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Abstract

Systems stabilized by surfactants in order to incorporate different substances at their interfaces, such as hydrophilic
polymers and active compounds, are systems capable of establishing vector control of Aedes aegypti. The system was
obtained through the surface tension of PPG-5-CETETH-20/calcium chloride dispersion at concentrations of 0.2%,
0.4%, 0.8%, 1% and 2%, determining the CMC of each sample. Then, a binary study was performed and the system
structures were evaluated by Polarized Light Microscopy (PLM) and rheological analysis. Biological analysis was
performed to assess the mean lethal concentration (LCso) against Aedes aegypti larvae and toxicity to non-target
organisms in Artemia salina. In this sense, the objective of this work was to evaluate the influence of calcium chloride
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on the behavior of phases and on the biological activity of formulations based on the self-aggregation of surfactants,
an alternative larval insecticide to be used as a replacement for larval insecticides already on the market.
Keywords: Surfactants; Stabilized systems; Larvicidal control; Aedes aegypti; Artemia salina.

Resumo

Sistemas estabilizados por surfactantes podem incorporar diferentes substancias em suas interfaces, como polimeros
hidrofilicos e compostos ativos, e sdo sistemas capazes de estabelecer o controle vetorial do Aedes aegypti. O sistema
foi obtido através da tensdo superficial da dispersdo de PPG-5-CETETH-20/cloreto de calcio nas concentracfes de
0,2%, 0,4%, 0,8%, 1% e 2%, determinando a CMC de cada amostra. Em seguida, foi realizado um estudo binario e as
estruturas do sistema foram avaliadas por Microscopia de Luz Polarizada (MLP) e analise reoldgica. A analise
bioldgica foi realizada para avaliar a concentracgdo letal média (CLso) contra larvas de Aedes aegypti e toxicidade para
organismos ndo-alvo em Artemia salina. Nesse sentido, o objetivo deste trabalho foi avaliar a influéncia do cloreto de
calcio no comportamento das fases e na atividade bioldgica de formulag@es baseadas na autoagregacao de tensoativos,
um inseticida larval alternativo a ser utilizado como substituto de inseticidas ja existentes no mercado.
Palavras-chave: Tensoativos; Sistemas estabilizados; Controle larvicida; Aedes aegypti; Artemia salina.

Resumen

Los sistemas estabilizados con surfactantes pueden incorporar diferentes sustancias en sus interfaces, como polimeros
hidrofilicos y compuestos activos, y son sistemas capaces de establecer el control de vectores de Aedes aegypti. El
sistema se obtuvo mediante la tension superficial de la dispersion de PPG-5-CETETH-20/cloruro de calcio en
concentraciones de 0,2%, 0,4%, 0,8%, 1% y 2%, determinando la CMC de cada muestra. Luego, se realiz6 un estudio
binario y se evaluaron las estructuras del sistema mediante Microscopia de Luz Polarizada (MLP) y analisis reoldgico.
Se realizé un andlisis biolégico para evaluar la concentracion letal media (LC50) contra larvas de Aedes aegypti y la
toxicidad para organismos no objetivo en Artemia salina. En este sentido, el objetivo de este trabajo fue evaluar la
influencia del cloruro de calcio en el comportamiento de las fases y en la actividad bioldgica de formulaciones
basadas en la autoagregacién de tensioactivos, una alternativa insecticida larval para ser utilizada como sustituto de
insecticidas que ya estan en el mercado.

Palabras clave: Tensioactivos; Sistemas estabilizados; Control de larvicidas; Aedes aegypti; Artemia salina.

1. Introduction

Brazil has faced a major public health challenge due to outbreaks involving several arboviruses transmitted by Ae.
aegypti, including dengue, Zika virus, wild yellow fever and Chikungunya (Santos et al., 2020). These arboviruses present a
constant threat to human health, with the highest number of notifications being found in tropical and subtropical areas (Souza
et al., 2020; Santana et al., 2021), where environmental impacts and climatic conditions of temperature and humidity allow the
maintenance of the viral cycle (Fujiwara et al., 2017). Due to the high number of notifications, the Brazilian Ministry of Health
has coordinated with the state and municipal health secretariats to carry out task forces in order to control the emergence of
new cases (Maia et al., 2019).

In this scenario, the control of Ae. aegypti is presented as the main preventive measure to reduce the spread of these
related arboviruses (Souza et al., 2020). For vector control, basically, three methodologies are used: physical or mechanical
control, biological control and chemical control (Maia et al., 2019).

Chemical control is still one of the main mechanisms used by the World Health Organization (WHO). Among the
various larvicidal agents available on the market, only three classes are approved by the WHO for use against Ae. aegypti,
which are the organochlorines, carbamates and pyrethroids (Aguiar, 2017; Maia et al., 2019). However, the continuous use of
these insecticides over the years has shown worrying results regarding the selection of resistant individuals (Corte et al., 2018;
Fonseca et al., 2019; Martins et al., 2021).

The use of these insecticides has also caused damage to humans and the environment, thus, several technological
innovations of vector control have been developed as alternatives to the control of Ae. aegypti using different mechanisms of
action, such as social measures, selective monitoring of the infestation, insecticide dispersion, new chemical and biological
control agents and molecular procedures for mosquito population control, including combinations of techniques (Zara et al.,
2016; Alvarez Costa, 2018).
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On the other hand, there are studies that report the synthesis of new organic compounds in order to evaluate the
activity against Ae. aegypti seeking to develop strategies to control its proliferation (Nunes et al., 2018). However, there are
some limitations in the direct use, such as insolubility in water, and the main limitation of the direct use of compounds in
aqueous medium is the low solubility in this medium.

Thus, a system was developed using a non-ionic surfactant, completely soluble in water and ethanol. Its composition
provides multiple functionality: emollient, solubilizer, plasticizer and wetting agent, favoring the dispersion of the active
compound (N-tosylindole). This system is structured and presents itself as a promising system for releasing active substances.

The addition of calcium chloride (electrolyte) in the aqueous phase causes a change in the solvent property of water,
alters the solubility of the surfactant in the medium and, as a consequence, promotes a decrease in the critical micellar
concentration (CMC). This decrease generates aggregates with different structures when the surfactant is in high

concentrations, improving the biological response of the carrier substance (Galindo-Alvarez et al., 2011; Grzadka et al., 2017).

2. Methodology
2.1 Surface tension and determination of Critical Micellar Concentration

The determination of Critical Micellar Concentration (CMC) was analyzed with an Attension Tensiometer model
Sigma 700, using the Wilhelmy plate method. For the experiment, Milli-Q® water was used as a standard, and its surface
tension was previously measured (y = 72.00 mN/m). Then, an initial aqueous solution of 0.5 g/l was prepared for the surfactant
PPG-5-CETETH-20 and for the mixture PPG-5-CETETH-20/calcium chloride, and from these, dilutions were carried out in
water at concentrations of 0.2%, 0.4%, 0.8% and 1% and subjected to analysis in the equipment (Froelich et al., 2017). The
experiment was performed in triplicate for each dilution point. Surface tension values (mN/m) were determined as a function

of surfactant concentrations (g/l).

2.2 Phase behavior of PPG-5-CETETH-20 surfactant in water and PPG-5-CETETH-20/calcium chloride dispersion at
2%

The lyotropic phase behavior of the surfactant PPG-5-CETETH-20 and PPG-5-CETETH-20/A0 2:1 was verified. The
phase behavior was also evaluated for mixtures of these components with increasing concentrations of water in an aqueous
solution of Alginate and Calcium Chloride. Each system was mixed with water in proportions 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3,
8:2 and 9:1. After homogenization, the systems were left to rest for a period of five days for stabilization, then the phases

formed were observed and identified by Polarized Light Microscopy (PLM).

2.3 Development of the system through the ternary phase diagram with PPG-5- CETETH-20/soybean oil/calcium
chloride dispersion

The surfactant (PPG-5-CETETH-20) was combined in different ratios and mixed under magnetic stirring to the oil
phase. They were added and homogenized for 30 minutes at room temperature. After complete homogenization, the aqueous
phase was added to the mixtures still under stirring. To obtain the formulation, the non-ionic surfactant Procetyl AWS (PPG-5-
CETETH-20), commercial soybean oil as the oil phase, calcium chloride dispersion as the aqueous phase and N-tosylindole as
the active compound were used.

A mixture of surfactant (74%) and 6% oil phase was prepared and subjected to magnetic stirring for 30 minutes. Then,
after complete homogenization, 20% of the 2% calcium chloride dispersion (aqueous phase) was added dropwise, still under
magnetic stirring, the whole process being carried out at room temperature. After mixing the surfactant and the oil phase under

the same conditions described in the preparation of the inert formulation, 0.01% of the active compound N-tosylindole was
3
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incorporated and subjected to magnetic stirring for 30 minutes. After homogenization, 20% of the 2% calcium chloride
dispersion (aqueous phase) was added. Formulations FC1A, FC2A and FC3A (inert) and FC1B, FC2B and FC3B (active
compound) were obtained.

After each addition, the visual appearance of each sample was recorded and the phase changes were visually identified
and classified as isotropic liquids (IL), transparent high viscosity systems (THVS), opaque systems and phase separation. Upon
identifying the phase shift, the data were plotted using the Sigma Plot v. 11. To confirm the nature of the phases of the systems

obtained, the technique of polarized light microscopy (PLM) was used.

2.4 Characterization of systems by Polarized Light Microscopy (PLM)

The identification of the optical properties of the systems obtained from the ternary phase diagram was performed by
polarized light microscopy, using an Olympus BX-51 microscope equipped with a LC Color Evolution digital camera (PL-
A662) and Image Analyzer Software (PixeLINK). For measurements, the samples were applied to a glass slide, covered by a
coverslip and analyzed. The images were obtained at a 20x magnification at room temperature, after a minimum time of five
days for the equilibrium of the systems (Ferreira et al., 2015; Zhang & Wang, 2019).

2.5 Selection of systems for characterization

The choice of systems was based on the lyotropic and phase precursor behavior. Low viscosity systems that increase
their rigidity by increasing the aqueous phase were selected. To the formulations selected by PPG-5-CETETH-20/soybean
oil/calcium chloride dispersion, 10 mg/l of the compound was incorporated and named as FC1B, FC2B and FC3B. What
makes them different is the composition of the aqueous phase, which varies from 10 to 30%. After the incorporation of the
compound, the formulations were homogenized at room temperature and their visual appearance was observed for physical-
chemical characterization.

2.6 Rheological analysis

The flow test was performed by varying the shear velocity from 0 to 200 s™*. The rheometer used was the controlled
tension, model MCR-302 (Anton Paar), with cone/plate geometry, with a stainless steel cone with a diameter of 50 mm and an
angle of 1 degree, with a spacing of 96 um from the cone to the plate. The formulation was tested at a controlled temperature
of (25.0 £ 0.2) °C. The sample was carefully applied to the bottom plate, ensuring minimal shear and allowing a 1 minute rest
time before each determination. The analysis lasted 4 minutes. The data were fitted with the Power Law model through the
OriginPro software (Ferreira et al., 2015).

2.7 Biological assays

To determine the larvicidal activity of the formulation, aqueous solutions of 100 ml were prepared, ranging from 0.02
to 5.00 ppm, where 20 Rockefeller larvae of Aedes aegypti L3/L4 stage were submitted. Assays were performed in triplicate.
After 24 h, the number of dead larvae was verified, and the larva that showed no movement was considered dead. The assay
was performed in triplicate and the inert formulation was used as a control, the conditions used were the same as previously
established (Santos et al., 2020). Statistical analysis was performed to find the lethal concentration 50% (LCsg). Data were

subjected to PROBIT analysis according to Finney (1971).
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2.8 Artemia salina toxicity test

It was performed by adapting the methodology of Meyer et al. (1982), preparing a solution with sea salt at a
concentration of 35 g/l. Initially, 100 mg of cysts were incubated in 1000 ml of standard artificial sea water (3,5%) under
lighting and aeration. After 18 h to 24 h of incubation, the nauplii (phases Il to I11) were transferred to a beaker containing 200
ml of artificial sea water, with lighting and aeration for 48 h. Ten larvae of Artemia salina were transferred to 50 ml disposable
cups containing artificial sea water solution (Santos et al., 2020). The components were tested at concentrations from 5 ppm to
1000 ppm. The nauplii were exposed to a test solution for 24 h, recording total mortality.

3. Results and Discussion
3.1 Determination of Critical Micellar Concentration (CMC)

The CMC values represented in Figure 1, obtained for the pure PPG-5-CETETH-20 surfactant was 0.198 g/I, a value
similar to that found by Vogel (2011).

The geometric position of the surfactant at the interface can be an influencing factor to be considered, in terms of its
effects on the curvature and fluidity of the interface (Ho et al., 1996). According to Damasceno et al. (2011), the addition of a
co-surfactant is able to reduce the free energy at the interface and the stress, through penetration into the surfactant film and,
therefore, create a disordered film due to an empty space between the surfactant molecules.

Figure 1: Surface tension of PPG-5-CETETH-20 as a function of concentration. a) surface tension of pure PPG-5-CETETH-20
surfactant; b) PPG-5-CETETH-20/calcium chloride at 0,2%; ¢) PPG-5-CETETH-20/calcium chloride at 0,4%; d) PPG-5-
CETETH-20/calcium chloride at 0,8%; e) PPG-5-CETETH-20/calcium chloride at 1%; f) PPG-5-CETETH-20/calcium
chloride at 2%.
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Source: Authors (2019).

Calcium chloride is a salt formed from calcium and chlorine, which is soluble in water. In the presence of a non-ionic
surfactant in an aqueous medium, such as PPG-5-CETETH-20, it reduces its solubility due to the “salting out” phenomenon
arising from the addition of ions to the medium by calcium chloride (Riccardi et al., 2019). Figure 1 shows the results of the
addition of calcium chloride at concentrations of 0.2%, 0.4%, 0.8%, 1% and 2%, and the addition of calcium chloride reduced
the CMC of the PPG-5-CETETH-20 (Table 1), however, it can be seen that the decrease was proportional to the increase in
concentration.

This influence is justified by the absence of ionic charge in the structure of the surfactant, and it is possible to observe
the influence on the formation of aggregates by altering the solubility of the surfactant in the aqueous medium. Electrolytes
have high solubility in the medium, which causes desolvation of the polar region of the non-ionic surfactant, generally
resulting in a decrease in CMC (Huang et al., 2015; Salvia et al., 2016).

3.2 Phase behavior of PPG-5-CETETH-20 surfactant in water and PPG-5-CETETH-20/calcium chloride dispersion at
2%

Through this study, it was possible to understand the behavior of the surfactant molecules when the proportion of
aqueous phase is varied, as well as the proportion of the surfactant. The systems obtained are isotropic (micellar and/or micro
emulsified systems), anisotropic (lamellar, hexagonal and cubic phase liquid crystals) and emulsified systems.

Figure 2 shows an illustrative schematic of the binary phase diagram obtained from PPG-5-CETETH-20/water and
contact with up to 20% water in optically clear, liquid and isotropic systems classified as SLI. Above 20% of water, the
systems turned into the hexagonal phase, verified by the observation of striations in the PLM, it has the appearance of a gel,
transparent and has high viscosity. The hexagonal phase was maintained with the addition of up to 40% of water, above this

amount, the system changed to the cubic phase. With the addition of water in concentrations above 80%, the systems returned
to SLI.
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Figure 2: lllustrative scheme of binary phases resulting from PPG-5-CETETH-20/water and PPG-5-CETETH-20/calcium

chloride at 2% dispersion mixtures, in addition to representative images obtained by polarized light microscopy taken at 20x.

PPG-5-CETETH-20 PPG-5-CETETH-20/CaCl,
90% 70% 50% 20% 90% 80% 70% 20%
SLI Hexagonal Cubic SLI SLI Hexagonal Cubic SLI
phase phase phase phase
10% 30% 50% 80% 10% 20% 30% 80%

Source: Authors (2019).

The mixture of surfactant PPG-5-CETETH-20/calcium chloride at 2% promoted the formation of increasingly
organized structures, with the dispersion of the aqueous solution there was a transition from SLI to the hexagonal phase,
followed by the cubic phase, until that with a higher concentration of dispersed water, the system returns to being an SLI. In
non-ionic surfactants with a single carbon chain, such as PPG-5-CETETH-20, the addition of water causes the agglomeration
of the surfactant molecules, whose polar heads are turned towards the internal aqueous medium, in order to obtain a minimum
state. of free energy, thus forming reverse micelles. The increase in water above 20% promotes the packing of these hexagonal
phase structures, resulting in a more ordered phase, such as the cubic phase, whose interface has curvature around both the
hydrophobic chain and the polar head of the surfactant.

The dispersion of calcium chloride at 2% as an aqueous phase in the presence of a non-ionic surfactant in an aqueous
medium, such as PPG-5-CETETH-20, reduces the solubility of the polar part of the surfactant, providing self-organization. In
the addition of 30% of aqueous phase, it was possible to obtain more structured systems, with the addition of 40 and 50%, the

system passes to the cubic phase and returns to SLI with 60% of aqueous phase.

3.3 Polarized Light Microscopy (PLM)

It is possible to observe that all samples presented a dark field when observed under the microscope (Figure 3).
Isotropic systems, such as microemulsions, have a single refractive index, and their optical properties are independent of
direction. Thus, they are not birefringent and generate a dark field when subjected to polarized light (Hyde, 2001; Ferreira et
al., 2015).

In the photomicrographs of the FC2A and FC2B samples, it was possible to visualize structures similar to striations,
characteristic of a hexagonal phase. Anisotropic systems have distinct crystallographic axes and interact with light in a way
that is dependent on the orientation of the crystal lattice in relation to incident light, presenting birefringence (Abramowitz;
Davidson, 2012).

The addition of aqueous phase by 30% (FC3A and FC3B) promoted a different organization between the arrays, being

revealed through the anisotropy of the samples, visualizing characteristic structures of the cubic phase liquid crystalline array.
7
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Figure 1: Micrographs taken at 20x of samples FC1A, FC1B, FC2A, FC2B, FC3A and FC3B.

Source: Authors (2019).

3.4 Rheological Analysis

In Figure 4 it is possible to observe the rheological parameters of the samples FC1A, FC1B, FC2A and FC2B, in
which all presented Newtonian behavior, presenting values of R? > 0.98, indicating a good correlation between the
experimental and theoretical data, with n equal to or close to 1, which is expected for microemulsion systems and ME-CL
phase transitions (Santana et al., 2012). These systems exhibit this type of behavior due to the small droplet size and low
interaction between them (Polizelli et al., 2006).

Figure 4: Rheograms of samples FC1A, FC1B, FC2A and FC2B with ascending curves.
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Likewise, Polizelli et al. (2006) in their study also obtained Newtonian behavior for microemulsions containing
soybean oil. Rheological studies with microemulsions indicate that these systems commonly exhibit Newtonian behavior and
their viscosity depends on the structure of the system.

To determine the behavior of the liquid crystalline phases, oscillatory analysis was performed for the sample FC3A
and FC3B (Figure 5). The rheological characterizations were determined from the storage or elastic modulus (G”) and loss
modulus (G”) as a function of frequency. It was possible to observe that the samples present values of G* > G” independent of
the frequency, indicating that the elastic properties overlap the viscous ones. High values for the storage modulus reflect in an

elastic, highly structured sample with strong interactions between molecules (Yariv et al., 2010; Carvalho et al., 2013).

Figure 5: Elastic modulus (G’) and loss (G”) as a function of the frequency of samples FC1A, FC1B, FC2A and FC2B.
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According to Ling et al. (2014), the increase in the storage modulus G’ is attributed to the ability of the surfactant
molecules to adsorb at the interfaces, while the loss modulus G” is attributed to the slip between the layers that constitute the

liquid crystal.

3.5 Larvicidal Activity

The FC2B and FC3B formulations were chosen because they are structured systems, with high solubilization capacity
for active substances such as N-tosylindole. Both samples showed biological activity against Aedes aegypti L3/L4 larvae.
Table 1 shows LCso values, where the FC2B formulation had a higher LCso than FC3B. The control was carried out with the
inert formulation and there was no biological activity against Aedes aegypti larvae. The concentration of 0.012 mg/l of
temephos used by the World Health Organization (2009) is capable of causing 100% mortality of Ae. aegypti, however, the
mosquito has shown resistance and toxicity in the aquatic environment. Indole derivatives are promising larvicides for the

control of Aedes aegypti, at low concentrations they are effective, non-toxic (Souza et al., 2019).
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Table 1: LCso values of the samples studied.

Samples LCs0(95% CI) ppm
FC2A No larvicidal activity
FC2B 0.006 (0.004 to 0.065)
FC3B 0.100 (0.008 to 0.011)

95% CI: confidence interval with 95% probability.

LCso: lethal concentration needed to kill 50% of the exposed population.
ppm: parts per million.

A*: inert formulation.

B*: formulation with the active compound (N-tosylindole).

Source: Authors (2019).

3.6 Artemia salina Toxicity Test

Toxicity testing using microcrustaceans is an effective method to assess the environmental toxicity of pesticides and
chemicals (Minguez et al., 2016; Nunes et al., 2018; Santos et al., 2020). No indication of toxicity of the isolated components
and of the formulation was found up to 1000 ppm, demonstrating to be an environmentally safe and effective larvicide for not
showing toxicity in Artemia sp.

Santos et al. (2018) performed toxicity tests with pyriproxyfen at various concentrations using Daphnia magna and
Artemia salina as non-target organisms to assess ecotoxicological parameters. This study demonstrated toxicological effects of
pyriproxyfen on both microcrustaceans. Bussmann et al. defined the concentration range for evaluating the toxicity of
compounds to non-target organisms. Very toxic compounds shows LCso values below 249 ppm, while compounds with
intermediate toxicity exhibit LCso ranging between 250 and 499 ppm and low toxicity molecules shows lethal concentration
between 500 and 1000 ppm. The absence of system toxicity demonstrates that the developed product is not harmful to this

species.

4. Conclusion

From the results obtained, it is possible to conclude that the formulation showed potential use and that it can be
considered an important larvicidal alternative in the control of Aedes aegypti larvae, with bioactive, biodegradable and non-
toxic components, showing no indication of toxicity of the isolated components and of the formulation in the toxicity tests on
Artemia sp.

The system is in the form of a gel-fluid, transparent and with ideal conditions for focal application in water reservoirs,

enhancing the effect of N-tosylindole.
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