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Abstract: The goal of this paper was to develop a biodegradable system containing the essential oil from Allium
sativum bulbs encapsulated in PCL/gelatin-based nanoparticles, as well as evaluate its efficiency to control Aedes
aegypti Linn. larvae and Cerataphis lataniae Bois. aphids. The essential oil was analyzed by GC-FID and GC-MS,
and six compounds were identified, representing 93.1% of the total oil. The major compounds were diallyl
trisulfide (51.8%), diallyl disulfide (23.2%) and allyl methyl trisulfide (13.6%). The PCL/gelatin-based
nanoparticles containing this essential oil exhibited encapsulation efficiency higher than 94%, average particle
diameter around 200 nm and zeta potential values about —36 mV. The essential oil presented no antioxidant nor
enzymatic activities, so its effectiveness might be explained by the presence of sulfur compounds. The release
kinetics of the encapsulated essential oil confirmed the release mechanism by the Fick's Law. About 50% of the
encapsulated essential oil was released after 1 h, and about 90% was released after 50 h. This behavior is interesting
from the technological point of view since the nanoparticles released as much oil as possible in a short period of
time and then the lethal dosages were maintained along the time. Nanoparticles containing the encapsulated
essential oil was submitted to in vitro bioassays against A. aegypti and C. lataniae and showed 100% of mortality
against larvae and aphids up to 24 h. In conclusion, the essential oil from A. sativum presented effectiveness to be
applied in sustainable management of pests in greenhouses, as well as for larvicidal control.
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1. Introduction

Garlic and the other Allium species have been known since ancient times due to their health benefits [1].
Commonly used for culinary purposes, garlic is also interestingly appreciated due to its therapeutic and medicinal
properties, both in traditional and modern medicine and agronomy [2].

The bioactivity effect of the in natura and encapsulated essential oil from Allium sativum bulbs (Asparagale:
Amaryllidaceae) was evaluated in this work against larvae (Aedes aegypti Linn.) and aphids (Cerataphis lataniae
Boisd.). These common pests in tropical and subtropical countries are currently causing severe damages in human
health, as well as in food crops and greenhouses. The mosquito A. aegypti Linn., vector of the yellow and dengue
hemorrhagic fever, has been widely distributed in tropical and subtropical zones. Nowadays the main control
strategies have been based on the use of synthetic chemical products, which may lead to the development of
mosquito resistance and environmental contamination [3]. On the other hand, the palm aphid, Cerataphis lataniae
Boisd., is a local pest of acai palms (Euterpe oleracea Martus and E. precatoria Martus) that may cause death of
young plants or early fall of flowers and fruits [4].

The use of nanotechnology-based food chemistry to combat pests represents an interesting area of research [5—
7]. The use of poly-g-caprolactone (PCL) and gelatin as biodegradable wall materials for encapsulation processes
are based on the facts that they are FDA approved, biodegradable, non-toxic, easy to crosslink and to modify
chemically and has potential to be used for drug delivery systems [8]. For this reason, PCL and gelatin-based
nanoparticles have been used successfully as a carrier for drugs and bioactive molecules [8-11]. However, the
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volatility of essential oils and the sensibility toward oxygen and light reduce its stability in processing and storage.
To overcome these drawbacks, researchers have encapsulated essential oils in different types of nanoparticles [12],
representing a viable and efficient controlled release approach that increase their physical stability [13].
Controlled release formulations using biopolymeric nanoparticles are of special interest because of the possible
biological degradation of the matrices when the duration of action has finished, and also due to the relatively low
cost [14]. In this work a viable encapsulation methodology was proposed using PCL/gelatin-based nanoparticles
with good size distribution to serve as carriers for the A. sativum essential oil. The potential of the encapsulated
essential oil was assessed against the A. aegypti Linn. and C. lataniae Boisd. Physicochemical characterization of
the encapsulated nanoparticles considered the following parameters: size distribution using Atomic Force
Microscopy (AFM) measurements, polydispersity index (PDI), zeta potential and encapsulation efficiency using
Fourier-transform Infrared Spectroscopy (FTIR). Keeping in view the nanotechnology-based food chemistry for
natural controlling agent’s activity, the present work would be useful for the development of a new effective
controlling agent based on encapsulated bioactive chemical compounds from the Allium sativum bulbs.

2. Materials and methods

2.1 Essential oil characterization

Allium sativum bulbs were collected in Manaus/AM — Brazil and dried in controlled humidity at 30°C until
reach constant weight. Then, 400 g of milled bulbs were subjected to hydrodistillation using a Clevenger-type
apparatus for 2 h at 100°C. The essential oil was dried over anhydrous sodium sulphate and stored at -18 °C.
Essential oil yield was obtained by the ratio between the extracted oil volume to the plant material mass.

Relative density of the essential oil was estimated at 20°C. Two washed, dried capillary tubes were taken for
this purpose. One of them was filled with distilled water (m;) and another with essential oil (m). Both filled tubes
and a similar empty tube were weighed, and the relative density was obtained according to the equation [d = (m;
—mji) / (m1—m)], where m is the mass of the empty capillary tube. Finally, the density value was converted by the
water table density [15]. The refraction index of the essential oil in natura was estimated at 20°C using an ABBE
refractometer model DR-AL.

GC-MS analysis was carried out using a Trace GC Ultra coupled 1SQ Single Quadrupole MS instrument
(Thermo Scientific). The operating conditions were as follows: TR-5 (0.25 mm x 30 m, 0.25 pm coating thickness)
fused silica capillary column, injector and detector temperatures were 250°C; helium was used as carrier gas at a
flow rate of 1.0 mL.min"%; column was heated from 40°C to 240°C with a rate of 4 °C.min". The split ratio was
1:40. The MS profile was obtained at 70 eV with acquisition mass range of 40 — 400 Da.

Identification of the isolated compounds was established from their GC retention index using a n-alkanes
homologous series whose Arithmetic Index (Al) were calculated using the van der Dool-Kratz equation [16].
Moreover, the identifications of the essential oil compounds were also confirmed using published data as well as
through the Nist of Mass Spectral Data [17], and Pherobase [18].

2.2 Antioxidant (DPPH", ABTS™) and acetylcholinesterase (AChE) inhibitory activities

The radical scavenging ability of the essential oil was evaluated using the DPPH" radical [19] with slight
modifications. An aliquot of DPPH* methanolic solution was prepared. Then, 20 uL of essential oil in five
concentrations obtained by series dilution (31.2 to 1.9 ug.mL?) was added to 180 pL of DPPH* methanolic solution.
Quercetin was used as positive control (25.0 to 1.6 pg.mL™). The mixture was kept in the dark at room temperature
for 0.5 h. The absorbance was measured at 515 nm. The inhibition percentage was obtained according to the
equation: [100 — (absorbance/average absorbance of control) x 100]. The 1Cso was defined as the amount of
essential oil needed to inhibit the DPPH" radical formation by 50%. The assay was carried out in triplicate.

The radical scavenging capacity of the essential oil was evaluated using the ABTS method [20] with some
modifications. The ABTS radical cation (ABTS™) solution was prepared using ABTS (7 mM) and K,S,0g (140
mM) at room temperature. The absorbance of the resulting ABTS™* solution was adjusted for 0.70 £ 0.05 at 750
nm using ethanol. Then, 3 pL of the resulting sample at different concentrations (from 62.5 to 1.9 pg.mL™) was
diluted in 300 uL of the ABTS™ solution. Trolox was used for the calibration curve (100 a 2000 uM).

AChE inhibitory activity of the essential oil was performed based on the method described previously [21] with
some modifications. Solutions prepared with 20 uL of sample (500.0 — 7.8 ug.mL™), 80 pL of phosphate buffer
(100 mM), 40 uL of dithiobisnitrobenzoic acid (DTNB, 2.5 mM), and 20 pL of AChE (1.0 U.mL™) were added
to each microplate well at 37°C for 10 min. Then, 40 uL of acetylcholine iodide (AtCHI, 10 mM) was added and
incubated again in the same conditions. Then, 60 uL of sodium dodecylsulphate (SDS, 1%) was added as reaction
terminator. The mixture absorbance was measured at 405 nm. The percentage inhibition of AChE activity was
calculated by [Inhibition (%) = (A2 — (A1 — A3) x 100)/Az], where A; is the sample and enzyme absorbance, A;
is the enzyme absorbance, and As is the tested sample absorbance. The LDsy was obtained by curves of each
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inhibitor toward AChE. The assay was carried out in duplicate. Galantamine was used as standard from 25.0 to
1.6 ug.mL™

2.3 Bioassays using the in natura essential oil

Bioassays were conducted to test the A. sativum essential oil against A. aegypti Linn. larvae based on previous
work [22] with some modifications. All bioassays were performed at 26 + 2°C and 90% RH. Essential oil/dimethyl
sulfoxide (DMSO) solutions (10 mL) were prepared at 500, 250, 100, 50 and 25 ug.mL*. Then, 500 larvae at 3™
instar were divided in 5 groups for each tested concentration. DMSO and temephos were used as negative and
positive control, respectively. This bioassay was carried out in quintuplicate. The larvicidal activity was estimated
by the larvae mortality after 24 h, 48 h and 72 h of exposure. Data were analyzed in POLO PC® program [23] for
calculations of the LDs (Lethal Concentration that Kills 50% of the exposed larvae), LDg (Lethal Concentration
that kills 90% of the exposed larvae), LCL (Lower Confidence Limit) and UCL (Upper Confidence Limit) with
fiducial limit of 95%.

Evaluation of the insecticidal potential of the essential oil was based on previous works [24,25]. Glass Petri
plates (90 mm x 20 mm; 130 mL air space) were used as a chamber for the evaluation of the essential oil’s volatile
phase effect. C. lataniae Boisd. population was obtained from stock colonies of acai palm (Euterpe oleracea
Martus) without any pesticide exposure. Dorsal side leaves were placed on filter paper saturated with 1% sodium
hypochlorite. Ten adults were transferred from stock using a soft paintbrush and allowed to settle before exposure.
Essential oil solutions were applied on filter paper disks placed at the inner surface of the Petri dish lid. A portion
of 10 uL of essential oil/dimethyl sulfoxide (DMSO) solution (1.0, 0.50, 0.25, 0.10, 0.062 and 0.031%) was added
on filter paper disk. Plates were sealed to prevent loss of essential oil. These bioassays were carried out in triplicate.
DMSO and thymol (3.0 pg.mL™) were used as negative and positive control, respectively. Mortality was evaluated
after 24 h, 48 h and 72 h of exposition. Aphids were considered dead if they did not move when prodded with a
fine paintbrush. The mortality data were subjected to the PROBIT analysis [26] for calculations of the LDso, LDgp,
LCL and UCL with fiducial limit of 95%.

2.4 Essential oil encapsulation

Two different solutions were prepared for the synthesis of PCL/gelatin-based nanoparticles. Solution I: Gelatin
was heated to 50°C in distilled water under constant stirring. Then, tween 80 (0.30 g) was solubilized when
temperature decreased to 40 °C. Solution I1: PCL (0.05 g), Span 60 (0.02 g) and TACC (0.1 g) were solubilized in
dichloromethane. Essential oil (350 ug.mL) was added to Solution 1I. After the essential oil solubilization,
Solution 11 was added to the Solution | using an ultra disperser. Transglutaminase was added to the final solution
under constant stirring for 15 min.

2.5 Atomic Force Microscopy (AFM)

Nanoparticle topography was obtained with an AFM (Innova, Bruker) on an area of (10x10) pm?, operated in
contact mode using silicon nitride cantilevers. Measurements were performed at room temperature (296 + 1 K) and
40 + 1% relative humidity with 512 x 512 pixels at a scan rate of 1.0 Hz. The feedback control was adapted to the
surface and analyzed using the WSxM software [27]. The topography images were plane fitted and the average
height of the image lines were adjusted with a flatten filter of zero order. The nanoparticles were deposited on a
glass blade until solvent evaporation. Particle size distribution was performed using the Image J. program [28].

2.6 Zeta potential

The zeta potential values (in mV) were determined by electrophoresis using a Zetasizer Nano ZS90 instrument
(Malvern Instruments, UK). Samples (unloaded and loaded nanoparticles containing 350 ug.mL* of essential oil)
were analyzed in triplicate, at 25°C.

2.7 Encapsulation efficiency

Entrapment efficiency of the essential oil on the developed PCL/gelatin-based nanoparticles was analyzed using
UV-Vis spectroscopy based on previous work [8] with some modifications. A known concentration of essential
oil in ethanol was scanned in the range of 190 — 400 nm using a UV-vis spectrophotometer (Global Trade
Technology). A sharp peak was noticed for the A. sativum essential oil. The absorbance values were recorded and
plotted. From the calibration curves, the unknown concentration of essential oil was obtained by knowing the
absorbance value. Nanoparticles were separated by centrifugation and the supernatant absorbance was used to
determine the amount of free essential oil which was not encapsulated. The encapsulation efficiency (EE) was
calculated using the formula: %Encapsulation Efficiency (EE) = (amount of encapsulated essential oil/ total
amount of essential oil used in the formulation)*100.

67



L. M. de Oliveira et al. Journal of Food Engineering and Technology 2019,8(2):65-74

2.8 In vitro essential oil release

In vitro essential oil release studies were carried out in 150 mL flasks, where 10 mL of loaded nanoparticles
dispersion containing an absolute concentration of 350 pg.mL? of essential oil was taken in dialysis tubing
cellulose membrane and suspended in water (90 mL) at 25°C. The nanoparticle dispersion was continuously stirred
at 100 rpm using a mechanical stirring. A 2 mL aliquot was withdrawn at regular time intervals and their
absorbance was measured using an UV-vis spectrophotometer. The amount of released essential oil was quantified
using the standard curve [10]. The % cumulative release of essential oil was calculated by using the following
equation: [Cumulative release (%) = (amount of essential oil released after time t/total amount of essential oil
encapsulated in nanoparticles)*100]. The experiments were carried out in triplicate.

2.9 Bioassays using the encapsulated essential oil

The toxicity of the encapsulated essential oil was tested against A. aegypti Linn larvae. All bioassays were
performed at 26 £ 2 °C and 90% RH in a photoperiod regimen of 12:12 h. Loaded nanoparticles (10 mL) were
prepared at 350 ug.mL*. Then, 200 larvae at 3" instar were divided in 10 groups for each tested concentration.
Unloaded nanoparticles and temephos were used as negative and positive control, respectively. The larvicidal
activity was estimated by the larvae mortality after 24 h, 48 h and 72 h of exposure. The toxicity of the encapsulated
essential oil was also tested against C. lataniae Boisd. in a contact mode using a Potter spray tower. Prior to
bioassays, ten adults were transferred at each plant. Unloaded nanoparticles and thymol (3.0 ug.mL™) were used
as negative and positive control, respectively. The spray volume was 3.0 mL. Thereafter, the plants were kept
individually at 25 + 1 °C, 90 £ 5% RH. After 24 h, 48 h and 72 h of application, the number of live aphids was
counted in each plant. Bioassays were performed in triplicate.

3. Results and discussion

3.1. Essential oil characterization

The essential oil condensation began around 0.5 h after the start of hydrodistillation, and the extraction time did
not influence the essential oil yield. After 0.5 h, no considerable concentration of essential oil was extracted. The
optimum extraction time was 0.5 h. The essential oil yield was found around 1.2% (w/w). The essential oil density
was found around 0.9114 g.mL"1, while the estimated refraction index was 1.51 (+ 0.01).

The chemistry of garlic is particular and it has been shown to develop a self-protective mechanism against
microorganisms and other pathogens. This mechanism is related to the sulphur compounds that give to garlic its
characteristic smell [1]. Chemical composition of the A. sativum essential oils is shown in Table 1.

Table 1. Essential oil composition of Allium sativum bulbs

Compounds *Alcal Percentage
allyl methyl disulfide 910 3.10
dimethyl trisulfide 961 0.49

diallyl disulfide 1073 23.21

allyl methyl trisulfide 1131 13.62

diallyl trisulfide 1295 51.76

diallyl tetrasulfide 1535 0.92

Total (%) 93.10

*Alcai; Arithmetic Index relative to C7 -Caon-alkanes on the TR-5 column.

GC-MS analyses allowed the identification of 6 constituents, representing 93.10% of the essential oil in natura.
Quantitative differences were clear for three compounds of the essential oil composition: diallyl trisulfide (51.8%),
diallyl disulphide (23.2%) and allyl methy! trisulfide (13.6%). The most characteristic volatile and odorous organo-
sulfur compounds of garlic are released after the disruption of the cell membrane, causing the a, g-elimination of
alliin and other sulfoxides, which are located at the cytoplasm level, by the enzyme alliinase at the vacuole [29].
Various factors that affect the chemical composition of garlic are involved in the production process and could be
useful to enhance the quality and bioactive properties of the final product [2].

3.2 Antioxidant and AChE inhibitory activities

The antioxidant activity in DPPH* and ABTS™ assays reflects the hydrogen donating ability of a given
compound. The A. sativum essential oil have shown no sequestration capacity of DPPH* and ABTS™ in the tested
concentrations. Moreover, the tested oil also did not presente AChE inhibitory activity in the tested concentrations.
These results may be useful for the evaluation of the essential oil effect on the mortality of A. aegypti and C.
lataniae. Several factors are involved in the production of certain metabolites by plants. Through the DPPH radical

68



L. M. de Oliveira et al. Journal of Food Engineering and Technology 2019,8(2):65-74

scavenging capacity assay the low antioxidant potential of A. sativum essential oil was directly related to the low
concentration of secondary metabolites [30].

3.3 Larvicidal and insecticidal bioassays using the essential oil in natura

The results presented here show that the essential oil in natura of A. sativum can be an efficient alternative
controlling agent of A. aegypti larvae. The LDso and LDgo (Table 2) were found to be 30.7 and 46.4 pg.mL?,
respectively, after 24 h of exposure. After 48 h of exposure, the LDsp and LDgo were 25.3 and 42.0 pg.mL?,
respectively.

Table 2. LDsg and LDgo values of A. sativum essential oil against A. aegypti and C. lataniae.

Time LCs0+SE~ (LCL-UCL) LCwp=*SE (LCL-UCL) Regression Equation
aA. aegypti 24h 30.7x0.0 26.4 -33.7 46.4+£0.5 41.0-60.1 Y =(-10.64 + 0.05) + 7.15X
48h 25.3+0.0 18.2-28.9 42005 37.0-55.7 Y =(-8.17 + 0.05) + 5.82X
72h 21.3+0.0 16.3-24.3 36.3£0.5 33.5-40.9 Y =(-7.32 + 0.05) + 551X
bC. lataniae  24h 65.4+0.5 35.6 - 129.7 176.5+05 48.2-3614 Y =(-1.62+0.05)+ 0.89X
48h 16.8+05 5.9-27.3 172.8+0.5 101.1-588.4 Y=(-1.53+0.05) +1.25X
72h - - - - -
* LDso: Lethal Dosage that kills 50% of the exposed larvae, expressed in pg.mL1; LDgo: Lethal Dosage that kills 90% of the
exposed larvae, expressed in pg.mL; Y: mortality rate (significant at P<0.05 level); X: concentration (significant at P<0.05
level); SD: Standard Deviation; LCL: Lower Confidence Limit; UCL: Upper Confidence Limit. ®Negative control: DMSO;
apositive control: Temephos (0.12 png.mL1). "Negative control: DMSO; °Positive control: Thymol (3.0 pg.mL%).

Total mortality was obtained after 72 h of exposure, reaching the concentrations of 21.3 and 36.3 pg.mL?,
respectively, for LDsp and LDgo. Based on our previous results (section 3.2) showing no antioxidant nor AChE
inhibitory activities, it is unknown whether the activity of the essential oil is due to the individual compounds or
to synergistic interactions between their constituents. The electrophysiologically and behaviourally responds from
Aedes aegypti to constituents of the essential oil of garlic were reported previously [31], and revealed that diallyl
trisulfide and diallyl tetrasulfide applied to human showed protection against female mosquitoes significantly
longer than the control.

The essential oil activity against insect pests can occur in different ways, causing mortality, deformations in
different stages of development, as well as repellency. However, the essential oil dosage needed to control insect
pests and their action mechanisms are potentially important for the safety of humans and other vertebrates [3,32].
The essential oils have shown insect toxicity in vapour phase, being reported as more toxic to the microorganisms
than the contact phase [25]. Table 2 also shows the Lethal Dosages (LD) for 50% (LDsg) and 90% (LDgo) of
mortality. For C. lataniae, the LD values were obtained as follow: LDso= 65.4 pg.mL* and LDgo= 176.5 pg.mL"
L for 24 h; and LDsp = 16.9 pg.mL*and LDgy = 172.8 pg.mL* for 48 h of exposure, with 95% of fiducial limits.
These results have shown high susceptibility of C. lataniae aphids to the chemical constituents of this essential oil.

3.4 AFM analysis

The nanoparticle size was estimated using the AFM technique and revealed that both types of nanoparticles
(unloaded and loaded with essential oil) have spherical morphology and are well dispersed, as shown in Fig. 1a.
The external surface of each nanoparticle is almost regular and smooth, showing that the PCL/gelatin forms a
continuous film surrounding the essential oil droplets. The average size of the unloaded nanoparticles was found
to be 290 (£ 5) nm.

The nanoparticles containing the A. sativum essential oil at concentration of 350 pg.mL™ also presented
spherical morphology (Fig. 1b). The distribution size of the nanoparticles showed to be dependent on the essential
oil concentration: the average size of 200 (x6) nm was observed for the loaded nanoparticles. However, the size
distribution is homogeneous for both systems. Polydispersity index were found 0.30 and 0.37 for unloaded and
loaded nanoparticles, respectively.

3.5 Zeta Potential and encapsulation efficiency

Two different types of gelatin can be produced depending on the method in which collagen is pretreated, prior
to the extraction process [11]. The isoelectric point of gelatin can be modified during its extraction from collagen
to yield either a negatively charged acidic gelatin, or a positively charged basic gelatin [33]. In our case, the basic
gelatin presented an isoelectric point of 5.0.

Zeta potential represents an important parameter for evaluation of charge, besides is related to the nanoparticle
stability, influencing their size distribution. Simultaneous analysis of DLS and zeta potential as a function of pH
were applied to the unloaded nanoparticles (data not shown) showed that they presented, in module, higher surface
charge (=10 mV) at basic pHs and seems to present stable charge between pH =5 and pH = 9.
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Fig. 1. Topography AFM images showing the nanoparticles spherical shape for (a) unloaded PCL/gelatin
nanoparticles and (b) nanoparticles loaded with 350 pug.mL™ of A. sativum essential oil.

According to the zeta potential analysis the nanoparticles loaded with essential oil of the A. sativum presented
values around (=36 + 3) mV for the concentration of 350 pg.mL. The higher surface charge (in module) of the
loaded nanoparticles can be attributed to the presence of the essential oil, contributing to their stabilization. It is
known that the surface electrostatic charge of nanoparticles can be influenced by several factors, including surface
functional groups and solution ions [34]. Gelatin has hydrophilic and hydrophobic amino acid groups in its
structure, which are dependent on its type (A or B). The groups that give it a more pronounced hydrophobic
behavior are present in type B (used in this work). A possible interaction between the essential oil with the
hydrophilic group from gelation may be proposed, resulting in an exposing of the hydrophobic groups and
assigning a negative charge to the system. The final surface charge of the encapsulated nanoparticles continues at
a range that ensures their stability.

The encapsulation efficiency of the essential oil of A. sativum at absolute concentration of 350 pg.mL™ was
verified about 94.3%.

3.6 Controlled release of essential oil

The release kinetics of the essential oil of A. sativum from PCL/gelatin-based nanoparticles were analyzed from
cumulative release concentration versus time by fitting the data following the equation [(My/M.) = kt")] [10].
M¢M,, represents the fractional active release at time t; n is a diffusion parameter characterizing the release
mechanism, and k is a constant characteristic of the active-polymer system [10,35,36]. Using the least squares
procedure, the k and n values were estimated, as show in Table 3. If n = 0.5, the active diffuses and releases from
the polymer matrix following the quasi-Fickian diffusion. For n < 0.5, occurs an anomalous or non-Fickian type
of diffusion. If n = 1, a completely non-Fickian case Il or zero-order release kinetics is operative. Intermediary
values between 0.5 and 1.0 are attributed to the anomalous type of transport.

Table 3. Models and coefficients of controlled release formulations

Model Coeff. 350 ug.mL*?
Zero order k 0.89

R2 0.57
First order k 0.26

R2 0.90
Higuchi k 12.89

R2 0.86
Korsmeyer-Peppas k 50.55

n 0.14

R2 0.95

Fig. 2 shows the general controlled release curve of the A. sativum essential oil as a function of time. About
50% of the encapsulated essential oil was released after 1 h. After 50 h, around 90% of the encapsulated essential
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oil concentration was released. This behavior is interesting from the technological point of view since the
nanoparticles need to release as much oil as possible in a short period of time so that the released concentration
reached the needed lethal dosage. The first stage of release (t < 1 h) was initially fast while in the second stage (t
> 1 h) a slower controlled release was observed.

300 4

225 4

150

75

% Essential Oil Release

0 40 80 120 160
Time (h)

Fig. 2. Controlled release of the nanoparticles loaded with the A. sativum essential oil.

The high initial release rate can be explained by the rapid dissolution of the bioactive compound, which may be
presented on the surface of the nanoparticles [37]. A high porosity and a high internal surface area of the
nanoparticles may facilitate the solvent entry, increasing the dissolution and diffusion of the oil from nanoparticles
[38]. Gelatin-based controlled release studies also observed a high release rate in the first few instants [37],
favoring a high concentration of essential oil in the solvent, keeping it effective for a longer period of time [39].

As shown in Table 3, the Korsmeyer-Peppa model [40] better adjusted the controlled release data, with a higher
average value of R2. For the controlled release kinetics of the encapsulated essential oil n < 0.43, confirming the
release mechanism by the Fick's Law. The coefficient n is related to the type of release mechanism of compounds
encapsulated in polymer matrices. Considering a spherical system, n < 0.43 represents a mass transfer mechanism
according to the Fick's Law, so the essential oil molecules diffuses according to a chemical potential gradient. For
0.43 <n<0.83, the release mechanism occurs according to an anomalous model in which the release is contributed
by both the diffusion process and the relaxation of the polymer chains. The Case Il occurs when n is equal to 0.83,
indicating that the release of the substance is controlled by swelling of the system. For n > 0.85 the transport is
known as a super case Il in which there is a release acceleration due to erosion or mobility of the polymer chains
[7.,41].

For the developed encapsulated system, the release of 100% of essential oil was not observed and may be
explained by the strong interaction between the essential oil and the wall materials. Our results (n = 0.14) confirm
a mass transfer mechanism according to the Fick's Law. Since the developed system is bilayer (one layer of PCL
and another layer of gelatin), it is possible to suggest that the faster release observed in the first instants is due to
the diffusion of the essential oil through the porous wall material formed by gelatin. In contrast, the slower
observed diffusion mechanism also may be associated with the hydrophobic characteristics of the PCL layer, since
this polymer is hardly degradable in water [42], and then the release of the essential oil becomes slower. In the
study of diclofenac release in gelatin matrices [43], the Fickian compound release behavior was also observed.

3.7 Bioassays using the loaded nanoparticles
Nanoparticles containing the absolute concentrations of 350 pug.mL* and 500 pg.mL? of the encapsulated
essential oil was submitted to in vitro bioassays against A. aegypti and C. lataniae. The results are shown in Table
4.
Table 4. Bioassays using the loaded nanoparticles against A. aegypti and C. lataniae

A. sativum  Absolut Concentration (ug.mL™?)  Sample Number (N) % Mortality after 24 h

A. aegypti 350 30 100
500 30 100
Unloaded NPs 30 0

C. lataniae 350 30 100
500 30 100
Unloaded NPs 30 0

* Larvae positive control: Thymol (3.0 pg.mL™2); Aphids positive control: DMSO; Negative control: Unloaded PCL/gelatin-
based nanoparticles.
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Nanoparticles containing essential oil showed 100% of mortality against larvae and aphids up to 24 h. These
results show that the nanoparticles containing encapsulated essential oil of the specie A. sativum are efficient
against the tested pests, causing their total mortality in short time due to the efficient controlled release of the lethal
dosages.

4. Conclusion

The essential oil employed in this work represents an efficient alternative as controlling agent to combat A.
aegypti larvae and C. lataniae aphids. The use of the essential oil from A. sativum was effective in a short time by
killing them faster, reducing their reproduction potential. As this essential oil presented no potential antioxidant
nor enzymatic activities, its effectiveness might be explained by the presence of sulfur compounds. The
employment of this essential oil for the development of an encapsulated defensive is also safer for the environment
and human health due to the low toxicity of the system as well as its short degradation time. In this point of view,
this work has showed that this essential oil may represent an import candidate as an alternative natural defensive
for a number of reasons: the abundance of this species around the world, and the ease of development of the
nanoparticles used as wall material to encapsulate it. In conclusion, the essential oil from A. sativum may have
potential to be used in sustainable management of pests in greenhouses, as well as for larvicidal control. However,
further studies need to be conducted to evaluate the cost and large production of the developed system.
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