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Essential oils against several insect pests. However, their low solubility in water is an important drawback for their practical
Nanoparticles applications. This work explores the design of new nanocarriers of eugenol based on silica nanoparticles capped
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Scattering (DLS) and {-potential measurements have shown that particles capped with Pluronic F-127 are able to
disperse eugenol between the polymer chains, probably due to the presence of poly(propylene oxide) blocks.
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formed. These nanocarriers are only stabilized in aqueous medium under conditions in which the ratio between
the weight fractions of Pluronic F-127 and eugenol is above 1.5, otherwise phase separation appears within the
first 48 h after their preparation. Furthermore, the weight fraction of silica nanoparticles is limited to low values.
This work offers new possibilities for designing new aqueous based formulations with application in pests
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process, handling and storage, reducing the hazards for environmental and human health associated with the use
of toxic and volatile solvent.
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1. Introduction

Encapsulation of poorly water soluble substances is a promising tool
for enhancing the availability of bioactive compounds with technolo-
gical interest. Several storing and delivering systems formed by a core
in which the drug is dissolved, a continuous aqueous phase and a shell
protecting the drug has been described in the literature (particles, li-
posomes, emulsions) [1-4].

Essential oils can be considered among the molecules whose en-
capsulation and dispersion in aqueous medium presents an increasing
interest [5]. This is due to their effectiveness against different insect
pests because they are able to modify different aspects of their phy-
siological function, including growth, reproduction or feeding. More-
over, essential oils may also act on the olfactory receptor, inducing
attraction or repellency [6]. Furthermore, essential oils are highly vo-
latile natural products, being their degradation in the environment
faster than that of synthetic pesticides, which allows considering them a
promising alternative for the preparation of more environmentally
friendly formulations for pests control [7]. Therefore, the bioactivity of
essential oils together with their negligible toxicity for mammals and
environment have fostered the research on their potential applications
on insect pests control [8-10]. Among essential oils, eugenol can be
accounted among the most important. Eugenol is a phenylpropene,
which is the major constituent of clove essential oil, also known as
Turkish clove (Syzygium aromaticum) and shows interesting biological
effects on several organisms [11]. The eugenol was reported to be ef-
fective as acaricide [12], insecticide [13], bacteriostatic or bactericide
[14], fungicide [15], insect repellent [16], termiticide [17] and herbi-
cide [18]. Furthermore, the eugenol is well known for its medicinal
properties such as antiseptic, anti-inflammatory, antioxidant and an-
ticonceptive [19,20].

Despite the numerous studies focused on the physico-chemical
characterization of essential oils, their practical applications remains
rather limited especially due to their poor solubility in water [21].This
drawback has been partially solved by Lucia et al. [22] who prepared
oil in water emulsions (O/W) to encapsulate several essential oils inside
a shell of Pluronic F127, a triblock copolymer containing two lateral
blocks of poly(ethylene oxide) and a central one poly(propylene oxide).
Such formulations present a high water content (above 90 wt%) which
limits significantly the dermal irritation associated with the contact
between essential oils and the skin [23]. Furthermore, in vitro tests have
shown the high effectiveness of such formulations against head lice
(Pediculus humanus capitis). Another alternative to disperse essential oils
in water is to take advantage of the so-called “ouzo effect” [24-28].
Other types of emulsions have been recently reported in order to in-
crease the dispersion of essential oils in water for different applications,
including agriculture, cosmetic and food science [29,30]. Another
promising alternative prompt to explore for the encapsulation of es-
sentials oils could be Pickering emulsions, in which the essential oil
droplets will be protected by colloidal particles such as silica nano-
particles [31,32]. In most of the cases the stabilization of Pickering
emulsion using silica nanoparticles requires the modification of the
surface nature of the particles through physical [29,33,34] or chemical
[35,36] methods due to the high hydrophilicity of silica. Pickering
emulsions has been tested on the encapsulation and topical release of
bioactive substance (trans-retinol and caffeine), and the results pointed
out the important role on their activity of several physico-chemical
parameter, e.g. physical nature of the stabilizing agent; pH, ionic
strength and viscosity of the continuous phase; droplet size distribution;
oil/water ratio and temperature [37,38]. However, there are no studies
related to the application of Pickering emulsions in pests control.

This work studies a new alternative for the dispersion of eugenol in
water by the use of polymer-decorated particles obtained by the non-
covalent capping of silica nanoparticles with Pluronic F-127 chains.
Thus, eugenol nanocarriers are obtained in which the Pluronic F-127
chains attached to the surface of silica nanoparticles form a shell
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around eugenol drops, favoring its dispersion in water. Silica nano-
particles may increase the effectivity of the formulation by clotting the
pores of the exoskeleton through which insect take oxygen from air.
Nanosilica systems have a wide range of applications, including mi-
croelectronics, disease diagnostics, optical communications, thin-film
technology, and environmental and agricultural applications [39]. In
the last years, several studies has reported the use of diatomaceous
earth and silica nanoparticles as an alternative to chemical insecticides
for pest control [40,41].

It is expected that the combination of essential oils with adjuvants
(Pluronic F-127 and silica nanoparticles) may open new perspectives
for the fabrication of aqueous-based formulations with enhanced effi-
ciency in pests control, which present an environmentally friendly
character. These new formulations are advantageous in relation to
conventional insecticides in which one or several toxic compounds are
included, because they provides the bases for reducing the potential
hazards for human and environmental health associated with the use of
solvents with high toxicity and volatility in commercial formulations.
Thus, rendering to traditional systems for pests control toxic, difficult to
store and handle, and unstable. It is expected that systems studied here
can provide the bases for the fabrication of new formulations for pests
control.

2. Materials and methods
2.1. Materials

Pluronic F-127 (Sigma-Aldrich, Germany) is a triblock copolymer,
containing two lateral blocks of poly(ethylene oxide) with molecular
weight 4.4 kDa and a central one of poly(propylene oxide) with a mo-
lecular weight around 3.8kDa. Silica nanoparticles were purchased
from Sigma-Aldrich (Germany) as a dispersion of Ludox” TMA colloidal
silica with a solid content of 34 wt%. Eugenol (purity 99%) was pur-
chased from Sigma-Aldrich (Germany). All the chemicals were used as
received.

The cleaning of the glassware was carried out with a saturated so-
lution of KOH in ethanol, followed by an abundantly rinsing with water
of Milli-Q quality obtained using a multicartridge purification system
(Younglin 370 Series, South Korea). The water obtained had a re-
sistivity close to 18 MQ-cm ™! and a total organic content lower than
6 ppb. The same water was used for the preparation of the solutions.

2.2. Eugenol nanocarriers preparation

Dispersions were prepared in tubular glass vials (10 mL) by weight
using an analytical balance with precision of = 0.1 mg. For this pur-
pose, the method described by Lucia et al. [20] was slightly modified
for introducing an additional component on the formulation: silica
nanoparticles. The preparation of dispersions of Pluronic F-127-deco-
rated silica nanoparticles was carry out directly in the vial by mixing
the required amounts of an initial silica nanoparticles dispersion and
the Pluronic F-127 solution. These mixtures were homogenized by so-
nication during 30 min (power ~ 50 W) prior adding the neccesary
amount of eugenol to reach the desired weight ratio between the
components. Afterwards, the mixtures were homogenized by stirring
using a magnetic bar at 1000 rpm during 30 min. Sheme 1 represents a
sketch describing the different steps of the fabrication process of eu-
genol nanocarriers.

2.3. Methods

A Zetasizer Nano ZS instrument (Malvern Instruments Ltd.,
Worcestshire, UK) was used for Dynamic Light Scattering (DLS) ex-
periments using radiation corresponding to the red line of a He-Ne laser
(wavelength, A = 633 nm) in quasi-backscattering configuration (scat-
tering angle, 6 = 173°). All the samples were filtered before the
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Fig. 1. a) Pluronic F-127 aqueous solutions
with weight fractions in the 2-20 wt% range.
Notice that the viscosity of the solutions in-
creases with the weight fraction of Pluronic F-
127. b) Detail of the solution with Pluronic F-
127 weight fraction ~ 20 wt%. ¢) Mixed dis-
persions containing fix silica nanoparticles
concentration (~ 1wt%) and increasingly
amounts of Pluronic F-127 (2-20 wt% range).
Notice that the increase of Pluronic F-127
weight fraction leads to an increase on the
viscosity of the dispersions. d) Detail of the
mixed silica nanoparticles - Pluronic F-127
dispersion containing a weight fraction of co-
polymer ~ 20 wt%.
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measurements, in a clean-room, using a Nylon membrane with a pore
diameter of 0.45 um (Millex; Millipore, Billerica, MA, USA). This allows
removing possible dust particles in the samples. The measurement were
carried out using optical glass cell (Hellma"6030-OG Model; Hellma,
Jena, Germany). In DLS experiments, the normalized intensity auto-
correlation function, g?(q, t), follows an exponential decay with time.
In the simplest case to the Brownian motion of monodisperse objects

g? (g, -1 = fe~ = 20 .

with t is the time, t the characteristic relaxation time which is directly
related to the diffusion coefficient (D), ¢ = 4%sin(g) the wavevector,
and n the solution refractive index which was assumed to be close to
that of the continuous phase (n = 1.33) and f, which is close to 1, is the
coherence factor. For spherical particles diffusing in a continuous
Newtonian medium, D can be assumed to follow the Stoke-Einstein

relationship

kgT

- 67T’IRH ,app (2)

where kg and T are the Boltzmann constant and the absolute tem-
perature, n is the viscosity of the continuous phase, and Ry app is the
apparent hydrodynamic radius of the particles in suspension. Three
replicas of each measurement were carried out, being the deviation
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between the different replicas less than 1%.

Electrophoretic mobility, ., measurements were carried out for
obtaining the zeta potential, {-potential, using also the Zetasizer Nano
ZS instrument (Malvern Instruments Ltd., Worcestshire, UK) The mea-
sured . values were transformed into {-potential by the
Smoluchowski’s relation. The accuracy in the determination of the ¢-
potential was better than + 5 mV.

The turbidity of the samples was determined measuring the trans-
mittance of the mixtures at 400nm using a UV/visible spectro-
photometer (HPUV 8452) [42]. The turbidity was obtained as

T(%)

Turbidity = 1—
4 100

3

3. Results and discussion
3.1. Characterization of the silica dispersions and Pluronic F-127 solutions

The first step of the study is to understand the behavior of bare silica
nanoparticles and Pluronic F-127 in aqueous medium. Silica nano-
particles present an average apparent hydrodynamic radius (Ry, app)
about 21.0 = 0.2nm as was determined by DLS, and are negatively
charge ((-potential ~ -38 = 2mV) due to the dissociated silanol
groups on their surface which prevents their aggregation in water.
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Scheme 1. Sketch describing the different steps of the fabrication process of eugenol nanocarriers.

Fig. 3. Dispersions of eugenol in aqueous Pluronic F-127-decorated nano-
particles (Pluronic F-127 2wt% and silica nanoparticles 1 wt%) with increas-
ingly eugenol concentrations (from left to right: 1-10 wt%): as prepared (a) and
after 48 h (b). The values of Rpju/eug represented (from left to right) are: 1.56,
0.86, 0.65, 0.46, 0.37, 0.31, 0.26, 0.22, 0.20 and 0.18.

However, the negative charge cannot rule out the existence of non-
dissociated silanol groups, which can interact through hydrogen bond
with the ethoxy groups existing in Pluronic F-127 chains.

In order to follow with the characterization of the bare materials,
Pluronic F-127 with increasing concentrations were studied. Fig. la
shows a sequence of images of aqueous solutions of Pluronic F-127 with
increasing weight fractions. Notice that in all the solutions, the

copolymer content is above the critical micellar concentration (cmec ~
0.5 wt%) [43].

Pluronic F-127 solutions show increasingly viscosity with the
weight fraction of copolymer. This increase is especially evident from
copolymer weight fraction values about 12 wt%, leading to a sol-gel
transition when the weight fraction of copolymer in solution is about a
20 wt% (see Fig. 1b). This sol-gel is in agreement with previous studies
in the literature for different polymer of the Pluronic family [44,45],
and reduces the range of Pluronic F-127 concentrations with can be
useful on the preparation of eugenol nanocarriers.

3.2. Capping silica nanoparticles with Pluronic F-127

The interaction of Pluronic F-127 and silica nanoparticles is ex-
pected to lead to the formation of copolymer-decorated silica nano-
particles through the formation of hydrogen bonds between the non-
dissociated silanol groups at the nanoparticles surface and the ethoxy
groups on the copolymer, in a similar way to that described for other
polymers of the Pluronic family [46]. The formation of hydrogen bond
between the copolymer and silica is supported on their strength, being
these hydrogen bonds 25-30 % stronger than those formed by silanol
groups and water [47]. Thus, the replacement of water molecules for
the copolymer chains is expected once Pluronic F-127 is added to dis-
persion of silica nanoparticles. Fig. 2c shows a sequence of images of
mixed dispersions containing a fix concentration of silica nanoparticles
(~ 1wt%) and increasing concentrations of Pluronic F-127.

The results evidence again the sol-gel transition as the Pluronic F-
127 concentration increases. However, the addition of nanoparticles
and the formation of copolymer-decorated nanoparticles leads to a
prior increase of the system viscosity in relation to that occurring for
Pluronic F-127 solutions (around 10 wt% against the 12 wt% found in
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Fig. 4. (a), (b) and (c) Aqueous dispersions
of eugenol nanocarriers prepared using a
fixed silica nanoparticles concentration
(1 wt%) and different Pluronic F-127 con-

centrations (varying in the three panels
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Fig. 5. Ry, app (a) and (-potential (b) dependences on Ry, eug for dispersions
containing fixed concentrations of silica nanoparticles (~ 1wt%) and in-
creasingly concentrations Pluronic F-127. The results show three different eu-
genol concentrations (from 1 wt%, 2 wt% and 3 wt%). The inserted images in
panel (a) show dispersions containing fixed concentrations of silica nano-
particles (~ 1wt%) and of Pluronic F-127 (3 wt%, panel (a) and 6 wt% panel
(b)) and increasingly concentrations of eugenol (from 1 wt% to 3 wt%, from left
to right).

Pluronic F-127 solutions). This is explained considering that the na-
noparticles take out part of the free volume accessible in the liquid
[48], such excluded volume leads to the formation of cross-linked
networks of Pluronic F-127 chains for copolymer weight fractions lower
than that found in pure Pluronic F-127 solutions. This behavior further
reduces the Pluronic F-127 weight fraction region interesting on the
fabrication of nanocarriers.

DLS provides confirmation of the formation of copolymer-decorated
nanoparticles. Fig. 2a shows for the sake of example the normalized
intensity autocorrelation functions obtained by DLS for Pluronic F-127
solutions, bare nanoparticles and copolymer-decorated particles dis-
persions.

The results show that the characteristic relaxation times for
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nanoparticles and Pluronic F-127 are in the same time scale. Thus,
according to Egs. (1) and (2) it is possible to assume that polymer
micelles and nanoparticles present similar hydrodynamic radius. It is
worth mentioning that the autocorrelation function for Pluronic F-127
seems to be more complex than that corresponding to nanoparticles
dispersion. This could be explained considering that copolymer solu-
tions contain more than one component: free polymer chains and
polymer micelles. When the dispersions of copolymer decorated parti-
cles are considered, the autocorrelation function is shifted to higher
times, which means that the scatterers have bigger size, due to the
adsorption of polymer chains onto the nanoparticles surface. For a
deeper understanding of the adsorption of polymer onto silica nano-
particles DLS and ¢-potential measurements were carried out for dis-
persions with fixed nanoparticle concentration and increasingly
Pluronic F-127 weight amount. Fig. 2b and ¢ shows the Pluronic F-127
weight fraction dependence of the apparent hydrodynamic radius and
C-potential of the mixed dispersions.

The addition of Pluronic F-127 to silica nanoparticles dispersions
leads to a sharp increase on the hydrodynamic radius of the nano-
particles from values around 21 nm for the bare particles up to values of
about 40 nm. This increase of the Ry ., could be considered a signature
of the adsorption of Pluronic F-127 micelles onto the nanoparticles
surfaces (Note that the size of the copolymer micelles is around 20 nm).
The adsorption of Pluronic F-127 micelles onto hydrophilic surfaces has
been reported to be favored in relation to the micellation process oc-
curring in the bulk [49,50]. For the case of {-potential values, it is found
a shift from values around —40mV to values close to the electro-
neutrality. This means that the adsorption of a thick layer of Pluronic F-
127 leads to the shielding of the negative charge present on the particle
surface. Thus, particles go from electrostatic stabilization to a steric one
(see Scheme 1).

3.3. Fabrication of nanocarriers of eugenol

We have described in a previous publication the preparation of es-
sential oils in water emulsions only stabilized by Pluronic F-127 [20].
These emulsions present mortality in the range 40-60 % when they
were tested against head lice. This effectiveness was strongly depending
on the nature of the essential oil used. However, it is known that con-
ventional emulsions have no long-term stability since they are me-
tastable systems. It is expected that the use of nanoparticles can help to
enhance the stability of the formulations. It has been discussed above
that Pluronic F-127 can adsorb onto particles surfaces thus modifying
their hydrophobicity of the particles. In this work, we have worked
under conditions in which the eugenol content of the formulations is
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Fig. 6. (a) Dispersions containing a fixed value
of Rplu/eng ~ 2, obtained with increasing con-
centrations of Pluronic F-127 and eugenol. (b)
Detail of the mixtures containing Rpju/eng ~ 2,
obtained with concentrations of Pluronic F-127
and eugenol, around 12 wt% and 6 wt% (right),
and 16wt% and 8wt% (left), respectively.
Note the gel-like character of such samples. (c)
Ry,app dependence on Pluronic F-127 for sam-
ples with Ryju/eng ~ 2 containing a constant
amount of silica nanoparticles (~ 1 wt%). The
line is a guide for the eyes. (d) {-potential de-
pendences on Pluronic F-127 for samples with
Rplueug ~ 2 containing a constant amount of
silica nanoparticles (~ 1wt%). The line is a
guide for the eyes.
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relatively low, and. the results show that, under certain conditions,
copolymer-decorated nanoparticles are able to disperse eugenol in
water.

The first step in the fabrication of nanocarriers is to determine the
optimal compositions to obtain stable dispersions of eugenol in water.
For this purpose, the concentration of silica nanoparticles and copo-
lymer were fixed in 1 wt% and 2 wt%, respectively, and the eugenol
concentration was increased gradually from 1 to 10 wt%. This allows us
to define as control parameter the ratio between the weight fractions of
Pluronic F-127 and eugenol, Rpyy eug. In our previous work, we showed
that such ratio allows stabilizing emulsions for values above a threshold
value about 1.56. Therefore, this value could be considered optimal for
the dispersion of eugenol in Pluronic F-127 shells. Fig. 3 shows a series
of images of dispersions, with different values of Rpjy/eug-

Fresh prepared dispersions (Fig. 3a) show a more milky aspect as
the value of Rpjy/eug decrease, i.e. as the amount of eugenol is increased.
This is associated with a less effective dispersion of eugenol between
the Pluronic F-127 chains, leading to the coalescence of the drops and
the subsequent phase separation as it is observed from the images of the
dispersions after 48 h (Fig. 3b) where in most cases the formation of a
solid precipitate is observed on the bottom of the vial. Only, the sample
with a value of Rpjy eug close to 1.56 (first suspension from the left in
both panels of Fig. 3) remains as one phase dispersion, providing the
bases for the development of eugenol nanocarriers.

Once the existence of a threshold value for Ry eug is known, the
analysis of the eugenol dispersion in the copolymer-decorated particles
dispersion was analyzed for three different weight fraction of eugenol
(1, 2 and 3wt%). The choice of such small contents allows avoiding

10

potential dermal irritation effects associated with the use of essential
oils in real formulations. Fig. 4 shows the images for suspensions pre-
pared with the three eugenol concentrations and different Pluronic F-
127 concentrations in the range 1-9 wt%. Thus, it is possible to modify
the value of Ry eug-

The results show that, for the lowest Pluronic F-127 dispersions,
phase separated milky dispersions with the appearance of a precipitate
in the bottom of the vials are obtained. This is especially true for those
mixtures containing lower amounts of copolymer, i.e. lower values of
Rpiu/eug- The appearance of phase separation is particularly evident as
the concentration of eugenol is increased, being the phase separation
region extended up to higher values of the Pluronic F-127. In order to
quantify the degree of phase separation, turbidity measurements were
carried out. Fig. 4d shows the turbidity measurements carried out for
samples shown in Fig. 4a—c. The results show that samples with values
of Rpiu/eug below 1.5-2 present high values of turbidity in agreement
with the presence of phase separation. The turbidity shows that the
increase of Rpu/eqg €nhances the dispersion of eugenol within the
aqueous phase. This could be explained considering that a higher
amount of Pluronic F-127 in relation to the amount of eugenol leads to
the formation of more rigid Pluronic F-127 shell coating the eugenol
drops. It is worth mentioning that for the highest eugenol concentra-
tions, the dispersions present higher turbidity, this can be explained as a
consequence of change in the optical density of the dispersions asso-
ciated with the increase of the number or the size of eugenol drops. The
increase of the turbidity with the eugenol content is clearly evidenced
from the inserted images in Fig. 5a.

The changes on the turbidity of the samples as the eugenol
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concentration increases can be explained on the bases of the results
obtained by DLS measurements. Fig. 5 shows the dependences of Ry, app
and (-potential on the value of Rpjy/eug-

The results that for fixed eugenol concentrations, there are no de-
pendences of the nanocarriers size (Ry, app) on the value of Ry eug
(Fig. 5a), i.e. on the Pluronic F-127 concentration, being the average
values of Ry, app about 60, 45 and 30 nm for 3, 2 and 1 wt% of eugenol,
respectively. This points out a increase of the size of the nanocarriers
with the eugenol concentration. This could be explained assuming that
the increase of the eugenol for fixed values of Rpju/eug requires the
formation of more expanded copolymer structure in order to allow the
accomodation of the higher oil amount. When the { potential of the
nanocarriers is analyzed, values close to zero were found within the
whole set of studied samples, which is again a result of the shielding of
the surface charge of the silica nanoparticles due to the adsorption of
the Pluronic F-127.

The above results concern so far to the optimization of the condi-
tions for the fabrication of eugenol nanocarriers. From the results, we
found that maintaining Rpiu/eug in values larger of 1.5 it is possible to
prepare stable dispersions of nanocarrier. Focusing our attention on
samples in which the value of Rpjy/eug is maintained constant by the
simultaneous increasing of Pluronic F-127 and eugenol, it is possible to
understand the limitation of the dispersion of eugenol using nano-
carriers, i.e. the maximum amount of eugenol that can be dispersed
using particles capped with copolymer without the appearance of phase
separation or gellification. This presents interest because it might pro-
vide the bases for optimizing the dose of eugenol encapsulated. Fig. 6
shows dispersions with Ryjy/eug ~ 2, presenting increasingly amounts of
Pluronic F-127 and eugenol.

The images show that the increase of the Pluronic F-127 and eu-
genol concentration leads to the transition from a sol-like state to a gel-
like state, in which the eugenol drops are dispersed into a viscous
matrix. This sol-gel transition reduces the maximum amount of eugenol
dispersed in aqueous solution. It is worth to mention that the gellifi-
cation process is found for Pluronic F-127 concentrations lower than in
water dispersions. This could be explained at least partially due to the
contribution to the viscosity associated with the presence of eugenol,
which presents a viscosity almost one order or magnitude larger than
that corresponding to water. It is important to note that the gel-like
mixtures present less interest for the fabrication of platform for en-
capsulation and controlled release of active ingredients in applications
associated with pests control because gels limit the dispersion of the
active ingredient to the environment. However, they can be useful for
the fabrication of other technological materials, especially in those
cases in which a sustained release of the active compound is required,
e.g. systems for topical applications [51]. DLS experiments and {-po-
tential measurements were carried out within the region corresponding
to aqueous dispersions (see Fig. 6¢ and d). The results do not show any
dependence neither of the Ry, app, nor of the { potential on the Pluronic
F-127 concentration

3.4. Effect of the silica concentration on nanocarriers preparation

The above results concern so far to the stabilization of nanocarriers
with a fixed amount of silica nanoparticles (~ 1 wt%), controlling the
dispersion of eugenol through the value of Rp/eug. This section de-
scribes briefly the effect of the concentration of silica nanoparticles on
the preparation of the nanocarriers. Fig. 7 shows the effect of the in-
crease of silica concentration, in the 0.1-20 wt% range, on the stabili-
zation of nanocarriers with fixed Rpjy/eug ~ 2.

The results show that the increase of the silica nanoparticles con-
centration drives the system into the two phase region, it can be con-
cluded that only dispersions with a maximum content of silica about
1wt% are stable, whereas solid precipitates are observed in those
containing about 5wt%. This is because of the increase of the silica
nanoparticles increase the surface area in which Pluronic F-127 can
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Fig. 7. a) Dispersions containing a fixed value of Ryjy/eug ~ 2 and increasing
amount of silica nanoparticles. Ry .pp (b) and ¢ potential (c) dependences on
silica nanoparticles concentration for samples with Rpy/eyg ~ 2 within the li-
quid region. The lines are guides for the eyes.

adsorb, therefore, the surface concentration of copolymer is not be
enough to lead to a steric stabilization of the particles, even if the
neutralization of the surface charge is reached. However, the eugenol
seems to be dispersed independently of the nanoparticle concentration.
Therefore, it is possible to assume that the limiting factor for the eu-
genol dispersion is the Ry eyg value. Fig. 7b and c show that for stable
dispersions the size and charge of the nanocarries is not modified by the
increase of the nanoparticles concentration. These results allows con-
firming that the use of low particles concentrations is recommended for
the fabrication of nanocarriers.

3.5. Conventional emulsions vs. eugenol nanocarriers

In our previous publication [20], we have discussed the possibility
to stabilize emulsions of essential oils using only Pluronic F-127. Here,
we discuss the results obtained for a set of concentional emulsions and
nanocarriers with similar concentration of eugenol and copolymer.
Fig. 8 shows the Ry app and { potential for both type of systems.

The results shows that in both cases the Pluronic F-127 shell guar-
antee a steric stabilization of the eugenol on the dispersion ({ potential
values close to 0). Furthermore, the DLS measurements shows the in-
crease of the size of the dispersed objects when silica nanoparticles are
included in the medium.

3.6. Nanocarriers as insecticides

In our previous publication [20], we analyze the effectivity of es-
sential oil in water emulsions against head lice (Pediculus humanus ca-
pitis) following the procedure described in references [52,53]. The
different emulsions obtained induce lice mortality in the 30-67 %
range; in particular emulsions containing eugenol present mortality
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dispersions containing ~ 6 wt% of Pluronic F-127, in absence (open circles) and
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for the eyes.

around 52%. The inclusion of silica nanoparticles to fabricate nano-
carriers allows us to enhance the effectivity of the formulations leading
to values about 60% of mortality.

Furthermore, the eugenol is considered safe and not acutely toxic,
with an oral LDs, of 2680 mg/kg bw in rat [54] and 3000 mg/kg bw in
mouse [55]. However, it is slightly irritant for eyes and skin depending
on the formulation. On the other side, eugenol is considered among the
products that are exempt from the requirements of the Federal In-
secticide, Fungicide, and Rodenticide Act (FIFRA-EPA) regulations. The
Drug Authority of USA (FDA) categorized the eugenol as Generally
Recognized As Safe (GRAS) for use in dental cement or as a food ad-
ditive. Thus, it is possible to assume that the obtained nanocarriers
present a potential application on the development of new formulations
for pest control.

4. Conclusions

This work has been focused on the fabrication of new eugenol na-
nocarriers based on Pluronic F-127 capped silica nanoparticles. The
results have pointed out that the preparation of new nanocarriers is
mainly limited by two different factors, the first one the ratio between
the amount of Pluronic F-127 and the eugenol one (Rpjy/eyg)- This is
because eugenol droplets need minimum polymer content for their
dispersion in water. In the systems studied, this optimum Rpjy,eug Value
is above 1.5. The size of the nanocarriers do not depend neither of the
Pluronic F-127 content nor of the silica nanoparticles concentration,
but it can be tuned changing the eugenol concentration due to their
effect on the spread of the copolymer chains. This type of nanocarriers
was tested in bioassays against lice (Pediculus humanus capitis), pre-
senting a high effectiveness, leading to death rates about 60%, gath-
ering important possibilities on their application on pest control. All
components used in this system are biocompatible. This can help to
reduce the problems associated with the application process, handling
and storage of commercially available formulations for pests control,
limiting the hazards for environmental and human health related the
use of toxic and volatile dispersing solvent. Furthermore, it would be
possible to use the nanocarriers obtained for applications in other fields
such as pharmacology or drug delivery. Moreover, gel formulations
obtained could also useful in several technological fields.
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