter. It
indicated the amount of CO, used during the extraction. Separation of CO,/essential oil was carried out
at 10°C in the first separator and at 30°C in the other two separators. The temperature of the first
separator was set at 10°C to enable recovery of certain secondary components such as waxes, resins,
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fatty acids, and so on present in the solid matrix. The CO, used in this study was 99.5% (w/w) pure. It
was supplied by Hanguk-gas-well corporation. The extracted essential oil was recovered from separators
with CO, vented to the atmosphere (Jang, 2024).

Dried P, frutescens leaves (5 kg) were purchased as a commercially available product. They were finely
powdered, extracted twice with methanol (10 L) at room temperature, and filtered with Tokyo filter paper
No. 2 (Tokyo Roshi, Japan).

GC/MS analysis

The n-hexane fraction of P, frutescens supercritical fluid extract was analyzed on a gas chromatograph-
mass spectrometer (GCMS-QP2010, Shimazu). The GC column was a 30 m x 0.25 mm i.d. VF-5MS (0.25
i) fused silica capillary column (J&W Scientific, Folsom, CA, USA). GC conditions were as follows:
injector temperature, 50°C; column temperature, isothermal at 230°C for 5 min, then programmed to
280°C at 3°C/min, and held at this temperature for 19 min; and ion source temperature, 200°C. Helium
was used as the carrier gas at a rate of 1.0 mL/min. The effluent of the GC column was introduced
directly into the source of the MS. Spectra were obtained in the El mode with ionization energy of 70 eV.
The sector mass analyzer was set to scan from 50 to 800 amu for 2 s. Compounds were identified by
comparison with retention times. Mass spectra were obtained with authentic standards on the GC-MS
system used for analysis. When an authentic sample was unavailable, identification was carried out by
comparing mass spectra with those in the mass spectra library (The Wiley Registry of Mass Spectral
Data, 8th ed.).

Microcapsule Synthesis

The 2 ~ 8 wt% PCL solutions dissolved in DCM are prepared by stirring for 24 h at a speed of 500 rpm
and then mixed with P, frutescens oil(10 mg) to obtain a homogeneous solution. PCL and PCL/PEG
solutions containing weight ratios in the range of 10/0 to 6/4 are prepared. PVA dissolved in distilled
water is refluxed at 500 rpm and 80 °C to obtain a viscous homogeneous solution (De Avila SC et al.,
2017). The as-prepared PCL and PCL/PEG solutions are placed in a 20 mL B-D luer-lok syringe attached
to the syringe pump (KDS-200, Stoelting Co., USA) and are fed into the 22-gage blunt-end metal needle at
a flow rate of 0.25 mL/min. They are injected into PVA aqueous solution (1.0 wt%) and stirred with a
high-speed agitator (HD-312, HsiangTai, China) for 4 h at speed in the range of 3000 to 5000 rpm to
obtain the desired microcapsules (De Avila SC et al., 2017). The microcapsules are screened through a
25 pum sieve. The capsules are then cleaned in ethanol solution for 0.5 h and subsequently in distilled
water for 0.5 h to remove the remnant solvent. The microcapsules are dried overnight in a vacuum oven
(De Avila SC et al., 2017). Prior to use, their storage and handling are conducted cautiously without light
due to photosensitivity of P, frutescens oil.

Vibrational spectroscopy, infrared (IR)

The infrared analyses were performed in a Perkin ElImer Instruments FT-IR Spectrometer, in the range
4000-650cm™ . The samples were analysed by UATR accessory.
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Scanning electron microscopy (SEM)

The analysis of morphology and surface of the samples was performed using the Scanning Electron
Microscope (SEM), MIRA 3 LMU model (TESCAN) with a resolution of 3.5nm (secondary electron) and
increases the range of 1000-4000times, 20kV acceleration voltage using gold plating the samples (De
Avila SC et al., 2017).

Bioassay

A filter-paper repellent bioassay was used to evaluate toxicities of P, frutescens oil, 4 test compounds, P
frutescens derived material, and two repellents, DEET and Icaridine, to H. longicornis. A volume of 1 ml
of the concentration was added to Petri dishes (10 cm diameter, 2 cm height) containing filter paper
disks to absorb the liquid. Ten larval ticks were placed on the filter paper, sprayed twice with the extract
to be tested, and incubated at 25-27 °C with a relative humidity of 70—80%, with each treatment
consisting of three replicates (Jang, 2024).

Repellency was calculated according to the following formula: % repellency = [(Ta - Tb)/ Ta] x 100, where
Ta was the number of hard ticks in the control group and 7b was the number of hard ticks in the treated
group. Repellency percentages were transformed to arcsine square-root values for analysis of variance
(ANOVA). Treatment means were compared and separated by the Scheffé test or Bonferroni multiple-
comparison method at P=0.05. Means + SEs of untransformed data are reported (SAS Institute, 2004)
(Jang, 2024).

Results
Chemical constituents

Compositions of P, frutescens oil extracted with the supercritical CO, extraction method were analyzed.
A total of 4 compounds were identified in the P, frutescens oil. Perillaldehye, Acetic acid, Dimethyl
anthranilate and Bergapten were major components in the P, frutescens oil extracted at a pressure of
150 bar, a temperature of 50°C, and a particle size of 0.5 mm (Table 1).

Scanning electron microscopy (SEM)

For microcapsules prepared by using PVA emulsifier, uniform and highly stable spherical PCL, PCL/ PVP,
and PCL/PEG microcapsules (~ 150 pm) with a narrow size distribution are successfully synthesized.5
This may be due to high affinity of the PVA for the shell materials and the core material. The P.
frutescens oil release rate of PCL/PVP and PCL/PEG capsules increases with increasing PVP and PEG
concentration due to the increase in capsule size. The 1 wt% PVA emulsifier is determined to be the best
composition for the formation of uniform microcapsule. In the present study, PCL and PCL/ PEG
microcapsules using 1 wt% PVA emulsifier are studied by the ESE technique using the high-speed
agitator. The PCL capsule size decreases gradually from 10.1 + 0.85 pm to 3.7 £ 0.25 ym with increasing
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the stirring speed from 500 to 3000 rpm (Fig. 1). The microcapsule size is controlled by the balance
between the turbulence to break the microcapsules, which are emulsion particles stabilized by PVA, and
the internal viscosity and interfacial tension to hold the microcapsules. Fast stirring speed increases the
turbulent energy acting on each microcapsule, increasing the rate at which the capsules becomes
smaller, thereby reducing the size of the microcapsules (De Avila SC et al., 2017). The capsules prepared
at 3000 rpm are selected in the present study.

Vibrational spectroscopy, infrared (IR)

The infrared spectroscopy (IR) was used to check the encapsulation of the citronella oil and no
formation of secondary phase. The essential oil of citronella infrared spectrum Fig. 3 showed
characteristics absorptions, like the axial deformation of the OH (600cm™) also related with water
absorption (Fig. 2) (De Avila SC et al., 2017).

Repellency

The repellency of P, frutescens oil was evaluated in comparison with two commercial repellents (Icaridin
and DEET) against H. longicornis (Table 3). In filter-paper diffusion method, P, frutescens oil (3.2 pg/cm?)

gave 100% repellency at 120 min after exposure, whereas Icaridine (3.2ug/cm?) gave 96.1% repellency at
120 min.

Repellency effects of 4 compounds against H. longicornis were compared with the repellency of

Icaridine and DEET at 3.2 mg/cm? (Table 3). Responses varied according to the test compound and
exposure time. At 10 min post-treatment, Perillaldehye gave 100% repellency. At 120 min, they gave
67.4.% repellency, respectively. At 10 min post-treatment, Acetic aicd, Dimethyl antranilate and Bergapten
gave 44.2%, 23.5% and 91.5% repellency, respectively. However, these compounds showed significantly

lower repellency rates at 30 min. Whereas Icaridine (3.2pg/cm?) gave 96.1% repellency at 120 min.

Repellency effects of microcapsule against H. longicornis were compared with the repellency of
Icaridine and DEET at 3.2 mg/cm? (Table 4). Responses varied according to the test mcirocapsule and
exposure time. At 10 min post-treatment, microcapsule gave 100% repellency. At 120 min, microcapsule
gave 85.4.% repellency, respectively. Also, Icaridine and DEET gave 96.1%, 100% repellency at 120 min.

Discussion

Supercritical fluid extraction (SFE) has attracted enormous interest nowadays, with thousands of
references dealing with SFE. It is now a real option for product development, mainly products that will be
used for human consumption, such as new foods, food ingredients/additives, insecticides or
pharmaceutical products. Moreover, SFE has also demonstrated some advantages in the environmental
field. For example, it can be used to reduce solvent waste, to get new useful compounds from industrial
by-products, and to allow quantification and/or removal of toxic compounds from the environment. SFE
can be used to extract volatile components from plant materials. Emphasis is placed on optimization of
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extraction parameters (temperature, pressure, extraction time, modifier, etc.) for complete recovery of
analytes from their matrices (Jang, 2024). In this study, supercritical carbon dioxide (SC-CO,) extraction
was used to determine essential oil compositions of leaves of P, frutescens. Optimal extraction
conditions for improving essential oil yield within the experimental range of variables examined were:
particle size (0.5-2.0 mm), temperature (40-60°C), and pressure (100-500 bar). Chemical
compositions of its essential oils were analyzed by GC-MS. Major components were found to be
Perillaldehye, Acetic acid, Dimethyl anthranilate and Bergapten.

Plants are potential products for dust mite control because many of them are selective to pests, showing
no or little harmful effects on nontarget organisms and the environment (Pollart et al., 1987; Lee, 2004;
Jang, 2024). They might be applied to control dust mite nests such as beds, carpeted floors, furniture,
and sofas in the same way as other conventional acaricides (Tovey, 1981). Many plant extracts and
phytochemicals are known to possess acaricidal activities against house dust mites (Lee, 2004; Jang,
2024). Reported naturally occurring acaricidal compounds against dust mites include fenchone, estragol,
and thymol derived from Foeniculum Vulgare (Lee, 2004), anisaldehyde and 3-carene from leaves of
Pimpinella anisum (Lee, 2004), and cinamaldehyde, cinnamyl alcohol, and salicylaldehyde from
Cinnamomum cassia (Kim, 2001).

Elucidation of the mode of action of essential oils and their constituents is of practical importance for
insect control because it may give useful information on the most appropriate formulation, delivery
means, and resistance management. Volatile compounds of many plant extracts and essential oils
consist of alkanes, alcohols, aldehydes, and terpenoids, particularly monoterpenoids (Coat et al,, 19971,
Visser, 1983; Jang, 2024). They exhibit fumigant activities (Ahn et al., 1998; Yang et al. 2003; Kim et al.
2001; Jang, 2024). Structure-activity relationships of plant compounds against insect pests have been
well studied. Rice et al. (1994) and Tsao et al. (1995) have attempted to enhance the potency of selected
monoterpenes and phenols through derivatization of the hydroxyl group. They found that enhanced
bioactivities of derivatives appeared to result from increased vapor pressure, leading to greater fumigant
action and/or increased lipophilicity, which result in better penetration and bioavailability in an insect’s
body.

In this study, repellency of P frutescens oil and microcapsule were evaluated in comparison with two
commercial repellents (Icaridin and DEET) against H. longicornis. In filter-paper diffusion method, P
frutescens oil(3.2 ug/cm?) gave 100% repellency at 120 min after exposure, whereas Icaridine (3.2
Hg/cm?) gave 96.1% repellency at 120 min. Repellencies of 4 compounds against H. longicornis were

compared with the repellency of Icaridine and DEET at 3.2 mg/cm?. Responses varied according to test
compound and exposure time. At 30 min post-treatment, a-terpinene, terpinene-4-ol, and a-terpineol gave
100% repellency.

P, frutescens oil described merit further study as potential repellents or lead compunds for the control of
H. longicornis. For practical use of P, frutescens oil as novel repellent, further research is required on its
safety for human health. Other areas requiring attention are insecticide’s mode of action and
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formulations, including a carrier that can slowly release the active material, to improve insecticidal
potency and stability and to reduce cost.
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Figure 1

PCL Microcapsules with Perilla frutescens oil, at 500x, 1000x and 3000x magnification.
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Figure 2

FT-IR Spectra of PCL microcapsule containing Perilla frutescens (0.5 wt%)
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