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Abstract 38 

Rosmarinus officinalis and Zataria multiflora (Lamiaceae) essential oils (EOs) contain 39 

components with insecticidal properties that can be used as pesticides for stored product pests. In 40 

the present study, they were encapsulated in octenyl succinic anhydride (OSA) - starch in order 41 

to test their insecticidal activity against Tribolium confusum. First an oil-in-water emulsion was 42 

prepared and afterwards, it was dried by spray-drying technique. The emulsions were 43 

characterized regarding particle size (461-854 nm), stability and encapsulated oil efficiency (68-44 

88%). Also, solid formulations were characterized by particle size (8.29-11.35 µm), encapsulation 45 

efficiency (5-52%) and water activity (0.19-0.26). Further, the release rate at storage conditions 46 

(at 27±3 ºC and 70–75% relative humidity in the dark) was measured over a period of 40 days. 47 

The insecticidal activity against T. confusum was determined by specific bioassays performed at 48 

27±3 ºC temperature and 70–75% relative humidity in the dark. Five concentrations were used 49 

for estimation of fumigant toxicity of rosemary and Zataria oils after 72 h exposure in adult 50 

beetles. Fumigant toxicity results revealed that microencapsulated oils were more effective than 51 

non-formulated oils against beetles in long time. Similarly, it was demonstrated that 52 

microencapsulation of the essential oils increases their persistence: non-formulated oils have not 53 

insecticidal activity after 15 days of the storage period, whereas at the same period, the mortality 54 

rate against T. confusum of rosemary and Zataria  microencapsulated oils was 46.6 and 35.5%, 55 

respectively.  56 

Keywords: essential oil, microcapsules, stored product pest, Rosemary, Zataria, OSA-starch  57 
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1. Introduction 63 

The confused flour beetle, Tribolium confusum (Duval) (Coleoptera: Tenebrionidae) is 64 

one of the destructive secondary pests of stored grains and grain-derived products (Rees, 65 

2007). Synthetic pesticides, both direct contact and fumigants, are typically used to the 66 

management of the stored product pests. Though, nowadays, the tendency is to avoid 67 

direct treatment to the grain. Main representative of direct contact or grain protectants are 68 

pyrethroids and organophosphates (Kljajić et al., 2014) while sulfuryl fluoride is one of 69 

the major examples of grain fumigants (Zettler and Arthur, 2000). However, the chemical 70 

pesticides have harmful impacts on human health and the environment and their repeated 71 

used has contribute to changes in the susceptibility of the insects and the development of 72 

resistances (Ali et al., 2012). Therefore, there is a serious need to find alternative agents. 73 

Insect losses in post-harvest period can be decreased by applying essential oils, instead 74 

of the use of chemical insecticides (Werdin González et al., 2013; Reyes et al., 2019). 75 

Essential oils are mixtures of volatile compounds and rapidly evaporate from the surface. 76 

It is desirable to formulate them in a cover that increases oil life, controlled release 77 

property, protects the essential oils against evaporation, oxidation, high temperature, UV 78 

light and facilitating their handling (Martín et al., 2010).  79 

Several essential oils from the different families have fumigant toxicity against the stored 80 

product pests. Alves et al. (2019) studied the fumigant effect of lemongrass essential oil 81 

(Cymbopogon citratus) and citral on the reproductive cycle, sexual behavior, lipid 82 

composition and the enzymatic activity of biotransformation enzymes in controlling 83 

Callosobruchus maculatus. Toxicity, antifeedant, and biochemical efficacy of Mentha 84 

piperita L. essential oil investigated against Sitophilus oryzae and Tribolium castaneum 85 

at 24 h of exposure (Rajkumar et al., 2019). Insecticidal activity of rosemary oil 86 

investigated against red flour beetle and rice weevil (Shaaya et al., 1997; Lee et al., 2002). 87 
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Sanna Passino et al. (2004) studied insecticidal activities of Rosmarinus officinalis and 88 

Thymus vulgaris microencapsulated essential oils against Plodia interpunctella larvae. 89 

The toxicity of these oils was examined after diet contamination with these microcapsules 90 

and vapors exposition. They showed a different release pattern of the oils and mentioned 91 

that it could be due to the different hydrophilic characteristics. Rosemary and Zataria oils 92 

have effective fumigant toxicity against the insects and mites, particularly against stored 93 

product pests (Shaaya et al., 1991; Papachristos et al., 2004; Saleem et al., 2004; 94 

Khoobdel et al., 2017).  The fumigant toxicity of main monoterpenes of these essential 95 

oils, carvacrol, 1,8-cineole and thymol, was assayed against Tenebrio molitor (L.) (Lima 96 

et al., 2011). The toxicity of each compound was carvacrol > 1,8-cineole > thymol.   97 

By the micro and nanotechnology approaches, a slow release formulation of essential oils 98 

can be obtained (Yang et al., 2009; Anjali et al., 2010; López et al., 2014; Ziaee et al., 99 

2014; Pavunraj et al., 2017). Microencapsulated Schinus molle essential oil was studied 100 

against Haematobia irritans (Diptera: Muscidae) as a blood-sucking pest (López et al., 101 

2014). Arabic gum and maltodextrin were used as carriers for the preparation of 102 

microcapsules. Their results showed that microencapsulation is a suitable method for 103 

obtaining controlled release of S. molle essential oil.  104 

From the different encapsulation processes (coacervation, in-situ polymerization, melt 105 

dipersion, electrospraying…), spray-drying is the method of choice at industrial scale for 106 

the encapsulation of oils (i.e. essential oil) and other food additives (preservatives, flavors 107 

vitamins,…).  In this process, generally, an aqueous solution containing the active 108 

principles for formulation is uniformly mixed with the wall materials, and this mixture is 109 

then fed into a spray dryer and atomized with a nozzle or spinning wheel. Water is 110 

evaporated by the hot air contacting the atomized material, and the powder is then 111 

collected in a cyclone separator. This technology offers different advantages such as 112 
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inexpensive, relatively simple and continuous operation, compared to other 113 

microencapsulation techniques, and it also widely applied for drying heat-sensitive 114 

materials (foods, pharmaceuticals) because of the rapid evaporation of the solvent that 115 

helps to keep the particles at relatively low temperature (ca. 80 ºC) (López et al., 2014; 116 

Bakry et al., 2016; Zhang et al., 2017).   117 

In the case of essential oils, due to its hydrophobic nature, an o/w emulsion is formed first 118 

to have an adequate dispersion in the water phase. To avoid the use of chemical 119 

surfactants that may threat health, a carrier or coating material with amphiphilic character, 120 

good emulsifying capacity and also film‐forming properties is needed to achieve high 121 

encapsulation efficiency in the spray-drying process. Among the different types of wall 122 

materials (proteins, synthetic polymers, …), carbohydrate polymers (gums, 123 

maltodextrins, starch, chitosan, alginate and their derivatives) have been widely 124 

investigated thanks to their biocompatibility, bioavailability, biodegradability, and 125 

economy.  In this case, modified starches have been selected since they provide high oil 126 

retention owing to their good film forming properties, long shelf-life, and high 127 

manufacturing efficiency (Li, 2014). Specifically, octenyl succinic anhydride (OSA) – 128 

starch materials provides good emulsification efficiency and stability of different 129 

essential oils (Varona et al., 2009; Rodríguez-Rojo et al., 2012), and good retention of 130 

essential oil in dry capsules by spray-drying (Baranauskienė et al., 2007; Baranauskienė 131 

et al., 2016) and also by other techniques such as electrospraying (Biduski et al., 2019).  132 

The present study deals with the development of a formulation of rosemary and Zataria  133 

essential oils with controlled release property by spray drying of an oil-in-water emulsion 134 

of the essential oil using octenyl succinic anhydride (OSA) - starch both as surfactant and 135 

coating material. These microcapsules produced with safe and non-contaminant products 136 

may be suitable for agricultural applications as a pesticide against T. confusum. 137 
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2. Materials and methods 138 

2.1. Materials 139 

R. officinalis and Z. multiflora essential oils were purchased from COCOPE Co. 140 

(Valladolid, Spain) and Barij Essence Co. (Kashan, Iran), respectively. These oils were 141 

produced by hydrodistillation. The oils were kept in dark glass containers at 4 °C. OSA 142 

starch (Capsule®) was kindly supplied by Ingredion (Hamburg, Germany). Trans-2-143 

Hexen-1-al 98% was provided by Sigma–Aldrich (Madrid, Spain). All other chemicals 144 

and reagents used were of analytical grade.  145 

2.2. Insects 146 

The colonies of T. confusum were established in a growth chamber in insect physiology 147 

laboratory at the University of Tehran, at 27±3 ºC temperature and 70–75% relative 148 

humidity in the dark. The pests were reared on wheat flour mixed with yeast (10:1 w:w). 149 

Adults of T. confusum with same-age were used in fumigant toxicity and persistence 150 

bioassays.  151 

2.3. Essential oil composition by Gas chromatography–mass spectrometry (GC–MS) 152 

analysis  153 

The components of oils were determined using the GC–MS technique (7890C GC/5977A 154 

MSD  Agilent Technologies, Palo Alto, CA, USA), equipped with an HP-5 MS capillary 155 

column (30 m × 0.25 mm × film thickness 0.25 μm). Helium was used as the carrier gas, 156 

at a flow rate of 0.7 mL/min with a split ratio of 1:500 and then placed in oven at 40 °C 157 

for 5 min and increased to 65 °C (5 °C/min) for 7 min, then increased to 180 °C (3 158 

°C/min), and finally 300 °C (20 °C/min) for 1 min. MSD transfer line heater temperature 159 

was 250 °C. The volume injected was 1 μL. An electron ionization system with an 160 

ionization voltage of 70 eV was used for GC–MS detection. The components were 161 
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identified by comparison of their retention times and mass spectra with those gathered in 162 

from databases (Willey Library) of the gas chromatography–mass spectrometry system. 163 

As well, trans-2-Hexen-1-al dissolved in hexane (20 (V/V%)) as an internal standard. 164 

This solution used to quantify the amounts of components of oils by the ratio of areas. 165 

The essential oil samples, either pure essential oil or extracted essential oil from 166 

formulations, were dissolved in the internal standard solution. The concentration of 167 

rosemary and Zataria oils was 25 (V/V%). 168 

2.4. Emulsion preparation 169 

A surfactant solution was initially prepared by dispersing the OSA-starch in deionized 170 

water (Milli-Q, Millipore) at 50 ºC with the aid of a magnetic stirrer (IKA, Staufen, 171 

Germany). Afterwards, the necessary amount of oil according to the experimental plan 172 

(Table 1) was gradually added to the solutions under continuous agitation for 5 min. This 173 

solution was then fed into the rotor-stator machine (IKA® LABOR PILOT 2000/4) 174 

whose capacity is 200 mL and processed during 4 min with velocity 70 Hz for fine 175 

emulsification (Varona et al., 2009). The rotor-stator machine was cooled by ethylene 176 

glycol to avoid hot spots during emulsification. 177 

Table 1  178 
Experimental design of o/w emulsions prepared from rosemary essential oil. 179 

Test* Oil concentration (%) Surfactant/Oil ratio 

1 5 1:3 

2 5 1:1 

3 5 3:1 

4 10 1:3 

5 10 1:1 

6 10 3:1 

7 20 1:3 

8 20 1:1 

*At the highest concentration of EO (20%), the surfactant/oil ratio of 3:1 could not be tested since the 180 
surfactant concentration exceeded the aqueous solubility. 181 

 182 
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2.5. Spray drying 183 

O/W emulsions (200 ml) were processed to produce dry microcapsules with the oil 184 

encapsulated. Drying was performed in a GEA Mobile Minor™ spray dryer model MM 185 

Basic (Düsseldorf, Germany) equipped with a rotary atomizer. The atomization pressure 186 

was maintained at 0.6 MPa and the hot air flow rate was 40 kg/h. The inlet temperature 187 

was fixed at 140 °C and the emulsion was pumped into the equipment (peristaltic pump 188 

Watson Marlow 520S) with a flow rate of 1.2 L/h to achieve an outlet temperature of 85 189 

ºC for emulsions 1 to 8 (Table 1), according to previous works of the group concerning 190 

labile compounds (Moreno et al., 2016). The spray dried powder (discarding any particles 191 

deposited on the dryer chamber) was recovered from the cyclone, transferred into sealed 192 

plastic containers, and stored at 4 °C before analysis. 193 

Afterwards, inlet and outlet temperatures were optimized regarding total encapsulation 194 

efficiency and concentration of main rosemary essential oil components by GC-MS. 195 

Emulsion 5 was selected due to good encapsulation results (higher concentration of oil in 196 

dried microcapsules), as it will be explained later. Emulsion flowrate was varied (0.9-1.3 197 

L/h) to achieve the desired outlet temperature for each inlet temperature according to the 198 

experimental plan (Table 2).   199 

Table 2  200 
Experimental design of microcapsules prepared by different inlet and outlet temperatures from rosemary 201 
essential oil. 202 

Test Inlet temperature (°C) Outlet temperature (°C) 

9 120 85 

10 140 85 

11 160 85 

12 120 81 

13 120 89 

 203 

 204 
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2.6. Characterization of microcapsules  205 

2.6.1. Particle size analysis of emulsions and microcapsules 206 

The volume particle size distribution of emulsions and solid particles were determined by 207 

laser diffraction using a Mastersizer 2000 (Malvern instrument). The solutions were 208 

suspended in water whereas the solid particles were suspended in an air flow at 0.2 MPa 209 

using a Sirocco unit for dry via measurements. The mean particle size of emulsions and 210 

solid particles was expressed using the Sauter mean diameter, D32 (µm), and was 211 

calculated using the equation 1, where mi is the volume of particles and di is the diameter:  212 

D32=∑mi · di
3 /∑mi ·di

2        (Equation 1) 213 

The width of particle size distribution was characterized by the Span.  The span of a 214 

volume-based size distribution is defined according to equation 2, where dv (0.1), dv (0.5) 215 

and dv (0.9) are the particle size diameters of 10, 50 and 90 percent of the cumulative 216 

distribution curve in volume, respectively: 217 

𝑆𝑝𝑎𝑛 =
[𝑑(0.9)−𝑑(0.1)]

𝑑(0.5)
    (Equation 2) 218 

2.6.2. Morphological analysis 219 

Appearance and size of solid microcapsules containing rosemary essential oil were 220 

examined under a scanning electron microscope (SEM) (KYKY-EM3200 model, KYKY, 221 

Beijing, China) using an acceleration voltage of 26.0 kV. The samples were coated with 222 

gold using a sputter coater. 223 

2.6.3. Determination of encapsulation efficiency 224 

The encapsulation efficiency in the emulsions and microcapsules was determined by 225 

distilling 5 g of emulsion or encapsulated powder in a Clevenger-type apparatus for 3 h. 226 

The oil volume collected was multiplied by a density factor (i.e. density of the rosemary 227 
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oil 0.908 g/mL) to calculate the weight of recovered oil (Baranauskienė et al., 2007). 228 

Determination was carried out in duplicate. The encapsulation efficiency was calculated 229 

according to equations 3 and 4, respectively.   230 

𝐸𝑚𝑢𝑙𝑠𝑖𝑜𝑛 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑜𝑖𝑙 𝑖𝑛 𝑚𝑖𝑐𝑟𝑜𝑐𝑎𝑝𝑠𝑢𝑙𝑒𝑠 (𝑚𝑙)

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑒𝑚𝑢𝑙𝑠𝑖𝑜𝑛 (𝑔)

(
Volume of initial oil (ml)

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 (𝑔)+𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑡𝑎𝑟𝑐ℎ (𝑔)+𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑖𝑙 (𝑔)
)
    (Equation 3)  231 

 232 

𝐷𝑟𝑦 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑖𝑙 𝑖𝑛 𝑠𝑜𝑙𝑖𝑑 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (𝑔)/ 𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑜𝑖𝑙 𝑖𝑛 𝑚𝑖𝑐𝑟𝑜𝑐𝑎𝑝𝑠𝑢𝑙𝑒𝑠 (𝑚𝑙)∗𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑜𝑖𝑙

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (𝑔)∗(
𝑠𝑡𝑎𝑟𝑐ℎ(%)

100
+

𝑜𝑖𝑙 (%)
100

)

× 100 (Equation 4)  233 

 234 

The total encapsulation efficiency was calculated using equation 5 taking into account 235 

the final concentration of oil in the solid formulation (i.e. microcapsules) and the mass 236 

of oil per mass of starch employed in the preparation of the initial emulsion. 237 

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑖𝑙 𝑖𝑛 𝑠𝑜𝑙𝑖𝑑 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 (𝑔)/ 𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑜𝑖𝑙 (𝑔)

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑜𝑖𝑙 (𝑔)+𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑡𝑎𝑟𝑐ℎ (𝑔)

× 100  (Equation 5) 238 

 239 

2.6.4. Determination of drying yield  240 

The drying yield (%) was calculated according to equation 6 as the percentage of the mass 241 

of particles recovered in the cyclone respect to the mass of solid material in the volume 242 

of emulsion processed.   243 

𝐷𝑟𝑦𝑖𝑛𝑔 𝑦𝑖𝑒𝑙𝑑 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝑔)

(
Volume of emulsion (ml)×(𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑡𝑎𝑟𝑐ℎ(𝑔)+weight of oil (g))

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 (𝑔)+𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑡𝑎𝑟𝑐ℎ (𝑔)+𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑖𝑙 (𝑔)
)

× 100      (Equation 6)   244 

2.7. Determination of emulsion stability 245 

The stability of the emulsions was calculated by visual determination of the de-emulsified 246 

oil after 21 and 50 days of storage at 25±2 ºC in the dark: 7 mL of the emulsion were 247 

poured in a vertical glass tube with an inner diameter of 13 mm (height of emulsion: 55 248 

mm). The height of visible supernatant oil layer was measured, and the volume of de-249 
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emulsified oil calculated.  The percent of the supernatant oil was calculated using 250 

equation 7: 251 

%𝑉 =
𝑉𝑡

𝑉𝑜
100   (Equation 7) 252 

Where Vt is the volume of de-emulsified oil and Vo is the total volume of oil in the 253 

emulsion.  254 

2.8. Controlled release analysis of microcapsules 255 

For controlled release analysis, 2 g of encapsulated powders from different tests were 256 

introduced to Petri dishes (9 cm diameter) and stored at 27±3 ºC and 70–75% relative 257 

humidity using sodium chloride salt, in the dark for 15 and 30 days. After these periods, 258 

the remained oil was determined by distilling 2 g of encapsulated powder in a Clevenger-259 

type apparatus for 3 h. The percentage of released oil was calculated as ratio of the 260 

difference between the initial oil and the remained oil respect to the initial oil amount of 261 

oil encapsulated in the powder, multiply by 100.  262 

2.9. Determination of water activity (aw)  263 

The water activity of solid particles was measured using water activity meter (Rotronic 264 

probe type HC2-AW- (USB)) after calibration. Spray dried samples were kept overnight 265 

in a refrigerator (4 °C); after being allowed to come at 25±2 °C, the water activity was 266 

measured for about 5 min in a temperature stable area (Baranauskienė et al., 2007). 267 

2.10. Fumigant toxicity  268 

Fumigant toxicity of the oil and microcapsules was tested in plastic vials (125 mL) 269 

according to Suthisut et al. (2011) method with some modifications. Fifteen adults with 270 

the same age were introduced to each vial. Bioassays did at 27±3 ºC temperature and 70–271 

75% relative humidity in the dark. Filter paper disks (Whatman No. 1, with 2.5 cm 272 
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diameter) were placed under the surface of the screw caps with concentrations of 115.84, 273 

142.24, 163.28, 187.52 and 203.44 μL/L air for rosemary and 172.15, 190.10, 211.83, 274 

236.04 and 264.42 μL/L air for Zataria from non-formulated oils. A cloth mesh was put 275 

under the caps of the vials and placed same oil concentration from microcapsules (i.e. 276 

taking account the oil encapsulation efficiency) and then sealed with air-tight lids. Two 277 

independent bioassays were performed at different times and for each concentration and 278 

control vials, five replicates were used. Empty vials and the combination of starch 279 

particles (without the oil) were used as the controls. Mortality rate was determined after 280 

72 h exposure time.  281 

2.11. Persistence assays  282 

LC80 values (182.32 and 251.56 µL/L for rosemary and Zataria essential oils, 283 

respectively) obtained from fumigant toxicity bioassay were used to determine the 284 

persistence of the oil and microcapsules. From the date of the treatment, every 5 days, 15 285 

adults were inserted to each experimental units. Then, the mortality rate was determined 286 

72 h after exposure (Ziaee et al., 2014). The condition for the persistence experiment was 287 

according to fumigant toxicity section. Also two independent tests with five replicates 288 

were performed.  289 

2.12. Statistical Analysis 290 

Percent of main compounds of rosemary oil under different inlet and outlet temperatures 291 

were statistically handled by one-way analysis of variance (ANOVA) using the Tukey 292 

test at P<0.05.  293 

Mortality data was adjusted for the control unit using Abbott's formula when it was more 294 

than 5% (Abbott, 1925; Albouchi et al., 2018). The significance of mean differences 295 

between all units was compared using analysis of variance (ANOVA) using the Tukey 296 
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test at P<0.05 through SPSS v.16.0 software. Mortality data was checked for normality 297 

(Shapiro–Wilk test). Probit analysis was used to estimate LC50 and LC80 values (lethal 298 

concentration for 50 and 80% of the pest population) and its 95% confidence limits using 299 

Polo-Plus 2.0 software. 300 

 301 

3. Results and Discussion  302 

3.1. Main components of pure essential oils 303 

Main components of the R. officinalis and Z. multiflora essential oils used in this study 304 

are shown in Tables 3 and 4, respectively. The more abundant components according to 305 

GC-MS were 1,8- cineole (26.12 %) in rosemary and thymol (27.95 %) and carvacrol 306 

(24.63 %) in the Zataria. These results are in accordance with literature studies 307 

concerning the main components in rosemary (Isman et al., 2008; Ephrem et al., 2014) 308 

and Zataria essential oil (Karimian et al., 2012; Saei-Dehkordi et al., 2010).  As already 309 

mentioned, the main monoterpenes present in these essential oils (carvacrol, 1,8-cineole 310 

and thymol) have recognized fumigant toxicity against Tenebrio molitor (L.) (Lima et al., 311 

2011).  312 

Table 3 313 
 Main chemical constituents of the essential oil from the Rosmarinus officinalis leaves. 314 

No. Compounds Retention time 

(min) 

Relative 

percentage 

1 3-carene 10.38 13.860 

2 camphene 10.92 10.024 

3 2-β-Pinene 12.19 5.560 

4 1,8-cineole 15.69 26.121 

5 camphor 23.74 15.814 

7 isobornyl acetate 31.75 3.851 

8 Trans-caryophyllene 37.81 4.479 

 315 
 316 
 317 
 318 
 319 
 320 
 321 
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Table 4 322 
 Main chemical constituents of the essential oil from the Zataria multiflora leaves. 323 

No. Compounds Retention time 

(min) 

Relative percentage 

1 3-carene 10.30 4.447 

3 α-terpinene 14.53 2.529 

4 p-cymene 15.18 8.759 

5 -terpinene 17.87 8.622 

6 L-linalool 21.07 2.504 

8 thymol 32.57 27.958 

9 carvacrol 33.08 24.637 

11 carvacryl acetate 35.97 2.038 

12 trans-caryophyllene 37.83 3.432 

 324 

 325 

3.2. Characterization of emulsions  326 

In the first step, the influence of the process variables (starch/oil ratio and oil 327 

concentration) on the physical properties (droplet size and droplet size distribution), 328 

stability and encapsulation efficiency of the emulsion has been studied.  329 

Prepared emulsions have a mean droplet size expressed as Sauter mean diameter (D32) 330 

between 461 and 854 nm. Narrow particle size distributions were found in all the cases 331 

as indicated by the Span value, in the range from 0.978 to 1.073. As shown in Fig. 1A, 332 

the mean droplet size decreased as the starch: oil ratio increases, as expected since the 333 

concentration of surfactant (OSA-starch) increases (Varona et al., 2009). It can be also 334 

observed that there is a minor effect of the % of oil, although higher droplet size is 335 

achieved for low EO content emulsion, whereas there are no important differences 336 

between the emulsions prepared at 10 or 20%. A table with complete data of the D32 and 337 

Span of all emulsions is provided in Supplementary Information, together with the droplet 338 

size distribution curve of emulsion and microparticles samples.  339 

 340 
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  341 

Fig. 1. Effect of starch: oil ratio and % oil (Black Circle: 5% Oil; White Circle: 10% Oil; Triangle: 20% 342 
Oil) in: A. Mean droplet size (D32) of the emulsion. B. Encapsulation efficiency in the emulsions.  343 

The encapsulation efficiency in the emulsification step (Table 5) varied from 68 to 88%. 344 

As shown in Fig.1B (Experiments 1-8), the encapsulation efficiency increases as the % 345 

oil decreases and also as the ratio of surfactant (OSA-starch): oil increases from 1: 3 to 346 

1:1, as expected. However, no further increase is achieved for 3:1 ratio. The encapsulation 347 

efficiency decrease when the initial oil/starch ratio is increased, because the amount of 348 

oil increases and so the formed emulsion is less stable (Varona et al., 2009). The 349 

emulsifying properties of OSA-modified starch and its ability to form films at the 350 

interfaces between the emulsion phases are important factors in the emulsification 351 

efficiency (Baranauskienė et al., 2016). The reproducibility of the emulsification process 352 

regarding encapsulation efficiency is very good; emulsions from 9 to 13 are performed at 353 

the same conditions as emulsion 5, with a mean encapsulation efficiency of 79.07 ± 1.03 354 

%.  355 

 356 

 357 

 358 
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Table 5  359 
Properties of liquid emulsion and spray-dried microencapsulated rosemary oil at different experimental 360 
conditions. 361 

Test Emulsions 

EE (%) 

Dry 

particles 

EE (%) 

Total EE 

(%) 

Concentration 

of oil g/g 

particles 

Drying 

yield 

(%) 

aw 

1 79.8 ± 1.6 5 ± 2  4.4 ± 0.6 0.032±0.001 12.4 0.249  

2 88 ± 2 18 ± 3 14.9 ± 1.1 0.071±0.003 45.7 0.208  

3 85 ± 2 45 ± 4 32.8 ± 1.6 0.076 ± 0.003 50.9 NA 

4 71.9 ± 1.6 8.9±1.1 6.2 ± 0.7 0.046 ± 0.002 22.7 NA 

5 80 ± 3 38 ± 3 27.4 ± 1.4 0.131 ± 0.004 41.5 0.218  

6 81 ± 4 52 ± 6 30 ± 4 0.070 ± 0.002 26.9 0.248  

7 68 ± 2 10.3 ± 1.2 6.7 ± 0.8 0.049 ± 0.001 25.7 0.260  

8 74 ± 3 42.1 ± 1.5 26 ± 2 0.122 ± 0.003 31.5 0.252  

9 77.7 ± 1.5 39.0 ± 1.8 27.6 ± 1.1 0.131 ± 0.005 51.5 0.243  

10 79 ± 5 37.5 ± 1.2 27 ± 2 0.129 ± 0.003 53.5 0.221  

11 79 ± 4 36.7 ± 1.5 26 ± 2 0.126 ± 0.002 43.1 0.19  

12 78 ± 5 39.6 ± 1.9 28 ± 2 0.134 ± 0.006 61.5 0.253  

13 80 ± 2 33.1 ± 1.75 24 ± 4 0.115 ± 0.004 58.7 0.226  

EE:encapsulation efficiency; NA: not available. 362 

 363 

Similarly, the stability of the emulsions (Table 6) was higher for low oil content emulsions 364 

(5% oil) and high surfactant: oil ratio (3:1), as expected. In this conditions 5.45% of the 365 

initial oil content was emulsified after 21 days. The maximum % of destabilized oil was 366 

achieved for the emulsions prepared at 20% oil with values between 18 – 20%. The 367 

stability of emulsion decreased when the initial oil/starch ratio is increased, because the 368 

relationship surfactant-oil decreases with increasing the amount of oil, droplet are bigger 369 

and also coalescence is more likely, producing a faster destabilization of the emulsion 370 

and so the formed emulsion is less stable (Tsech et al., 2002; Varona et al., 2009; de Paz 371 

et al., 2012). The release of microencapsulated oil controlled by the diffusion mechanism 372 

through wall of microcapsules (Baranauskienė et al., 2007). In general, no further 373 

destabilization was detected after 50 days. Nevertheless, it should be taken into account 374 
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that emulsions were dried just after preparation to get the microcapsules, before any de-375 

stabilization took place.  376 

Table 6 377 
 Percentage of de-emulsified oil at different experimental conditions. 378 

Test After preparation After 21 days After 50 days 

1 0 9.09 10.90 

2 0 9.09 9.09 

3 0 5.45 5.45 

4 0 12.72 14.54 

5 0 12.72 14.54 

6 0 12.72 12.72 

7 0 20 20 

8 1.16 18.18 18.18 

 379 

3.3. Characterization of the microcapsules 380 

3.3.1. Particle size and morphology of the microcapsules 381 

The microcapsules produced after the spray drying have a mean particle size (D32) 382 

between 8.29 and 11.35 µm with narrow particle size distribution, i.e. span values slightly 383 

above 1. Although it shows the expected tendency of higher mean particle size and span 384 

with increasing oil content and higher surfactant concentration. Detailed information can 385 

be found in Table S1, Supplementary Information. Also, Fig. S1.B includes the particle 386 

size distribution of the dried powder. To verify the morphology of the microcapsules, 387 

SEM was used to obtain information about shape, surface, and diameter of microcapsules. 388 

SEM photomicrograph of essential oil-loaded microcapsules reveals the presence of oval 389 

and spherical microcapsules with irregular surfaces (Fig. 2). The particles show a sphere-390 

like shape as it is commonly observed for spray-dried products (Zhang et al., 2017). 391 

Further, they do not show cracks nor breaks which is an advantageous characteristic for 392 

oil protection thanks to the film forming ability of OSA-starch (Li, 2014). 393 
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 394 

Fig. 2. SEM photomicrograph of rosemary essential oil-loaded microcapsules. 395 

3.3.2. Encapsulation efficiency: Effect of surfactant: oil ratio and % oil 396 

The influence of the emulsion process variables (starch/oil ratio and oil concentration; 397 

Experiments 1-8) in the microcapsules in terms of final content of oil in the particles, 398 

encapsulation efficiency of the drying step, total encapsulation efficiency was assessed. 399 

Also, the yield for the drying process and the water activity of the micro particulate 400 

powder were determined. The effect of the inlet and outlet temperature in this parameters 401 

was also studied (Experiments 9 – 13). All these data are compiled in Table 5.  402 

As it is shown in Table 5, the total encapsulation increases as the surfactant: oil ratio 403 

increases; although differently as happen with the emulsion encapsulation efficiency 404 

where the maximum encapsulation efficiency was achieved for 1:1 ratio, there is a clear 405 

improvement when increasing from 1:1 to 3:1; and this tendency is equivalent for the 406 

encapsulation efficiency exclusively due to the drying process. This can be due to 407 

reduction of the volatilization of the essential oil by the high temperature that the higher 408 

amount of carrier (i.e. surfactant) provides (Varona et al., 2009; Turasan et al., 2015). The 409 
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encapsulation efficiency values decreased as the viscosity of the wall material decreased 410 

(Turasan et al., 2015). The microcapsules are produced in a two-step process, 411 

emulsification followed by spray drying, being this second process the one that influences 412 

more the global efficiency since it has lower efficiencies (below 45%) due to the volatility 413 

of the essential oils and temperatures of the process. Nevertheless, it is the most 414 

implemented in the industry. 415 

 416 

Fig. 3. Effect of starch: oil ratio and % oil (Black Circle: 5% Oil; White Circle: 10% Oil; Triangle: 20% 417 
Oil) in: A. Final concentration of oil in the dry particles. B. Total encapsulation efficiency (EE) of essential 418 
oil in dry particles.  419 

Regarding the effect of the % oil (Fig. 3B), the Total EE% increases from 5 to 10% of 420 

oil, but no further increase is achieved for 20% oil. This trend is opposite to that of the 421 

EE of the emulsification process, probably due to the higher volatilization of the EO for 422 

these experimental conditions at which the microcapsules particle size are smaller, hence 423 

having a higher surface area (Kim & Morr, 1996; Baranauskienė et al., 2007).  424 

Having a look to the concentration of oil in the microcapsules, the trend regarding the % 425 

oil is similar to Total EE%, being higher for the 10% oil. However, although it increases 426 

from 1:3 to 1:1 respect to the surfactant: oil ratio, a decrease in concentration is produced 427 

at 3:1 ratio, despite the increase in the Total EE%, due to a dilution effect in the matrix 428 
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of the microcapsule (i.e. there is more carrier or surfactant). The highest concentration 429 

achieved was 0.131 g/g at 10% oil and 1:1 ratio that corresponds to experiment #5. 430 

Regarding the effect of drying temperatures, the conclusion is the same at that extracted 431 

for the %EE of the drying process.  432 

3.3.3. Encapsulation efficiency: Effect of inlet and outlet temperature 433 

From the study of the influence of the inlet and outlet temperature in the spray-drying in 434 

inlet temperatures above 140 °C (Exp#11) and outlet temperature above 85 °C (Exp.#13) 435 

reduce the %EE of the drying step, being more significant the effect of the outlet 436 

temperature. The effect was also studied in the composition of the oil in the microcapsule 437 

in comparison with the percentage of the main components in the non-formulated oil 438 

(Table 7).  The composition of 3-carene and camphene was similar, while a reduction in 439 

the relative percentage was found for camphor (>1%) and namely, for 1,8- cineole, with 440 

a decrease in almost 4 % (20% of the total initial 1,8-cineole). The significant differences 441 

(p<0.05) between non-formulated and formulated essential oils have been also shown in 442 

literature (Baranauskienė et al., 2007). The lower encapsulation efficiency of some 443 

compounds in the essential oil by spray drying is related to different factors, namely 444 

higher volatility and/ or high aqueous solubility (Soottitantawat et al., 2003; 445 

Baranauskienė et al., 2007). In this case, the aqueous solubility is pointed out as a possible 446 

reason since the value for 1,8- cineole and camphor is two orders of magnitude higher 447 

than that of 3-carene and camphene (https://comptox.epa.gov/dashboard/). Also, the 448 

molecular dimensions might lead to the loss of compounds because they are related to the 449 

molecules diffusion directly (Baranauskienė et al., 2007).  450 

After preparation of microencapsulated rosemary oil under different inlet and outlet 451 

temperatures for spray drying, the relative percentage of main compounds were analyzed. 452 

The main compounds of pure and encapsulated rosemary oil were similar; however, some 453 

https://comptox.epa.gov/dashboard/
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changes in the percentages of 1,8- cineole, camphor, 3-carene, camphene were observed 454 

(Table 7) and there are significant differences (P<0.05). 455 

Table 7  456 
Percent of main compounds of rosemary oil under different inlet and outlet temperatures.  457 

Compounds Non-

formulated 

oil 

Test 9 Test 10 Test 11 Test 12 Test 13 F ve P 

value 

3-Carene 15.73±0.03d 16.44±0.02a 16.28±0.02b 15.92±0.02c 15.87±0.01cd 15.57±0.02e F5,17=86, 

P<0.05 

Camphene 10.02±0.02d 10.63±0.02a 10.56±0.01a 10.39±0.03b 10.36±0.02b 10.25±0.02c F5,17=136.07, 

P<0.05 

1,8-Cineole 26.12±0.05a 21.92±0.04d 21.59±0.03e 22.50±0.03b 22.19±0.02c 21.11±0.05f F5,17=1.18, 

P<0.05 

Camphor 15.81±0.03a 14.22±0.02b 13.75±0.02c 14.26±0.01b 14.22±0.01b 14.25±0.02b F5,17=335.69, 

P<0.05 

For letters a-f, values within rows followed by the same letter do not differ statistically at P =0.05. 458 

 459 

3.3.4. Water activity of the microcapsules 460 

The water activity value (Table 5, Experiments 1-8) was low with values in the range 461 

from 0.19 to 0.26. No important effect was noticed for the effect of inlet and outlet 462 

temperatures in the drying step, only a reduction was found for the highest inlet 463 

temperature (Exp. #11) but at the cost of reducing encapsulation efficiency due to higher 464 

volatilization of EO. Water activity of microcapsules is an important factor related to 465 

preservation of microcapsules of essential oil. Baranauskiene et al. (2007) concluded that 466 

loss of peppermint essential oil volatiles microencapsulated into different types of OSA-467 

starch during storage was faster at high aw level (0.43 to 0.75). At this high values, the 468 

matrix starts to plasticize resulting in higher mobility of flavor molecules and hence, the 469 

increase of release rates. In this work, no effect of the water activity in the release rate 470 

was found since the values were low and close in all samples (0.190-0.260) and also, the 471 

increase after storage was similar and below 0.43, in the range from 0.302 to 0.368 (data 472 

not shown).   473 

 474 
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3.3.5. Drying yield of the microcapsules 475 

The drying yield varies from 12.4 to 50.9% (Experiments 1–8). In general it increases 476 

with the increase in surfactant: oil ratio as the solid proportion of the emulsion increases, 477 

making the particles formation easier. Also, an increase is detected from 5 to 10% oil, but 478 

if the amount of oil in the initial emulsion is too high (20%) it is reduced.  The effect of 479 

the temperature is not clear (Experiments 9-13), being in all the case about 50%. 480 

Nevertheless, it should be mentioned that relative small batches were processed and only 481 

the powder in the cyclone was recovered. This variable was recorded to have a global 482 

reference of the performance of the process, having in mind that a drying yield of 50% is 483 

taken to be the benchmark for successful spray drying (Moreno et al., 2016). During the 484 

drying process, remaining of particles on the dryer chamber wall (Bhandari et al., 1997) 485 

and reduction of surfactant (Jayasundera et al., 2011; Fang & Bhandari, 2012) may reduce 486 

powder recovery.  487 

Finally, it can be said that the reproducibility of the process in very good as it can be 488 

concluded from Exp.#5 and Exp. #10 from Table 5. Main variation is registered for the 489 

drying yield, but as mentioned previously, it can be due to the fact that relatively small 490 

batches are processed (ca. 200 mL of emulsion) and that only particles in the cyclone are 491 

recovered.   492 

3.3.6. Release rate of the microcapsules 493 

The release rate of the encapsulated EO was also evaluated as an important parameter 494 

regarding the fumigant activity, as a controlled release is aimed to prolong the effect in 495 

time with respect to non-encapsulated EO.  The results of release oil after 15 and 30 days 496 

(Table 8) show that the release is mainly governed by surfactant: oil ratio. The release is 497 

lower for the high surfactant: oil ratio, as expected since the amount of carrier around the 498 
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oil is higher reducing its volatilization. The effect of % oil is smaller, although an increase 499 

in the release ratio with this parameter is detected, mainly for the 20% oil formulations.  500 

The release is faster in the first 15 days with a % increase in the release between 20-30% 501 

of the initial release oil after 30 days, except for the cases where the maximal release 502 

(90%) is achieved.  These results are similar to Varona et al. (2009) and Turasan et al. 503 

(2015) results.  They demonstrated the increase in oil: surfactant ratio and % oil increased 504 

the release ratio. The release rate is influenced by wall material and the nature of the 505 

encapsulated essential oil.  Pascual-Villalobos and López (2013) showed that alginate 506 

microcapsules released completely the linalool at 25 °C after 72 h while starch capsules 507 

released only 30% of the compound. Regarding composition, it has been shown (Sanna 508 

Passino et al., 2004) that rosemary essential oil released faster than thyme essential oil 509 

(ca. 75% versus 25% after 25 days for gelatin capsules) due to the higher amount of the 510 

higher hydrocarbon fraction of the former and its lower amount of phenolic polar 511 

compounds in comparison with thyme EO. Another parameter than can influence the 512 

release rate is the water activity since the water uptake at the relative high humidity 513 

conditions of the test, can destroy the capsule structure (Rosenberg et al., 1990).  514 

Also, in the experiments with low oil concentrations and oil/starch ratio, the release rate 515 

of oil was lower than 40 and 49%, but when the concentration of oil and oil/starch ratio 516 

were higher, as much as 80 and 90% of the encapsulated oil was released after 15 days 517 

and 30 days, respectively (Table 8). 518 

 519 

 520 

 521 

 522 
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Table 8 523 
The percent of released oil (Mean ± SE*) of spray-dried microencapsulated rosemary oil after 15 and 30 524 
days. 525 

Test** Surfactant/Oil 

ratio 

Oil concentration 

(%) 

After 15 days  After 30 days  

1 1:3 5 65.27±4.32b 90.07±0.99 a 

2 1:1 5 55.09±1.66bc 70.18±1.16 c 

3 3:1 5 39.85±2.04 d 48.89±3.07 d 

4 1:3 10 68.04±2.17ab 84.33±1.65ab 

5 1:1 10 62.38±1.44 b 77.14±2.47abc 

6 3:1 10 42.36±2.62 cd 54.16±1.44 d 

7 1:3 20 80.04±1.55 a 90.60±2.55 a  

8 1:1 20 65.15±1.47 b 83.52±4.59abc 

9   56.08±1.24bc 72.45±5.19bc 

10   56.21±2.44bc 70.10±2.45 c 

11 1:1 10 63.85±2.50 b 81.14±1.46abc 

12   67.59±4.59ab 86.78±2.54 a 

13   60.49±4.66 b 77.82±0.73abc 

F ve P value   F12,38=14.74, 

P<0.05 

F12,38=21.93, 

P<0.05 

*For letters a-d, values within columns followed by the same letter do not differ statistically at P =0.05. 526 

 527 

3.4. Formulation of Zataria essential oil 528 

The formulation of Zataria EO was carried out at the conditions that provided the highest 529 

amount of oil in the solid microcapsules for the rosemary essential oil. Therefore, 530 

emulsions were prepared according to Test 5 conditions (10% EO and 1:1 surfactant: oil 531 

ratio). Emulsions of Zataria EO had a mean droplet size of 489±0.007 and 1.017±0.006 532 

nm for the D32 and Span respectively, slightly smaller than that of rosemary EO at the 533 

same conditions. The encapsulation efficiency of Zataria emulsion was 75.5%, slightly 534 

lower than that of rosemary.   535 

The drying was carried out at the conditions of Test 12 (120 ºC as inlet temperature and 536 

81 ºC as outlet temperature). The microcapsules had a mean particle diameters 537 

10.38±0.40 and 4.67±0.468 µm for the D32 and Span respectively, also in the same range 538 
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as those of rosemary EO. The encapsulation efficiency of Zataria emulsion in the dry 539 

particles (%), Total EE (%), Drying yield (%), and Concentration of oil g/g particles were 540 

were 39.1 %, 26.9 %, 59.9 %, and 0.128 g/g, respectively. The aw value was 0.211. 541 

Finally, the release rate (%) of the encapsulated Zataria EO was also 65.73 after 15 days. 542 

All the values were similar to those provided by the formulation of rosemary essential oil 543 

at the same conditions, as expected.  544 

3.5. Fumigant toxicity and persistence of oil and microcapsules 545 

Fumigant toxicity and persistence assays were performed with rosemary and Zataria EOs 546 

microcapsules prepared according to Test 12. These experimental conditions were 547 

selected as they provided the highest EO concentration in the microcapsules.   548 

Mean mortality percentage of T. confusum exposed to the rosemary and Zataria essential 549 

oils and their microcapsules are presented in Fig. 4. In all cases, mortality percentage of 550 

T. confusum was significantly higher (P<0.05) when exposed to non-formulated than 551 

encapsulated oils after 72 h of the exposure period for the rosemary (ANOVA, 552 

F9,99 = 111.55, P < 0.05) and Zataria (ANOVA, F9,99 = 60.53, P < 0.05). This was an 553 

expected results, since the air concentration of volatiles is lower in encapsulated oil due 554 

to the controlled release of the oil. Also, the mortality showed a linear increased in both 555 

cases with the concentration of EO. The LC50 values were 122.8 and 216.1 µL/L for pure 556 

and microcapsules of rosemary with adults, respectively. Also, the LC50 values were 557 

178.4 and 274.2 µL/L for pure and microcapsules of Zataria with adults, respectively 558 

(Ahsaei et al., unpublished data). 559 

The toxicity and repellency of rosemary oil against T. confusum has been previously 560 

examined in literature by Saeidi and Moharramipour (2013). They provided a LC50 value 561 

of 22.14 μL rosemary oil /L air after 24 hours of treatment. The difference with the value 562 
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reported in this work can be related difference in essential oil composition due to climate 563 

conditions (heat, photoperiod, and humidity), plant species and soil acidity that can affect 564 

the secondary metabolism of the plant (Müller-Riebau et al., 1997; Regnault-Roger et al., 565 

2012). These variabilities have important consequences on the biological activity of 566 

different essential oils (Regnault-Roger et al., 2012).  567 

  568 

Fig. 4. Fumigant toxicity (Mean±SE) of different concentrations of the non-formulated and 569 
microencapsulated A) Rosemary B) Zataria oil after 72 h exposure in Tribolium confusum adults. Means 570 
followed by the same letter in each graph are not significantly different using Tukey’s test at p<0.05. 571 

 572 

The results of this work for toxicity of microcapsules are in agreement with Werdin 573 

González et al. (2014) and Sanna Passino et al. (2004) results. These results show that 574 

microencapsulation can provide a formulation of two essential oils with control the 575 

release of effective ingredients and protect them against evaporation. Werdin González 576 

et al. (2014) prepared and characterized poly(ethylene glycol) (PEG) nanoparticles 577 

containing geranium and bergamot essential oils and evaluated different biological assays 578 

against adults of Rhizopertha dominica and T. castaneum compared with the essential oils 579 

alone. In the evaluation of fumigant activity, geranium and bergamot essential oils 580 

produced 100% mortality after 24 h exposure whiles the nanoparticles of these essential 581 

oils did not have any effects after 120 h exposure. They suggested that the 582 
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nanoformulation reduces volatility from the essential oils and release is slower than non-583 

formulated essential oils. Their results demonstrated that the nanoformulation enhanced 584 

the essential oil contact activity after 72 h exposure. Sanna Passino et al. (2004) evaluated 585 

insecticidal effects of microencapsulated R. officinalis and T. vulgaris essential oils 586 

against P. interpunctella larvae. The toxicity of the oil was observed after diet 587 

contamination with the microcapsules and vapors exposition. LC50 values were 1.3 and 588 

2.1 mg/g for Thymus and Rosmarinus microcapsules with I-II instar larvae, respectively; 589 

the corresponding values obtained were 83.5 mg/g and 141 mg/g with III-IV instar larvae, 590 

respectively. By increasing the microcapsules concentration in the diet, mortality was 591 

increased in both treatments. The microcapsules of oils had a different release pattern.  592 

The persistence of rosemary and Zataria non-formulated essential oil and 593 

microencapsulated oils in over time is presented in Fig. 5. The effectiveness of non-594 

formulated essential oils decreased with increasing the storage time, whereas this 595 

effectiveness for microencapsulated oils increased in the same condition in T. confusum 596 

adults. After 5 days of the storage period, non-formulated oils caused 44% mortality for 597 

rosemary and 24% mortality for Zataria, while the mortality rate reached 0% when oils 598 

were stored for 15 days. In contrast, for rosemary microencapsulated oil, the rate of 599 

mortality reached 11.11, 46.66, and 77.77% after 5, 15 and 40 days of the storage period, 600 

respectively (ANOVA, F15,79 = 13.97, P < 0.05). Also, for Zataria microencapsulated oil, 601 

the mortality rate reached 8.88, 35.55, and 75.55% after 5, 15 and 40 days of the storage 602 

period, respectively (ANOVA, F15,79= 18.94, P < 0.05) (Fig. 5). 603 

López et al. (2014) investigated the insecticidal activity of microencapsulated S. molle 604 

essential oil against H. irritans (Dip.: Muscidae). They applied gum arabic and 605 

maltodextrin as carriers for the preparation of microcapsules with different ratio of this 606 

essential oil. Insecticidal activity for microcapsules was 32 and 73% of dead flies at 2 and 607 
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4 h of exposure time, whereas free oil caused 96% of dead flies at 2 h. Their results 608 

showed that microencapsulation provides a formulation of essential oils for obtaining 609 

controlled release of active substances. In the same way, insecticidal activity of Cuminum 610 

cyminum oil indicated that non-formulated oil completely lost its impact after 12 days 611 

against T. confusum, whereas at the same period, the oil-loaded nanogels lost about 15 % 612 

of its activity (Ziaee et al., 2014). The Thymus microcapsules caused the death of ≃ 25% 613 

of the treated insects after 25 days while Rosmarinus microcapsules had 75% mortality 614 

in the same time due to the faster release of this oil (Sanna Passino et al., 2004).  615 

 616 
Fig. 5. Persistence (Mean±SE) of A) rosemary and B) Zataria non-formulated and microencapsulated 617 
essential oils after 72 h exposure in Tribolium confusum adults. Means followed by the same letter in each 618 
graph are not significantly different using Tukey’s test at p<0.05. 619 
 620 
4. Conclusion 621 

The advance in the applications of essential oils for agrochemical use requires the 622 

development of adequate formulations that avoids their degradation and provide a correct 623 

release. In the present study, a formulation of rosemary and Zataria essential oils was 624 

prepared by spray drying of an oil-in-water emulsion of the essential oil using octenyl 625 

succinic anhydride (OSA) - starch both as surfactant and coating material for control of 626 

stored product pest. The encapsulation efficiency of depended directly on the surfactant: 627 

oil ratio, and the highest values was achieved was 32.8%. The maximum concentration 628 
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of encapsulated oil was 0.134 g oil/ g particle. The LC50 values were 122.8 and 216.1 629 

µL/L for pure and microcapsules of rosemary with adults, respectively. Also, The LC50 630 

values were 178.4 and 274.2 µL/L for pure and microcapsules of Zataria with adults, 631 

respectively. The Zataria microcapsules caused the death of ca. 35% of the treated insects 632 

after 15 days while Rosmarinus microcapsules had 46% mortality in the same time. The 633 

non-formulated oils had ca. 10% or less mortality in the treated insects after 25 days. 634 

Controlled release formulations can provide optimized release of amount of pesticides to 635 

maximize their biological activity for a longer time. 636 
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SUPPLEMENTARY INFORMATION 

Table S1  

Effect of starch: oil ratio and % oil in mean droplet size (D3,2) and Span of the emulsions and microcapsules. 

Microcapsules Emulsion  Test**  

Span (µm) D3,2 (µm) Span (µm) D3,2 (µm)  

1.068±0.000 8.46±0.04 1.032±0.001 0.854±0.003 1 

1.313±0.032 9.66±0.04 1.024±0.007 0.691±0.002  2   

1.370±0.010 9.03±0.08 1.072±0.010 0.513±0.010       3 

1.240±0.007 8.29±0.06 1.019±0.005 0.779±0.007 4 

1.311±0.008 8.98±0.06 1.083±0.000 0.528±0.005 5 

1.313±0.019 9.69±0.10 0.978±0.001 0.461±0.000 6 

1.981±0.157 10.50±0.16 1.032±0.006 0.769±0.007 7 

1.966±0.372 11.35±0.19 1.035±0.001 0.557±0.003 8 

1.172±0.010 9.84±0.12 1.014±0.002 0.531±0.007 9 

1.220±0.018 10.48±0.09 1.026±0.008 0.537±0.004 10 

1.290±0.025 10.44±0.13 1.073±0.004 0.521±0.005 11 

1.194±0.012 9.7±0.2 1.091±0.000 0.536±0.003 12 

1.140±0.008 9.85±0.08 1.055±0.001 0.525±0.009 13  

** Test 1: 5% Essential oil (EO) and ratio of polymer to EO 1:3, Test 2: 5% EO and ratio of polymer to EO 

1:1, Test 3: 5% EO and ratio of polymer to EO 3:1, Test 4: 10% EO and polymer ratio to EO 1:3, Test 5: 

10% EO and ratio of polymer to EO 1:1, Test 6: 10% EO and polymer ratio to EO 3:1, Test 7: 20% EO and 

ratio of polymer to EO 1:3, Test 8: 20% EO and ratio of polymer to EO 1:1. The inlet and outlet 

temperatures of the spray dryer were 140 and 85°C in the tests 1-8. Tests 9 to 13 were prepared with the 

condition of test 5, while the inlet and outlet temperatures were 120, 140, 160, 120, 120 °C, and 85, 85, 85, 

81 and 89 °C, respectively. 

 

   

Fig. S1. A) Droplet and B) particle-size distribution curves of the emulsions and microcapsules. 
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