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Abstract

This study proposes a review of biological potential of cinnamon (Cinnamomum cassia) essential oil with a focus on
microencapsulation as an alternative to control the occurrence of pests in stored maize grains. Due to the demands on
corn productivity, there is the need to improve grain storage processes and conditions, since that in this stage there are
quantitative and/or qualitative losses, mainly due to the maize weevils (Sitophilus zeamais) and the incidence of
mycotoxin-producing fungi (Penicillium crustosum, Alternaria alternata and Aspergillus flavus). The control of these
pests is usually carried out with chemical insecticides, which can leave toxic residues in the grain. Therefore, the
microencapsulation of essential oils appears as a promising alternative, considering the volatility of aromatic
compounds, which are largely responsible for the activity against pests.
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Resumo

Este estudo propde uma revisdo do potencial biolégico do éleo essencial de canela (Cinnamomum cassia) com foco na
microencapsulacdo como alternativa para o controle da ocorréncia de pragas em gréos de milho armazenados. Devido
as demandas na produtividade do milho ha a necessidade de melhorar os processos e condi¢des de armazenamento dos
graos, visto que nesta fase had perdas quantitativas e/ou qualitativas, principalmente devido ao gorgulho do milho
(Sitophilus zeamais) e a incidéncia de micotoxinas produtoras. fungos (Penicillium crustosum, Alternaria alternata e
Aspergillus flavus). O controle dessas pragas costuma ser feito com inseticidas quimicos, que podem deixar residuos
toxicos no grdo. Portanto, a microencapsulacdo de O6leos essenciais surge como uma alternativa promissora,
considerando a volatilidade dos compostos aromaticos, os quais sdo os grandes responsaveis pela atividade contra
pragas.

Palavras-chave: Cinnamomum cassia; Trans-cinamaldeido; Oleo essencial; Encapsulamento; Bioinseticida;
Biofungico.
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Resumen

Este estudio propone una revision del potencial biologico del aceite esencial de canela (Cinnamomum cassia) con un
enfoque en la microencapsulacion como alternativa para controlar la ocurrencia de plagas en granos de maiz
almacenados. Debido a las demandas sobre la productividad del maiz existe la necesidad de mejorar los procesos y
condiciones de almacenamiento del grano, ya que en esta etapa existen pérdidas cuantitativas y/o cualitativas,
principalmente por el gorgojo del maiz (Sitophilus zeamais) y la incidencia de micotoxinas productoras. hongos
(Penicillium crustosum, Alternaria alternata y Aspergillus flavus). El control de estas plagas se suele realizar con
insecticidas quimicos, que pueden dejar residuos téxicos en el grano. Por tanto, la microencapsulacion de aceites
esenciales aparece como una alternativa prometedora, considerando la volatilidad de los compuestos aromaticos, que
son en gran parte responsables de la actividad contra las plagas.

Palabras clave: Cinnamomum cassia; Trans-cinamaldehido; Aceite esencial; Encapsulacién; Bioinsecticida;
Biofungicida.

1. Introduction

The increase in maize (Zea mays L.) productivity is intrinsically linked to the improvement of the harvesting process
and grain storage conditions. However, prolonged storage can only be carried out when the practices of harvesting, cleaning,
drying, insect control and fungi prevention are correctly adopted. In general, the main causes of loss of quality in stored
agricultural products are pest insects, such as the weevil (Sitophilus zeamais Mots. (Coleoptera: Curculionidae)) and the grain
moth (Sitotroga cerealella Olivier (Lepidoptera): Gelechiidae) (Lorini et al., 2015). Maize grains are also susceptible to fungal
contamination, especially Alternaria, Aspergillus and Penicillium. The proliferation of these fungi in maize not only leads to a
reduction in yield, quality and economic losses, but also produces carcinogenic secondary metabolites, called mycotoxins, which
pose a threat to human and animal health (Sun et al., 2017; Ti et al., 2019; Tournas & Niazi, 2017).

The excessive use of chemical insecticides, considered as highly effective long-term management tools, has made many
insect species physiologically or behaviorally resistant (Boyer et al., 2012). Added to this, the negative consequences on the
environment and society have driven the use of natural plant products, such as essential oils (EOs) with insecticidal activity, in
pest control during grain storage (Regnault-Roger et al., 2012).

Most aromatic plants rich in EOs have potential to act as insecticides or repellents, thus being able to play an important
role in protecting grains against pest damage (Suthisut et al., 2011). OEs are referred to as reduced risk pesticides. In addition to
being well received by consumers for domestic use and against pests, these green pesticides are also effective for the production
of organic food.

The active principles of spices, such as cinnamon (Cinnamomum sp.), are located in the essential oil fraction (EO)
(Pereira & Maia, 2007). Cinnamomum cassia (C. cassia) EO has insecticidal, repellent and antifungal properties (Kim et al.,
2003; Sun et al., 2016; Tripathi et al., 2009; Wang et al., 2019). Applications of OEs are limited due to the volatility of the
compounds. However, the microencapsulation process provides protection and stability to these volatiles, with the possibility of
controlled release of EO for action as a biological pesticide (Rodriguez et al., 2016; Souza et al., 2019). Encapsulation also
increases the solubility of EOs, decreasing the need to use surfactants. In the microencapsulation of EOs, it is interesting to use
techniques and combination of wall materials capable of reducing the loss of volatiles (Osorio-Tobén et al., 2016).

This review intends to address the relevant data that justify the microencapsulation of C. cassia essential oil as an antifungal,
insecticide and repellent alternative to conventional pesticides for the control of maize weevil (Sitophilus zeamais) and fungi

(Penicillium crustosum, Alternaria alternata and Aspergillus flavus) in stored grains.

2. Methodology

This work consists of a systematic literature review, developed by bibliographic research carried out on scientific

articles, dissertations and theses from online databases and research portals: Wiley Online Library, Science Direct, Scielo
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(Scientific Eletronic Library Online), Elsevier, Pubmed and Google Scholar. Complete works published between 2010 and 2021
were used, without disregarding relevant works from previous years. The main search terms were Microencapsulation, essential
oil, Zea mays, stored grains, bioinsecticide, reppelent, fungic, Sitophilus zeamais, Penicillium crustosum, Alternaria alternata,
Aspergillus flavus, Cinnamomum cassia, trans-cinnamaldehyde, excluding articles that did not have several simultaneous terms
and that did not focus on the research objective (review of the biological potential of Cinnamomum cassia essential oil with a

focus on microencapsulation as an alternative to control the occurrence of pests in stored maize grains).

3. Results and Discussion
3.1 Maize culture and its storage

Maize (Zea mays L.) is a member of the grass family (Doebley, 1990). The economic importance of maize it is related
to several forms of its use, since animal feed to high-tech industry. As a human food base, it is very versatile and can be consumed
directly or indirectly. Its cultivation is not essentially restricted to food industry, where small properties, even without
technological resources, use this culture as a means of survival, being evident the economic and social impact (Duarte et al.,
2010).

Brazil stands out in world grain production, being considered the third largest maize producer in the world. The maize
production chain is one of the most important economic segments of Brazilian agribusiness, where the primary maize production
corresponding to approximately 37% of the total grain produced in the country, from 35,715.6 t, in 1997 harvest, to 100,566.1 t,
in 2019 harvest, with an increase of 181.6% (Conab, 2021).

Maize production occupies about 12 million hectares throughout the national territory. Appropriate potential is
identified for the use of high technology for production above 16 t/ha, but the use of low investment technology still
predominates, which has maintained the national average productivity around 5.1 t/ha, according to IBGE data from 2021.

The Brazilian maize production is directed to two destinations, the consumption in the rural establishment and by consumer
market, where the commercialization flows are alternated between feed factories, chemical industries, in natura product and
export (Maciel & Tunes, 2021).

Grain yield can be affected by several factors, among which, the action of pest insects is mentioned as one of the main
ones, as it prevents the better use of the productive potential of hybrids and cultivars, due to attacking from sowing to harvest,
causing damage to roots, stalks, leaves and ears (Hernandez Nopsa et al., 2015).

The possibility of storage for long periods of time, without significant loss of quality, gives a positive characteristic to
maize, since production occurs in harvests (Santos, 2006). However, planning for prolonged storage, aiming to ensure quality,
must start long before the grains reach the storage units and take into account the losses that can occur from the beginning, with
the inadequate choice of varieties, fertilization, irrigation, mode of harvest, transport, processing within the unit and various post-
storage factors, such as moisture content and the temperature of the grain mass, presence of impurities, contamination of storage
structures, variations in temperature and relative humidity of the air, which influence the main processes what grains are subject
to during storage: respiration and proliferation of insects, pests and microorganisms, especially fungi (Goneli, 2021), including
toxigenic species such as Aspergillus flavus (A. flavus) (Chu et al., 2013).

Maize (Zea mays L.) is a plant characterized by two vegetative cycles, the short cultivar cycle, present pollination 30
days after emergence, and the normal cycle with a maximum of 300 days. In Brazil, its cycle can vary from 110 to 160 days, due
to the characterization of the cultivars, period between sowing and harvesting (Fancelli, 2015). Thus, the maize storage due to
the off-season periods, is of fundamental importance for the conservation of its quality, having the function of keeping it healthy,

clean and free from pesticide residues usually used to combat pests that attack the grains stored (Santos, 2006).
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Once stored, grains are subject to transformation, deterioration and loss due to interactions between physical, chemical
and biological phenomena, which implies that factors such as temperature, humidity, oxygen availability, microorganisms,
insects, rodents and birds are constantly monitored (Lorini et al., 2015), thus minimizing post-harvest losses of the most different
kinds of commodities, and still keeping the metabolism (respiration) of grains at reduced levels, thus applying integrated
management, reducing the need for excessive use of chemical substances for control (Goneli, 2021).

In Brazil, maize production losses are evidenced as a result of logistics, poor distribution and location of warehouses
and also the deficiency in storage combined with the precarious conditions of many structures (Fassio et al., 2018). Thus, research
in the harvesting and storage segment is essential for grain conservation and loss reduction.

Carelessness or failures in the storage process can cause production losses due to the action of insect pests, fungi and
their mycotoxins, in addition to pesticide residues. Grains contaminated with mycotoxins, secondary metabolites of some species
of fungi such as Aspergillus spp. (aflatoxins and ochratoxins), Fusarium verticillioides, Fusarium subglutinans (fumonisins),
Fusarium graminearum (trichothecenes zearalenone), Fusarium sporotrichioides (T-2 toxin), Penicillium spp. (ochratoxins) and
Alternaria alternata (A. alternata), cause a great concern for human and animal health due to their high toxicity (Sunetal., 2017;
Ti et al., 2019; Tournas & Niazi, 2017). These mycotoxins have an accumulative character in the body, even in low
concentrations they are capable of causing pulmonary edema, apathy, hemorrhages, anorexia, brain and liver necrosis and chronic
diseases such as cancer, liver cirrhosis, immunosuppression, mutagenicity and nephropathies (Ti et al., 2019; Bennett & Klich,
2003).

Damage caused by insects is another factor that increases the risk of fungal infections in grains, in addition to causing
losses due to weight reduction, which depreciates the commercial value, reduces nutritional value and favors the deterioration
of product. In general, the main causes of loss of quality in stored agricultural products are pest insects, such as the weevil
(Sitophilus zeamais Mots. (Coleoptera: Curculionidae)) and the grain moth (Sitotroga cerealella Olivier (Lepidoptera):
Gelechiidae)). The grains can be infested in the crop, with the insects already in the grains migrating to the warehouses after
harvesting, or they can already be present in the warehouses. According to data from FAO and of Ministério da Agricultura,
Pecuaria e Abastecimento (MAPA) of 2015, the average quantitative losses of grain per year are around 10% of the total produced
(Lorini et al., 2015; Mapa, 2020).

3.2 Maize crop losses during storage period

Millions of tons of cereal grains are lost globally each year during storage. These losses are largely due to contaminants
including fungi, mycotoxins and insect pests which compromise grain quality. The investment in the acquisition of knowledge
aiming at an adequate management, allows a significant reduction in losses (Mesterhazy et al., 2020).

It is extremely important to know the classes of insect pests, as well as the damage caused by them during storage, to
establish the best management strategy, avoiding major losses in grain quality (Stejskal et al., 2015). For a better definition of
the management to be used in grains or seeds, it is necessary to know the eating habits of each insect pest. According to Lorini
et al. (2015), pests can be classified as primary or secondary.

Primary pests — can be called internal or external pests depending on the part of the grain they attack, and the target is
whole and healthy grains and seeds. Internal pests pierce the grains, consume their internal content and remain in this region
during their cycle, in addition to allowing the installation of other deterioration agents, such as the S. zeamais bug. On the other
hand, external pests aiming only feeding, they destroy the outside of the grain or seed (husk) to feed the inside part, but without
developing inside. As an example, moths.

Secondary pests — these pests do not attack healthy and whole grains, they need that the grains are cracked, broken or

damaged by primary pests. The multiplication of these pests is very fast, which causes enormous damage.
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Bugs and moths are two important groups of pests that attack stored grains and seeds and have a high reproductive capacity,
which makes it possible to reach the grain masses throughout the storage place. Bugs, also known as weevils, pierce the grains
reaching their interior, while moths (Lepidoptera) remain on the surface, causing less damage than the first ones (Coleoptera)
(Gallo et al., 2002).

Among the bugs species, S. oryzae and S. zeamais stand out for the damage they cause, which justifies most of the
chemical control (Lorini et al., 2015). Females of S. zeamais oviposition inside the grains and the larvae (offspring), due to
feeding on the inner parts of grain, reduce its weight and, consequently, the nutritional and economic values, and also reducing
the viability of the seed. and cause contamination by excreta and debris from their bodies (Suleiman et al., 2015). Sitophilus
Zeamais (Motschulsky, 1885) and Sitophilus Oryzae (Linné, 1763) belong to the order Coleoptera and the Curculionidae family,
they can occur together in the same mass of grains or seeds, being very similar in morphological terms, whose differentiation is
performed only through the study of genitalia (Lorini et al., 2015).

Bugs reach 3 mm length as adults, with dark brown coloration, lighter spots on the elytra (forewings), visible soon after
emergence. They have a proboscis-shaped cephalic extension, known as a curved rostrum. The larvae are light yellow in colour,
with a dark brown head and white pupae. The oviposition period is 104 days, with 282 being the average humber of eggs per
female. The longevity of females is 140 days. The incubation period ranges from 3 to 6 days and the egg cycle to adult emergence
is 34 days (Suleiman et al., 2015).

Preventive measures, such as the elimination of waste from the entire facility (corridors, walkways, tunnels, elevators
and hoppers), in the warehouse, are the simplest and least costly to control the infestation of the insect pest, where are the most
important for grain preservation (Lorini et al., 2015).

Among the mycotoxin producers, the genus A. alternata, A. flavus and Penicillium crustosum (Prestes et al., 2019; Shen
et al., 2020; Ti et al., 2019) stand out, which has a development provided by unfavorable storage conditions, such as high
temperature and humidity, influencing the quality of the grains (Mannaa & Kim, 2017).

These mycotoxins are secondary metabolites, of low molecular mass (~ 700 u), which compromise the immune response
in humans and animals and, consequently, reduce resistance to infectious diseases, causing cancer, mutagenic, teratogenic and
immunosuppressive diseases (Ti et al., 2019). Studies evaluated the incidence of liver cancer due to ingestion of aflatoxin-
contaminated food produced by A. flavus from contaminated corn commaodities (Rodrigues et al., 2011; Wu, 2015).

Mycotoxins can be ingested through foods of animal or vegetable origin that contain them as waste [35]. Several
preventive and strategic measures should be used to minimize the occurrence of mycotoxins in raw materials and processed
foods, both in pre-harvest, as well as good agricultural practices, as well as adequate storage conditions in post-harvest,
considering the fact of contamination of the fungal stored grains are a constant concern in the food industry (Patriarca & Pinto,
2017; Rocha et al., 2020).

The elimination of residues from grain and dust is also recommended as a way to avoid the proliferation of insects and
fungi, which can again infest the storage units, being advised to burn or bury this material. Then, the cleaning of the place is
carried out, usually by means of thermal fogging and/or spraying with insecticides to eliminate insects present on walls,
machinery and equipment. Thus, the storage unit, after complete sanitation, will be able to receive clean and dry grains, with 12
and 13% of the adequate moisture content to help prevent infestation (Lorini et al., 2015). The use of chemical insecticides is
one of the most used methods to control pests of stored grains and seeds, however, it has been showing restrictions of use as pest

resistance insecticides arises (Isman, 2006).
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3.3 Synthetic insecticides

Synthetic insecticides have been widely used since the 1940s in storage units to combat and control grain pests, due to
their ease of handling, low cost and effectiveness (Casida & Durkin, 2013). Despite the harmful effects of insecticides, this tactic
remains dominant in pest management against insects from stored products, particularly in warmer climates, due to its larvicidal
and adulticidal power (Vélez et al., 2017).

The use and recommendation of pesticides are largely based on acute lethality studies, which, although valuable, neglect
the likely occurrence and importance of potential sublethal effects on the pest species and associated community. Due to the
breakdown of insecticide molecules over time, irregular distribution of insecticides and/or insect resistance to treated surfaces,
target species are subject to sublethal doses for much longer than lethal doses, which can induce insects to withdraw from areas
contaminated with insecticides, increasing survival (Vélez et al., 2019).

The increased use of insecticides has caused their accumulation in the biotic and abiotic segments of ecosystems, and
even if some pesticides do not exceed the permitted limits, the consequences of their accumulation over time in the organism are
not known. The official residue control of each agricultural product is based on the tolerance (maximum residue limit MRL) and
the withdrawal period (Jardim et al., 2009).

Spraying with residual insecticides (pyrethroids and organophosphates) is the main preventive control method against
warehouse pests. Nowadays, the most used organophosphates are methyl pirimiphos and fenitrothione with MRL for maize of
5.0 mg.Kgtand 1.0 mg.Kg?, respectively, and those of the pyrethroid group, bifenthrin, permethrin and deltamethrin, whose
MRLs for maize are 0.02 mg.Kg*, 0.1 mg.Kg2and 1.0 mg.Kg, respectively (Faroni et al., 2014).

Due to the resistance of maize weevil to pyrethroids, in the early 2000s, an alternation between these and
organophosphate compounds began to take place, which reduced the self-defense of pests (Santos et al., 2009). There are reports
of the occurrence of residues not only in stored grains, but also in their by-products, with an increase or decrease in concentration
in relation to whole grains. In general, there is a reduction in industrialized products, but in some cases, the opposite can also
occur. Therefore, changes in residue levels during grain processing must be taken into account to establish the MRL levels and
the grace period for each by-product (Trevisan & Baptista, 2000).

In Brazilian legislation, the maximum residue limits (MRL) of some insecticides are higher than the dosage
recommended by the manufacturers, allowing a priori the consumption of the grain soon after treatment (Trevisan & Baptista,
2000). As a result, there is the induction of resistance in insect pests, which depends on the volume and frequency of insecticide
applications used in management. The inherent abilities of insect species is also an important factor in the development of
resistance. Among the evolutionary phenomena, resistance to insecticides has the greatest economic impact, however, it only
received attention after it was reported in insect vectors of human diseases, such as the housefly (Musca domestica), in 1946
(Naggash et al., 2016).

Among the main factors influencing the development of resistance to insecticides are the length of the pest's life cycle,
reproductive potential and environmental stress (Naggash et al., 2016). Resistance in all classes of insecticides is an impediment
to the management of nearly all important invertebrate pests in agriculture and public health (Benelli, 2015).

The search for and encouragement of the use of less harmful bioactive compounds and the sustainable use of pesticides
is evident in many countries of the European Union, which can be demonstrated by the creation of European Regulation N.
1107/2009/EC and Directive 2009/128 /EC of the European Parliament. However, the fact that they are biopesticides does not
make these compounds non-toxic, so safety information must be considered and the use of biopesticides must follow the
recommendations as indicated by the manufacturer (Villaverde et al., 2014).

As fungal control, several strategies are used in post-harvest, such as physicochemical treatments, chemical fungicides

and sulfur dioxide fumigation, combined with processing and storage technologies under controlled conditions. However, each
6


http://dx.doi.org/10.33448/rsd-v10i14.22334

Research, Society and Development, v. 10, n. 4, €530101422334, 2021
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v10i14.22334

method has its limitations, in addition to being associated with resistance to fungi and new secondary pests, due to carelessness
and overuse, also contributing to the increase in the levels of toxic residues of synthetic fungicides in food and in the environment
(Sonker et al., 2014).

Thus, the search for sustainability in agriculture includes research and development in the implementation of new
molecules of lower risk, replacing the older insecticide/fungicide molecules, often referred to as biopesticides (Isman &
Grienesen, 2014; Villaverde et al., 2014). Among these are botanicals, both crude extracts and natural plant-derived chemicals
(Isman & Grienesen, 2014). Plants have developed complex and often effective chemical arsenals to limit damage from
herbivorous insects (Mithéfer & Boland, 2012) and the use of botanicals is one of many strategies to protect plants from microbial
pathogens (Yoon et al., 2013) and nematodes (Andrés et al., 2012). Many plants defensive metabolites have clearly demonstrated

insecticidal (Rattan, 2010) or repellent mechanisms (Maia & Moore, 2021).

3.4 Biological properties of essential oils

Chemical insecticides have been regarded as highly effective tools, but their overuse has made many insect species
physiologically or behaviorally resistant (Boyer et al., 2012). Added to this, the negative consequences on the environment and
society have driven the use of natural plant products, such as essential oils with insecticidal activity, to control pests during
storage (Regnault-Roger et al., 2012).

Essential oils are rich in bioactive compounds, which give them biological activity and, when incorporated into
polymers, can prolong bioavailability through controlled release (Rodriguez et al., 2016). Most aromatic plants rich in EOs have
the potential to act as insecticides, repellents or food deterrents, thus playing an important role in protecting grains against pest
damage (Suthisut et al., 2011). In addition to having a natural bioactive capacity against numerous groups of pests, resulting, in
large part, from the evolutionary development aimed at their own defense and in response to possible attacks (Gongales et al.,
2016).

Several researches in the field of pest management reveal that certain essential oils from plants and/or their constituents
have a broad spectrum of activity against insect pests and pathogenic fungi (Isman, 2000). EOs have specific chemical structures,
produced as secondary metabolites in plants, are complex mixtures of low molecular weight such as terpenes and aromatic
compounds (Torre et al., 2015; Tripathi et al., 2009), these substances develop functions related to volatility, playing ecological
functions in pest management of stored products (Knaak & Fiuza, 2010).

These constituents commonly found in seeds, stems, leaves and flowers can be obtained by various methods, such as
hydrodistillation, hydrocarbon extraction, chlorinated solvent extraction, enzymatic treatment and fermentation, supercritical
CO; extraction and steam distillation, where the latter being the most used in commercial distillation of EOs. The distinction in
the organoleptic profile indicates a difference in composition of oils obtained by solvent extraction compared to distillation,
which can also influence the biological properties. These compounds have multiple mechanisms of action, and may even reduce
the development of resistance in pest insects (Pavela & Benelli, 2016).

Among the functions of these compounds used to control pest insects, the insecticide, a sterilizing action, or that only
drive insects away from plants, such as repellents and food inhibitors, stand out (Saito et al., 2004). The repellent activity is the
most common of EOs and its major components, whose action occurs through interaction with the insect's integument through
contact, causing even asphyxia, also can to acting on digestive and neurological enzymes. EOs are volatile and therefore need to
be stored in airtight containers in the dark to avoid compositional changes. It is estimated that there are approximately 3,000
known EOs, of which 300 are commercially important, destined, among other segments, to the food industry (Bakkali et al.,
2008).
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The chemical composition of EO is the key factor for biological activities, being often attributed to its main compounds
(Burt, 2004), while minor compounds can exert a synergistic effect (Ojeda-sana et al., 2013), contributing to increase the
biological action of oils and enabling the application as an alternative to synthetic insecticides (Pavela & Benelli, 2016; Pavela,
2016).

The insecticidal effect of EOs is not fully elucidated, but the symptoms of intoxicated insects suggest a neurotoxic effect
(Tripathi et al., 2009). Different sites of action of OEs in the nervous system of insects are described: inhibition of
acetylcholinesterase, positive modulation of GABA (gamma-aminobutyric acid) receptors, and activation of octopamine
receptors (Jankowska et al., 2017), and Koul et al. (2008) reported that these compounds are relatively non-toxic to mammals.
There are many advantages of using EOs as pesticides, among which are: i) obtaining renewable resources, ii) degradable, iii)
developing a slow resistance process, iv) no residues in food, v) easy obtainment and access (Roel, 2001).

Due to the numerous types of effects of EOs in pest control of stored products, most studies regarding the control of
these pests with EOs have been focused on stored grain pest insects, such as S. zeamais (Papachristos & Stamopoulos, 2002;
Nerio et al., 2009). Essential oils may have fumigant activity (Tripathi et al., 2009; Wang et al., 2019), contact insecticidal
activity (Schmidt & Streloke, 1994; Tripathi et al., 2009; Mossi et al., 2014; Cansian et al., 2015; Vedovatto et al., 2015;Wang
et al., 2019), repellent activity (Cosimi et al., 2009; Tripathi et al., 2009; Mossi et al., 2014; Cansian et al., 2015; Wang et al.,
2019), acaricides (Nwanade et al., 2021, anti-feeders (Huang et al., 1997), or affect some biological parameters such as growth
rate, lifespan and reproduction (Pascual-Villalobos, 1996).

Mossi et al. (2011) evaluated the insecticidal and repellent effect of essential oils of Eucalyptus dunnii, E. saligna, E.
benthamii, E. globulus and E. viminalis in the control of Sitophilus zeamais in maize grains. The essential oil of Eucalyptus sp.
presented insecticidal and repellency against S. zeamais Motschulsky. The authors concluded that although from an economic
point of view synthetic chemicals are still more frequently used as repellents, natural products (essential oils) have the potential
to provide efficient and safer repellents for humans and the environment.

Betancur et al. (2010) investigated the insecticidal properties of EO of fresh Peumus boldus Molina leaves against adult
maize weevil (S. zeamais) under laboratory conditions. The highest insect pest mortality (100%) was achieved at a concentration
of 4%, by in vitro contact. When evaluating this same concentration of EO in vivo, applied to maize grains impregnated with
insect pests, was obtained mortality of 98.7%. The fumigant action of the EO was also tested, obtaining 100% of mortality when
35 uL of oil was applied in 0.15 L (air volume) for 6 h. The residual effect was significant for 5 days and did not affect corn
grain germination. All treatments were repellent for adults of S. zeamais and maize grain germination was not affected.

Torres et al. (2014) evaluated, under laboratory conditions, the activity as a contact insecticide against adult and
immature insects, residual and repellent effect, and effect on seed germination of the EO of Laurelia sempervirens against S.
zeamais. The highest toxicity by contact activity was achieved using concentrations above 10 mL of this essential oil per kg of
grain (100% mortality). The dose of 175 uL of essential oil per liter of air showed significant toxicity, through the fumigant
activity, causing 72.5% mortality in insects. A residual effect of contact toxicity was observed for 15 days and there was no
influence on germination. The study considers promising the use of L. sempervirens essential oil to control maize weevils, where
has been observed a repellent effect in all treatments.

Cosimi et al. (2009) investigated the repellency of essential oils extracted from laurel (Laurus nobilis), bergamot (Citrus
bergamia), fennel (Foeniculum vulgare) and lavandim (Lavandula hybrida) against adult S. zeamais, where bergamot and
lavandim EOs were the most efficient oils.

Wang et al. (2019) evaluated the chemical composition of essential oils from four aromatic plants, Cinnamomum
burmannii, Cinnamomum migao, Litsea pungens and Laurus nobilis, and their fumigant effects, contact toxicity and repellent

activity on T. castaneum (Coleoptera: Tenebrionidae; red flour) and L. bostrychophila (Psocoptera: Liposcelididae; booklice),
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which cause serious damage to stored products, in addition to being resistant to some chemical insecticides. The results obtained
indicate that all EOs obtained insecticidal and repellent activity against the evaluated insects.

The use of EOs in food products is on the rise as consumers are more aware of the potential health problems associated
with synthetic preservatives. Therefore, there is a growing interest in the use of natural antioxidants and antimicrobials for food
preservation, inhibiting the growth of foodborne pathogens and prolonging the shelf life of food products (Tajkarimi et al., 2010).
Ribeiro-Santos et al. (2017), evaluated the chemical composition, with the techniques of gas chromatography and ultrahigh
performance chromatography, and the in vitro antimicrobial and antioxidant activity of EOs extracted from basil (Ocimum
basilicum), cinnamon of different species, (Cinnamomum zeylanicum Blume and Cinnamomum cassia) and rosemary
(Rosmarinus officinalis), and these oils showed good biological activity, indicating potential to be used as additives in the

formulation of active packaging.

3.4.1 Biological properties of the essential oil of cinnamon (Cinnamomum cassia)

Cinnamon (Cinnamomum sp.) is one of the oldest known spices and is currently one of the most commonly used as a
flavoring in foods. In ancient Egypt, where it was considered more precious than gold, it was used as an embalming agent,
aromatic drink and pharmaceutical. It was referred to in one of the earliest books on Chinese botanical medicine, dated around
2700 B.C. (Costa, 2002).

It is a tree of perennial cycle that reaches from 8 to 9 m in height, whose origin is Asian and belongs to the family of
Lauraceae, being cultivated mainly in tropical and subtropical Asia, in Australia and in the Pacific Islands. Cinnamon is obtained
from the trunk of the cinnamon tree, a tree that has its dry branches separated from its peel, reddish-brown, which are very
fragrant (Schiper, 1999). Due to its antimicrobial (Barbosa et al., 2021), antioxidant (Attokoran, 2017) and anticancer (Duguta
& Cheryan, 2021) properties, cinnamon has been used in foods, condiments, cosmetics, and medicines (Mathew & Abraham,
2006; Utchariyakiat et al., 2016). The genus Cinnamomum contains around 350 species, ranging from shrubs to small to medium
sized trees (Rohwer, 1993).

The inner part of the peel of trunk and branches constitute the commercially used cinnamon (Lima et al., 2005). It has
been shown that the active ingredients of spices are located in the essential oil fraction (Pereira & Maia, 2007). The essential oil
from the peel has E-cinnamaldehyde as its major compound (97.7%), while cinnamon leaf the main compound is eugenol (87%)
(Singh et al., 2007).

Cinnamaldehyde is considered a GRAS (Generally Recognized as Safe) food additive by the Food and Drug
Administration (FDA) (Torre et al., 2015) and is widely used in food (Friedman et al., 2000) and cosmetics (Lee & Balick, 2005).
However, due to its particular taste, volatility and lipophilic nature, the use of cinnamaldehyde in food preservation is limited in
its free form (Lopez-Mata et al., 2018). Eugenol, used primarily as a flavoring in foods, is recognized by the FDA as safe when
used in foods in concentrations up to 1,500 pg.mL™ (Pereira & Maia, 2007).

The EOs of Lauraceae species have repellency activity against Coleoptera insects (Tripathi et al., 2009). Some
constituents, such as terpenes and phenylpropanoids, may have insecticidal and/or attractive properties (\Voris et al., 2017), being
referred to as reduced risk pesticides. In addition to being well received by consumers for domestic use and against pests, these
green pesticides are also effective in the production of organic food. Markellou et al. (2009) reported the acceptance and
effectiveness of some constituents of EOs, such as eugenol, by the European community as organic pesticides, although with
high toxicity (Cansian et al., 2017).

Cinnamaldehyde, a pale yellow viscous liquid, is responsible for the flavor and odor of cinnamon. It was isolated from
cinnamon OE by Dumas and Peligot (1834) and synthesized in laboratory by Chiozza (1856) and Attokaran (2017). It has many

activities with pharmacological potential, such as antimicrobial, anti-inflammatory, angiogenic and healing, to being considered
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of low toxicity. However, there is a need of more studies on the mechanism of action of these activities in order to provide the
safe use of this compound. Normally, trans-cinnamaldehyde is related to the high antimicrobial activity of cinnamon EO in
addition to having antifungal and stimulant properties (Andrade-Ochoa et al., 2015; Sun et al., 2016; Xie et al., 2017).

Sun et al. (2016) evaluating the antifungal effect of cinnamaldehyde extracted from the leaves of cinnamon (C. cassia)
against A. flavus, observed an efficient inhibition on radial growth, spore production, mycelium formation and aflatoxin B1
biosynthesis of this cosmopolitan fungus, being dose dependent. Andrade-Ochoa et al. (2015) showed a good antifungal activity
of trans-cinnamaldehyde against Rhizoctonia solani and Fusarium oxysporum, which was related to the presence of conjugated
double bonds and the length of the carbon chain outside the ring, another factor that may have an influence is the lipophilicity
of the compound.

The insecticidal activity of cinnamon EO (C. Cassia) on bean (Callosobruchus chinensis) and rice (Sitophilus oryzae)
weevils was reported by Kim et al. (2003). The EO tested through direct contact with insects reported 100% mortality in both
rice and bean weevils.

Ribeiro-Santos et al. (2017) evaluated both the antimicrobial activity against Escherichia coli, Staphylococcus aureus
and Penicillium spp., as well as the antioxidant activity of Cinnamomun cassia and Cinnamomun zeylanicum EOs. These EOs
showed strong antimicrobial activity, and the EO of C. cassia showed greater efficiency in inhibiting the growth of the tested
microorganisms and its main compound, cinnamaldehyde, showed the greatest antimicrobial effect, followed by eugenol. The
EO from C. zeylanicum and its main compound, eugenol, showed the highest antioxidant activity. Clove oil has also been shown
to be active in the degradation of biofilms formed by Candida tropicalis (Hamzah et al., 2022).

Regarding the mechanisms of activity of eugenol and cinnamaldehyde, more than one may be involved, however, the
importance of alternative mechanisms can be discounted if there is a rapid inhibition of energy generation. This is because cells
that are unable to generate energy are also unable to reproduce or alter metabolism to adapt to the antimicrobial challenge. The
effects on energy generation clearly play an important role in the activity of eugenol and cinnamaldehyde at bactericidal
concentrations (Gill & Holley, 2004). Gil and Holley (2004) proposed that the possible mechanisms of inhibition of energy
generation are the inhibition absorption or utilization of glucose and the effects on membrane permeability.

Although these EOs have compounds with insecticidal properties, little is known about the effectiveness of these
products in controlling of insect pests of stored grain. Furthermore, due to the need to use synergistic compound, low persistence,
scarcity of natural resources, need for chemical standardization and quality control, difficulty in recording and cost make it
difficult to use it on a large scale in the field (Corréa & Salgado, 2011). These difficulties can be overcome with the intensification

of research on the subject.

3.5 Microencapsulation of essential oils

The microencapsulation process is a unitary operation that involves packaging of solid particles or small droplets of
substance such as pigments, nutrients or enzymes into another substance. An emulsion containing the substance to be
encapsulated and an encapsulating agent is used, with a subsequent drying process. The encapsulated compound is called core
or filling, active agent, internal phase or payload phase and the envelope material, which forms the capsule, is called encapsulant,
covering or wall (Devi et al., 2017).

Capsules can be classified in terms of size, larger than 5,000 pm are classified as macrocapsules, between 1 and 1,000
um microcapsules and between 10 and 1,000 nm as nanocapsules (Favaro-Trindade et al., 2008; Rodiguez et al., 2016).
Depending on the wall material and the encapsulation technique, two types of encapsulated particle morphology can be obtained,

microcapsules and microspheres. The first have a defined core and the others have the filling dispersed in the matrix (Costa et
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al., 2013). Nanomaterials have become promising in nanochemistry because their smaller sizes with high surface areas provide
enhanced catalytic activity compared to bulk materials (Mahesh et al., 2022).

For application in food, some requirements must be met, which limiting the possibilities among the various materials
available for this purpose (Eandrey et al., 2010). Initially, encapsulating or wall materials should be GRAS. Another important
factor is to consider the functionality that is desired with the encapsulation, the appropriate concentrations, the release mechanism
and the stability requirement (Shishir et al., 2018). Characteristics such as low viscosity, ability to disperse or emulsify the active
material, no reactivity with the encapsulated substance, soluble in solvents allowed in the food industry and low cost must also
be observed (Desai & Park, 2005).

Carbohydrates (starches, dextrins, celluloses, gums and chitosan) are the class of materials most used as encapsulating
agents because they have the most relevant characteristics, although in some processes a mixture involving other groups of
nutrients such as proteins (gluten, casein, whey protein isolate, gelatin and albumin) and lipids (paraffin, wax, stearic acid,
tristearin, monoglyceride, oils, hydrogenated fat and diglycerides) is convenient (Abbas et al., 2012; Ugalde et al., 2017).

The definition of wall material to be used is also considered according to the technique that will be used. Each technique
has advantages and limitations; therefore, the selection of the most adequate method must take into account all the components
of the system as well as the product to be obtained (Abbas et al., 2012). Encapsulation techniques differ in relation to the process
involved, and may be chemical, physical or physicochemical.

The choice of technique is based on the desired particle size, application of the final product, physical and chemical
properties of the filling and wall material, release mechanism, production scale and cost [114]. Encapsulation techniques
involving chemical methods are interfacial polymerization, molecular induction and in-situ polymerization; involving physical
methods are extrusion, spray drying, spray chilling, freeze-drying, co-crystallization and fluidized bed; involving
physicochemical methods are simple coacervation, complex coacervation, liposomes, and ionic gelation (Jackson & Lee, 1991;
Barreto et al., 2015).

In relation to essential oils, the microencapsulation process provides several benefits, such as protection and stability of
volatiles, and storage which makes them applicable in textile, pharmaceutical, cosmetics and food products, whereas in the
conventional form the applications are limited due to the volatility of these compounds (Rodriguez et al., 2016). The
encapsulation also increases the solubility of EOs, decreasing the need to use surfactants and thus increasing the possibility of
using them as food additives. In the microencapsulation of essential oils, it is interesting to use techniques that use low process
temperatures, in order to guarantee the loss of a smaller amount of volatiles (Osorio-Tob6n et al., 2016).

Spray dryers are drying equipment that use the atomization process of liquids in contact with hot air in a drying chamber.
The use of this process dates back to 1870, and at the time of the World Wars there were many technological advances due to
the need for non-perishable food for the troops. The spray drying process is composed of four systems: 1) Drying gas and fluid
heating system; 2) Atomization system; 3) Drying system; 4) Fines reuse system (Patel et al., 2009).

This spraying and drying process of liquid particles is one of the most used techniques for processes that involve
microencapsulation of ingredients (Silva et al., 2014), in particular, of oils and flavors (Fernandes et al., 2017; Yang et al., 2009),
since it can be used for drying thermosensitive components (Mishra et al., 2014). This is because the rapid evaporation of water
from the polymer matrix during drying and the short time period in which the sample remains in the drying chamber causes it to
remain at a temperature below 100°C, allowing the use of the process in substances thermosensitive (Constant & Stringheta,
2002). The production cost is low compared to other methods (Bdger et al., 2018).

The final particle size obtained by the spray drying method is in the range of a few micrometers. Since the properties of
encapsulating agents affect the encapsulation efficiency of oils and flavors, the proper selection of coating material becomes one

of the main challenges for microencapsulation. The active modification of matrix components provides improvements in the
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functionality of the particle structures as well as in the stability of the material (Drusch & Mannino, 2009), and also as in the
reconstitution properties, important for these types of products.

One of the prerequisites in the microencapsulation process of essential oil by spray drying is to prepare a stable emulsion
with adequate chemical and physical properties, since the stability, properties and composition of the emulsion determine the
attributes of microcapsule quality, such as surface free oil content, microencapsulation efficiency, structure, oxidative stability
and physical properties (fluidity, density and dispersibility) (Bae & Lee, 2008). Unstable emulsions lose more volatiles, due to
an easier volatilization of non-emulsified materials when atomized (McClements, 2007).

The substance to be encapsulated is homogeneously dissolved in an aqueous solution of the wall material. The mixture
is injected into the spray dryer where it is directly atomized through the drying chamber atomizer. The atomized sample comes
into contact with a flow of hot air, thus evaporating the solvent and forming small droplets of dry material, in spherical shape.
To obtain one material of quality, the hot air inlet and outlet temperatures, inlet air flow, temperature and humidity distribution
and drying time must be controlled (Brasileiro, 2011). Agitation is also a relevant parameter in the preparation of the emulsion
and interferes on the particle size, as the faster the agitation, the smaller the particles (Lemos, 2017).

The use of the atomization process in microencapsulation has advantages over other methods, being one of the most
used techniques for essential oils, as it has stability and efficiency (Jafari et al., 2008), cost effectiveness, speed, formation of
high quality microparticles (Shao et al., 2018), good yield, formation of very small particles (smaller than 100 um), improves
solubility, with consequent increase in product stability (Costa et al., 2013), good retention of volatile compounds (Huertas,
2010), and application on industrial scale (Azeredo, 2005). Some characteristics such as colour and flavor can be affected in the
atomization process, due to both the material used and the drying parameters (air inlet and outlet temperatures, feed flow, drying
speed, among others). Controlling all stages is very important for the efficiency of the process, ensuring the final quality of the
product (Lemos, 2017).

The spray drying technigque allows a more efficient control of the properties and quality of encapsulated essential oils,
since the obtaining processes are optimized, considering the adequate evaluation of the parameters that must be controlled
(Reineccius, 2004). One of main causes of the increase in studies involving microencapsulation is due to its use in the controlled
release of ingredients and/or additives in foods. Controlled release is defined as a method by which one or more active ingredients
are made available at defined time intervals through one or a combination of the following stimuli: change in temperature,
humidity or pH, application of pressure or shear, and addition of surfactants (Pothakamury & Barbosa-Cénova, 1995). The
microencapsulation of Cassia cinnamon EOs, which have good antifungal and antibacterial properties, can prolong the shelf life
of a food or cereal, as it allows the gradual release of the active (Calo et al., 2015).

Some studies were carried out to evaluate the microencapsulation of cinnamon EQOs, where one of them is related to the
investigation of a new alternative for the conservation of volatile compounds in cinnamon EO, through spray drying, evaluating
the use of different materials encapsulants in relation to their physicochemical properties. The use of gum arabic and protein
isolate as wall material, in addition to their combination with maltodextrin, were investigated. All materials investigated proved
to be suitable for microencapsulation of cinnamon EO (Felix, 2014). Hu et al. (2020) evaluated the microcapsule retention
capacity of cinnamon EQO, obtained by spray drying, using as wall materials isolated from whey protein, maltodextrin and sodium
alginate, where they obtained a rate of retention of more than 95% of EO in microcapsules during storage at 50 °C for 30 days.

Other essential oils were microencapsulated with spray drying technique, as shown in Table 1.
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Table 1 - Microencapsulation of essential oils with spray drying technique.

Essential Oil Wall material Reference
L Modified maltodextrin with octenyl succinic Sotelo-Bautista et al.
Avocado essential oil ]
anhydride (2020)
) o . . Arabic gum, cyclodextrin and sodium
Refined Kenaf (Hibiscus cannabinus) seed oil ] Chew et al. (2020)
caseinate
Lemongrass essential oil (Cymbopogon ) )
Arabic gum and maltodextrin Melo et al. (2020)
flexuosus)
Rosewood and Cinnamon essential oil Poly (butylene adipate co-terephthalate)
) ) Barbosa et al. (2021)
(Cinnamomun Cassia) (Pbat) and Tween 80

Cinnamon essential oil (Cinnamomum
zeylanicum, 75% of eugenol e 1% de Sodium alginate Makimori et al. (2020)

cinnamaldehyde)

Cinnamon essential oil (Cinnamomum

) . . Arabic gum/maltodextrin; arabic gum/Inulin; Noghabi & Molaveisi
zeylanicum, cinnamaldehyde as major . o
gum arabic; maltodextrin/inulin (2020)

compound)

Cinnamon essential oil (Cinnamomum Persia gum/maltodextrin

) Luong-Van et al. (2020)
zeylanicum) (2:8% m:m)
) S ) Whey protein, maltodextrin and sodium
Cinnamon essential oil (Cinnamomum cassia) Hu et al. (2020)

alginate

Source: Authors.

4. Final Considerations

There is a growing interest in use of essential oils in the prevention and control of insect pests in stored grain, as noted
in this literature review. The increase in this interest is due to the search for natural and less risky alternatives to older insecticide
molecules, often involving the use of new molecules and especially natural insecticides, also called biopesticides, which cause
less harm to human health, in this exchange, besides being biodegradable.

The high content of bioactive compounds in EOs is what gives them biological activity, making most aromatic plants

rich in EOs to be potential as an insecticide, repellent or food deterrent, and antimicrobial agent. Another important compound
characteristic is a natural bioactive ability against pests, arising from the correct evolutionary development in defense and in
response to possible ones. Thus, EOs are an excellent alternative to control and reduce losses by pests in the grain storage.
EOs such as cinnamon (C. cassia) contain the active ingredients responsible for their antifungal and insecticidal properties. From
the genus Cinnamomum, the species C. zeylanicum, C. loureirri, C. burmanni and C. cassia are the most used and, therefore, the
most studied. However, information regarding the use of these species as antifungal, insecticide and repellent, both in free and
encapsulated form, in combating and controlling fungi and insects in maize stored grains is scarce.

Studies have shown the importance of techniques such as microencapsulation in the stability and retention of aromatic
compounds in EOs. Among the microencapsulation techniques, the spray drying technique is economical and flexible, producing
good quality particles, with good retention of volatiles and good stability of the final product. However, there is little information
in the literature on the microencapsulation of cinnamon EQOs, evidencing a vast field of research that needs to be explored to

enable the use of cinnamon EOs as insecticides, antifungal and natural repellents to maize weevil (S. zeamais) in stored grains.
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In this sense, basic and applied research to demonstrate the simultaneous insecticidal, repellent and antifungal potential of
essential oils for application in stored grains, as well as alternatives to minimize their losses by volatilization and evaluation of

grain quality and possible sensory changes, are necessary and current.
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