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01th February 2019 
 

COVER LETTER 
 

Dear Editor of Chemosphere, 

 

 I am submitting the original article “Can a nanopesticide based on solid lipid nanoparticles 

loaded with the botanical insecticide pyrethrum be toxic to honeybees?” (Cristiane R. OLIVEIRA et 

al.) for the refereeing process, in order to publish it in the Chemosphere. Aiming to minimize the 

effects of pesticides on non-target beneficial insects, nanoparticles that act as carrier systems for 

agrochemicals are being developed by means of nanotechnology. The solid lipid nanoparticles 

encapsulated pyrethrum biocide releases small quantities over time and thereby reduces the amount 

of chemical compound bioavailable in the environment. Nevertheless, it is necessary to assess the 

adverse effects of nanopesticides in the terrestrial environment. In this sense, our study is pioneer in 

evaluating the toxicity of this system on a non-target pollinator insect, the honeybees. 

 We tried to follow precisely the journal’s author guidelines, with the title page article, 

Introduction, Materials and Methods, Results and Discussion and Acknowledgment. Additional 

Information - Total number of words of the textual elements: 6117; Total number of Tables: 1; Total 

number of Figures: 4. 

 Sincerely, 

 

 

        Dra. Elaine C. M. Silva-Zacarin 

 Corresponding Author 

 

 

 

                Dr. Leonardo Fernandes Fraceto 

                      Corresponding Author 
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 Sorocaba, June 30th 2019. 

 

Dear Prof. Willie J. G. M. Peijnenburg 

Editor Chemosphere, 

  

 

Ref. Chem60158 

 

RESPONSE TO EDITOR IN CHIEF AND REVIEWER  

 

Reviewer comment: I thank you very much for submitting your revised manuscript. Having 

evaluated the responses to the comments made by the reviewers, there is one issue that I do not agree 

on and that is on the issue of the definition of nanoparticle. 100 nm is considered the upper limit of 

size in one dimension to allow a particle to be termed a nanoparticle. In your case, the particles are 

of a size of 260 nm and they should therefore not be termed 'nanoparticle' but they are 'submicron 

particles'. Throughout the manuscript, the term 'nano' therefore needs to be replaced by 

'submicron', including in the title of the manuscript. This is depite the arguments raised in Nature 

Nanotechnology. 

 

Answer: The authors are very thankful to the Reviewer for his(her) valuable comment regarding the 

nano definition. We really respect his(her) point of view, however, we disagree to change the term 

nanoparticles as well as nanopesticides in the manuscript to submicron particles. Our arguments are:  

 

i) We can not use only size range to define a nanoparticle. In this way, the properties that we got with 

solid lipid nanoparticles in the range of size that we have in this study is totally different from the 

properties with bulk material. To support this statement, please look at A.D. Maynard, Don’t define 

nanomaterials, Nature, 2011, 475, 31–31. 

 

ii) It is clear in literature that nanoparticles prepared with polymeric and lipid materials showed a 

size distribution in the same range of the particles from our study and these particles are considered 

nanoparticles due its properties reached in the size range. Easily it is possible to find thousands of 

published papers in many different areas such as: cosmetics, food, medicine, pharmacy, agriculture 

that use particles with the same characteristics (lipid particles) and are considered by the scientific 

community as nanoparticles.  

*Response to reviewers/editor in question & answer format (word file)



 

iii) It is stated by the editorial from Nature Nanotechnology that in the case of nanopesticides authors 

showed that the size range threshold is higher for this kind of systems. 

 

iv) European Food Safety Authority, a regulatory agency, described in recent guidance that 

nanomaterials definitions should be reconsidered for food and agriculture since they described that 

particles larger than 100 nm but retain properties typical of nanoparticles. 

 

v) Food and Drug Administration – USA – definition (https://www.fda.gov/regulatory-

information/search-fda-guidance-documents/considering-whether-fda-regulated-product-involves-

application-nanotechnology#_ftn6):  

“At this time, when considering whether an FDA-regulated product involves the application of 

nanotechnology, FDA will ask: 

1. Whether a material or end product is engineered to have at least one external dimension, or 

an internal or surface structure, in the nanoscale range (approximately 1 nm to 100 nm); 

In addition, as we explain in more detail below, because materials or end products can also exhibit 

related properties or phenomena attributable to a dimension(s) outside the nanoscale range of 

approximately 1 nm to 100 nm that are relevant to evaluations of safety, effectiveness, 

performance, quality, public health impact, or regulatory status of products, we will also ask: 

 

2. Whether a material or end product is engineered to exhibit properties or phenomena, 

including physical or chemical properties or biological effects, that are attributable to its 

dimension(s), even if these dimensions fall outside the nanoscale range, up to one micrometer 

(1,000 nm).” 

 

 

vi) Recently Nature Nanotechnology has published a series of papers that were written by worldwide 

specialists about the nanotechnology in agriculture (see below) and in all these papers there are a lot 

of citations of papers that showed size higher than 100 nm and they were considered 

nanomaterials/nanoparticles/nanopesticides/nanofertilizers. 

 

- https://www.nature.com/articles/s41565-019-0464-4 

- https://www.nature.com/articles/s41565-019-0468-0 



- https://www.nature.com/articles/s41565-019-0461-7 

- https://www.nature.com/articles/s41565-019-0460-8 

- https://www.nature.com/articles/s41565-019-0439-5 

vii) If you look at the EU homepage below it is possible to find the definition:  

“Upper size limit 

Although 999 nm is still formally on the nanoscale, a very commonly used upper limit 

for nanomaterial size is 100 nm. This covers most nanomaterials, but there are 

exceptions. Nanomaterials clumped together can have outside dimensions larger than 100 nm, 

as can those which have been modified by adding a coating or an unusually large chemical 

group such as a long-chain organic molecule. Such materials include liposomes – small fatty 

globules – which can be loaded with nanoparticles for drug delivery or use in cosmetic 

products.” 

https://ec.europa.eu/health/scientific_committees/opinions_layman/nanomaterials2012/en/l-2/3.htm 

 

In this way, as our system is a solid lipid nanoparticles, this mean a structure formed by lipid 

covered by a surfactant it is like a liposomes, fatty globules and as mentioned below, in the area of 

cosmetics this is considered as nanoparticles. 

 

vii) The Chemosphere Journal has published papers aiming pest control with particles with mean size 

distributions higher than 400 nm and they accepted the use of the term nanoparticles. Just as example, 

look at: https://doi.org/10.1016/j.chemosphere.2013.11.056 

 

Also, based on all arguments above, we do not agree to change the term nanoparticles to submicron 

particles. We would like thank you so much the reviewer for this discussion, but from our point of view 

is really more than a question of size limit (100 nm) and by properties of the material. In addition, the 

application of polymeric and lipid materials in agriculture are well known nowadays and the 

community that develop systems for this kind of application really considered sizes in the range from 

the particles of our study as nanoparticles.  

 



Again, thank you for your comment that we really appreciate, but in this case, we can’t agree with 

your suggestion to change the term in the manuscript since nowadays the scientific community has 

been accepted other definitions than a cut-off 100nm.  

 

Sincerely yours 

 

Dr. Leonardo Fraceto 

Corresponding author 

On-behalf of all authors.  
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ABSTRACT 18 
Nanotechnology has the potential to overcome the challenges of sustainable agriculture, and 19 

nanopesticides can control agricultural pests and increase farm productivity with little 20 
environmental impact. However, it is important to evaluate their toxicity on non-target 21 

organisms, such as honeybees (Apis mellifera) that forage on crops. The aims of this study 22 
were to develop a nanopesticide that was based on solid lipid nanoparticles (SLNs) loaded 23 

with pyrethrum extract (PYR) and evaluate its physicochemical properties and short-term 24 
toxicity on a non-target organism (honeybee). SLN+PYR was physicochemically stable after 25 

120 days. SLN+PYR had a final diameter of 260.8 ± 3.7 nm and a polydispersion index of 26 
0.15 ± 0.02 nm, in comparison with SLN alone that had a diameter of 406.7 ± 6.7 nm and a 27 

polydispersion index of 0.39 ± 0.12 nm. SLN+PYR had an encapsulation efficiency of 99%. 28 
The survival analysis of honeybees indicated that PYR10ng presented shorter longevity than 29 

those in the control group (P ≤ 0.01). Empty nanoparticles and PYR10ng caused morphological 30 
alterations in the bees’ midguts, whereas pyrethrum-loaded nanoparticles had no significant 31 

effect on digestive cells, so are considered safer, at least in the short term, for honeybees. 32 
These results are important in understanding the effects of nanopesticides on beneficial 33 

insects and may decrease the environmental impacts of pesticides. 34 
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1. INTRODUCTION 48 

Agri-food production and population growth are amongst the greatest challenges 49 

facing humanity. Agriculture is one of the primary drivers of the economy by providing food 50 

to the population and benefiting producing countries, but increased population growth has 51 

significantly increased humanity’s global ecological footprint, surpassing the biocapacity of 52 

the Earth (SEKHON, 2014). Human populations increase exponentially over time, whereas 53 

food production increases in a linear manner. Conventional agricultural practices generally 54 

have negative impacts on the environment and biodiversity, as they require many resources 55 

such as energy, water, and soil, and large amounts of agrochemicals and fertilizers are used 56 

to improve productivity. 57 

The U.S. Department of Agriculture’s (USDA) National Institute of Food and 58 

Agriculture (NIFA, 2018) aims to find innovative solutions to issues related to agriculture, 59 

food, the environment, and communities. NIFA’s priorities include global food security and 60 

hunger, food safety, plant health and production, and animal health and production (NANO, 61 

2018). Many of these issues may be resolved using nanotechnology, which has demonstrated 62 

great potential in providing novel solutions to agricultural problems (SCOTT and CHEN, 63 

2012; MUKHOPADHYAY, 2014). In the last few decades, nanoscience and nanotechnology 64 

have been at the forefront of the development of several nanomaterials for different medical 65 

and industrial purposes. Nanoparticles have been developed for a wide variety of applications 66 

in the biomedical and electronic fields, while research on nanoparticles as carriers of 67 

pesticides has only been conducted in the last decade, and there are still many variables to be 68 

investigated before their use on crops (LIU et al., 2008; ANJALI et al., 2010; GOPAL et al., 69 

2012; KAH et al., 2014; SARLAK et al., 2014; MISHRA et al., 2017; KIM et al., 2018). 70 
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Nanotechnology can deliver agricultural substances such as nanopesticides and 71 

nanofertilizers that increase farm productivity, decrease the environmental impact and the 72 

amount of resources used, improve pest control, and support sustainable agriculture, 73 

particularly in developing countries. Furthermore, nanocarriers of pesticides and fertilizers 74 

have economic advantages for agriculture, because their stability and controlled-release 75 

mechanism increase efficiency and reduce the amount of chemicals required on crops 76 

(PEREZ-DE-LUQUE and RUBIALES; 2009; CHEN and YADA, 2011; GRILLO et al., 77 

2016; PRASAD et al., 2017; WALKER et al., 2017). 78 

However, the effects of nanoparticles should be fully evaluated before they are 79 

incorporated into sustainable agriculture. The U.S. National Science Foundation (NSF) and 80 

Environmental Protection Agency (EPA) encourage the investigation of various aspects of 81 

nanomaterials, such as their toxicity to non-target organisms, their destination, transportation, 82 

and safety in the environment, and their status in terms of food legislation, and support the 83 

creation of a nanomaterial database and the maintenance of food regulations (SCOTT and 84 

CHEN, 2012).  85 

Pyrethrum extract is a natural botanical insecticide that is extracted from 86 

chrysanthemum (Chrysanthemum cinerariaefolium and Chrysanthemum cineum) flowers, is 87 

composed of pyrethrin types I and II and jasmolin, and can be used on crops to control pest 88 

insects (PEAY et al., 2006). Natural pyrethrum (a.i.) is highly lipophilic, photodegradable, 89 

has low water solubility (<10 mg.L-1), does not exhibit biomagnification (SCHLEIER and 90 

PETERSON, 2011), and leaves no toxic residues in plants. However, it is more expensive 91 

than synthetic pyrethroids (PEAY et al., 2006) and is highly toxic to insects, aquatic 92 

invertebrates, and fish (USEPA, 2006). Pyrethroids are insecticides that were developed to 93 

improve the photodegradation of natural pyrethrin, and thus be used as an insecticide in the 94 
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field (SANTOS et al., 2007), and have great stability and target selectivity. Examples of 95 

pyrethroids include deltamethrin, permethrin, and cypermethrin (MONTANHA and 96 

PIMPÃO, 2012). 97 

However, for the use of pyrethrum extract in the field it is necessary, at first, to load 98 

it into solid lipid nanoparticles (SLNs) to prevent its fast degradation, improving its stability 99 

and efficiency to allow its application on crops. Many benefits can be obtained by using 100 

SLNs, such as lower large-scale production costs, greater physicochemical stability, the 101 

possibility of hydrophilic and hydrophobic drug encapsulation, and the use of natural 102 

products in the formulation preparation (MULLER et al., 2000; MULLER et al., 2011; 103 

NASERI et al., 2015; SARANGI and PADHI et al., 2016). 104 

Interactions between biological systems and nanomaterials are complex, so it is 105 

important to evaluate their toxicity to non-target organisms (JACQUES et al., 2017), 106 

particularly to beneficial insects such as honeybees (Apis mellifera), which play an important 107 

role in pollinating agricultural crops (GIANNINI et al., 2015). Honeybee populations are 108 

declining worldwide, and although multiple factors contribute to this decline (GOULSON et 109 

al., 2015), it is mainly caused by agrochemicals sprayed on crops visited by bees (POTTS et 110 

al., 2010). In this context, the physicochemical characterization of nanopesticides can enable 111 

their future use in organic farming and contribute to sustainable agriculture, because these 112 

carriers may have little effect on the environment and biodiversity (GRILLO et al., 2016; 113 

PRASAD et al., 2017). However, this carrier system must have low toxicity to honeybees 114 

and other beneficial insects.  115 

The objectives of this study were to develop a nanopesticide that was based on SLNs 116 

loaded with pyrethrum extract biocide (nanobiocide), characterize its physicochemical 117 

properties, and evaluate its toxicity to honeybees (Africanized A. mellifera). We evaluated 118 



5 

 
 

sublethal effects on the histopathology of the bee midgut, an organ that plays a central role 119 

in food digestion and nutrient absorption. It is important to emphasize the fact that there are 120 

gaps of information in the literature regarding the toxicity of nanopesticides to non-target 121 

organisms, such as pollinator insects including honeybees. Our results can be applied in the 122 

field, can contribute to nanopesticide regulation, and can improve both environmental and 123 

food security.  124 

 125 

2. MATERIALS AND METHODS 126 

2.1. Chemicals  127 

The pyrethrum extract Pestanal® (biocide, CAS 8003-34-7, analytical standard), 128 

polyvinyl alcohol (PVA, 30–70 kDa, CAS 9002-89-5, hydrolyzed >99%), and glyceryl 129 

tripalmitate (tripalmitin, CAS 555-44-2, purity ≥99%) were purchased from Sigma-Aldrich. 130 

Chloroform (CHCl3, CAS 67-66-3, purity ≥99%) was purchased from a local supplier. All 131 

these products were used for the preparation of the nanoparticles. Acetone (CAS 67-64-1, 132 

purity = 100%) was used as a solvent in the preparation of the pyrethrum solution. 133 

 134 

2.1.1. Solid lipid nanoparticles 135 

SLNs containing pyrethrum were prepared by the method of emulsification/solvent 136 

evaporation with some modifications (VITORINO et al., 2011; de MELO et al., 2018). 137 

Initially, 30 mL of an aqueous phase containing 1.25% PVA and distilled water was prepared 138 

and magnetically stirred (100 rpm). An organic phase with 250 mg of glyceryl tripalmitate 139 

and 5 mg of pyrethrum (active ingredient – a.i.) was then prepared, which was dissolved in 140 

5 mL of chloroform. The organic phase was added to the aqueous phase, and this mixture 141 

was sonicated at 40 W for 5 min producing an emulsion. The emulsion was placed in an 142 
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ULTRA-TURRAX™ homogenizer at 14,000 rpm for 7 min. The organic solvent was then 143 

removed using a rotating evaporator in order to create a concentrated emulsion with 10 mL 144 

of nanoparticles. The final concentration of biocide was 0.05 mg.mL-1. SLNs without 145 

pyrethrum extract (control) were also prepared. 146 

  147 

2.2. Nanoparticles 148 

The purpose of the formulations was to achieve greater physicochemical stability and 149 

better efficiency of pyrethrum encapsulation in the nanoparticles. In order to evaluate the 150 

physicochemical stability as a function of time were used the maintenance of colloidal 151 

parameters in formulation. The colloidal parameters were the mean diameter, polydispersity 152 

index, zeta potential, besides the nanoparticle concentration and encapsulation efficiency of 153 

the pyrethrum extract. All analyses were conducted for 120 days and the results were 154 

expressed (mean ± SEM). 155 

 156 

2.2.1. Nanoparticle characterization 157 

The mean diameter and polydispersion index were determined by dynamic light 158 

scattering (DLS). Nanoparticle samples were diluted (10 µL:1 mL) in purified water and 159 

analyzed using a Zetasizer Nano ZS90 analyzer (Malvern Panalytical, UK). Zeta potential 160 

values (in mV) were also determined using the ZS90 analyzer, with the same dilution process. 161 

The pH of the nanoparticles was determined using a pH meter (Tecnal®, Brazil). Further 162 

details could be obtained in literature (VENKATRAMAN et al., 2005; de MELO et al., 2012; 163 

OLIVEIRA et al., 2015). 164 

 165 

2.2.2. Nanoparticle concentration 166 
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SLN size distributions and concentrations were analyzed using a nanoparticle 167 

tracking analysis (NTA) instrument (NanoSight LM10). Nanoparticle samples were diluted 168 

10,000 times and analyzed by injecting 1 mL of the sample into the cell (more details in 169 

section 1.1 - Supplementary Material). 170 

 171 

2.2.3. Differential Scanning Calorimetry (DSC) 172 

A thermal analysis was performed to demonstrate that the pyrethrum was 173 

encapsulated in the nanocarriers using a DSC Q20 differential scanning calorimeter (TA 174 

Instruments). The samples of pyrethrum extract, lipid, SLNs, and SLNs loaded with 175 

pyrethrum were analyzed (Section 1.2 - Supplementary Material). 176 

 177 

2.2.4. Fourier-transform infrared spectroscopy (FTIR) 178 

FTIR was performed to investigate interactions between the biocide and the SLNs 179 

using an infrared spectrophotometer (Agilent). The pyrethrum extract, lipid, surfactant 180 

(PVA), physical mixture, SLNs, and SLNs loaded with pyrethrum were analyzed using an 181 

attenuated total reflectance accessory (POLLETO et al., 2007; WANG et al., 2010) (Section 182 

1.3 - Supplementary Material). 183 

 184 

2.3. Determination of encapsulation efficiency and quantification of pyrethrum by high-185 

performance liquid chromatography (HPLC) 186 

The total amount of pyrethrum extract present in the nanoparticle suspension was 187 

determined by the ultrafiltration/centrifugation method. After the suspension had been 188 

diluted with acetonitrile, it was filtered through a 0.22 μm Millipore™ membrane filter and 189 

quantified by HPLC (Varian ProStar). The pyrethrum extract association rate was calculated 190 
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as the difference between the non-associated fraction of biocide and the total amount initially 191 

added to the nanoparticles (GAMISANS et al., 1999; SCHAFFAZICK et al., 2003; KILIC 192 

et al., 2005) (Table 1S- Supplementary Material). 193 

 194 

2.4. Toxicological bioassay  195 

Operculated brood combs were collected from three healthy colonies of Africanized 196 

Apis mellifera located in apiaries at Sao Paulo State, Brazil. The emergence of worker bees 197 

was monitored in laboratory. Following emergence, the bees were transferred to plastic pots 198 

lined with filter paper and fed ad libitum sugar-aqueous solution (50%:50% water:inverted 199 

sugar, v:v) to acclimatize for 24 h.  200 

Subsequently, the 1-day-old bees were divided into the following experimental 201 

groups in triplicate (each colony representing a replicate): I) Control (CTL) - sugar-aqueous 202 

solution (syrup); II) Sublethal dose (1 ng.µL-1) of pyrethrum extract (PYR1ng); III) Sublethal 203 

dose (10 ng.µL-1) pyrethrum extract (PYR10ng); IV) 1 ng.µL-1 of pyrethrum loaded in SLNs 204 

(SLNP1ng); V) 10 ng.µL-1 of pyrethrum loaded in SLNs (SLNP10ng); IV) Empty SLNs; V) 205 

Polyvinyl alcohol - surfactant control (PVA); VI) Acetone control (ACN) - vehicle/solvent 206 

control. The dose used per bee was based on the LD5048h of pyrethrum for honeybees, i.e., 207 

22 ng.bee-1 (USEPA, 1991).  208 

Acute exposure was performed individually by oral administration, i.e., the 209 

corresponding solution of the experimental group was administrated to the bees (1 µL) using 210 

a micropipette (per os administration). Two sublethal doses of 10 ng or 1 ng of biocide per 211 

bee were given of the pyrethrum extract (PYR) and pyrethrum loaded in nanoparticles 212 

(SLNs). The half the LD5048h value corresponded to a 1/2 dilution (LD50/2 = 10 ng.µL-1 = 10 213 

ppm), and the other dose corresponded to a 1:20 dilution of the LD5048h value (LD50/20 = 1 214 
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ng.µL-1 = 1 ppm), both being sublethal concentrations for honeybees. Concentrations of the 215 

solutions, which were used for getting the sublethal doses offered to bees, were obtained by 216 

serial dilution of stock solution.  217 

After individually acute exposure, the bees were kept in plastic pots (cages), being 218 

fed with 50% (w/w) sucrose aqueous solution, in an incubator at a relative humidity of 70% 219 

± 5 and temperature of 32 ± 2ºC, under dark conditions. Two bioassays were performed, 220 

being the first one for survival analysis (N = 12 bees per pot in triplicate, per experimental 221 

group, totalizing 36 individuals) and another one for histology analyzes (N = 15 bees per pot 222 

in triplicate per experimental group, totalizing 45 individuals).  223 

In the first bioassay (survival analysis), the bees were monitored daily until the last 224 

bee has died. Specifically for survival bioassay, the deltamethrin (DLT, 10 ng.µL-1) 225 

experimental group was added as positive control. In the second bioassay, the bees were 226 

collected 48 h after the acute exposure (N = 6 per group) and dissected for midguts’ removal, 227 

which were processed for resin embedding and histological analysis (section 2.4.1).  228 

 229 

2.4.1. Histology procedure 230 

The bee midguts were fixed in 4% buffered paraformaldehyde solution for 24 h and 231 

immersed in phosphate-buffered saline (0.1 mol.L-1 phosphate buffer, pH 7.4). After, the 232 

material was dehydrated in an increasing ethanol series according to Silva-Zacarin et al. 233 

(2012). Subsequently, the material was embedded in historesin, and submitted to microtomy. 234 

Slides containing 3-µm thick histological sections were stained with hematoxylin-eosin. 235 

Posteriorly, the material was photodocumentated and both qualitative and semi-quantitative 236 

histopathological analyses were performed using Leica Application Suite V3.8 coupled to 237 

the light field photomicroscope (DM1000, Leica). For each bee from each experimental 238 
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group (N = 6), two slides were analyzed per individual and three non-sequential histological 239 

sections were analyzed for each slide.  240 

Other slides containing 3-µm thick histological sections were submitted to 241 

histochemical analysis for detection of proteins, lipids and neutral glycoconjugates (SILVA-242 

ZACARIN et al., 2012) (Section 1.4 - Supplementary Material and Figure 4S). 243 

 244 

2.4.2. Semi-quantitative analysis of midguts 245 

Parameters for semi-quantitative analysis were defined according to the Bernet et al. 246 

(1999) protocol, and histological alterations (lesions) in midgut of bees were based on 247 

Soares-Lima et al. (2018) protocol. To determine alterations in the bee midguts, the lesion 248 

index and the organ index, were calculated using two parameters: the importance factor and 249 

the score value (BERNET et al., 1999). Alterations were classified from 0 to 3, depending 250 

on their degree and extent: 0- no alteration, 1- slight alteration, 2- moderate alteration, and 251 

3- severe alteration. The importance factor was established for each lesion observed (cells 252 

eliminated from the epithelium, increased apocrine secretions from the digestive cells, 253 

cellular vacuolization, changes in regenerative cells’ nests, and the presence of pyknotic 254 

nuclei in cells of the epithelium) by a qualitative analysis based on pathological severity. This 255 

factor was categorized as (1) minimal pathological importance (repairable damage), (2) 256 

moderate pathological importance (damage was repairable in most cases), or (3) severe 257 

pathological importance (irreparable damage) (Table 2S and section 1.4 - Supplementary 258 

Material). 259 

 260 

2.5. Statistical analysis 261 
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All data were previously subjected to homogeneity of variance (Bartlett’s) and 262 

normality (Shapiro-Wilk and Kolmogorov-Smirnov) tests. The physicochemical 263 

characterization data were subjected to a Student’s t-test followed by a Mann Whitney test. 264 

A semi-quantitative analysis of the bee midguts was performed using a Kruskal-Wallis test 265 

followed by Dunn’s multiple comparison test. The significance level was set at α = 0.05. 266 

GraphPad Prism v.5.0 was used for these statistical analyses.  267 

The survival curve of honeybees per each experimental group was analyzed by the 268 

Log-Rank test (Kaplan-Meier method), and comparison between survival time of the groups 269 

was performed by the Holm-Sidak test. The significance level was set at α = 0.05. SigmaPlot 270 

13 software was used these analyze. 271 

 272 

3. RESULTS AND DISCUSSION 273 

3.1. Nanoparticle characterization 274 

The SLNs were prepared using approved components that are generally recognized 275 

as safe (GRAS). Tripalmitin (glyceryl tripalmitate) was used as a solid lipid and PVA was 276 

used as a surfactant. Physicochemical stability of the empty and encapsulated biocide in 277 

SLNs were evaluated from maintenance measurements of the colloidal parameters (mean 278 

diameter, polydispersity and zeta potential), besides the concentration of nanoparticles and 279 

pyrethrum encapsulation efficiency, over time (0 to 120 days). Colloidal parameter values 280 

and other parameters are shown in Table 1.  281 

The initial and final hydrodynamic diameters (mean ± SEM) of the empty solid lipid 282 

nanoparticles (SLN) were 290.0 ± 5.0 and 406.7 ± 6.7 nm, respectively. For the SLNs loaded 283 

with pyrethrum (SLN+PYR) the initial and final hydrodynamic diameters were 264.9 ± 2.8 284 

and 260.8 ± 3.7 nm, respectively. There was a significant difference between the empty 285 
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nanoparticles and those loaded with pyrethrum in the initial (P ≤ 0.0001 and T = 18.18) and 286 

final (P ≤ 0.0001 and T = 48.51) analyses. The hydrodynamic diameter values of empty SLNs 287 

increased after 60 days of storage with significant differences between the timepoints (P ≤ 288 

0.0001 and T = 54.60), while these values remained stable for SLN+PYR over the 289 

experimental period (120 days) (Figure 1SA- Supplementary Material). The empty SLNs had 290 

a larger mean diameter and less physicochemical stability than SLN+PYR, indicating that 291 

active ingredient of pyrethrum can stabilize nanoparticle formulation and decrease aggregate 292 

formation.  293 

The polydispersion index at 0 and 120 days was 0.12 ± 0.01 and 0.39 ± 0.12 nm, 294 

respectively, in empty SLNs, and 0.12 ± 0.01 and 0.15 ± 0.02 nm, respectively, in SLN+PYR 295 

(Table 1), and values below 0.2 nm in the initial analysis were considered indicative of good 296 

stability and a small distribution of particle diameters. The low values indicate that the 297 

nanoparticles were of similar size and without aggregates (MASARUDIN et al., 2015). 298 

Similar results were obtained by de Melo et al. (2016) in a 120-day experiment with 15d-299 

PGJ2-loaded SLNs, and by González et al. (2015) at the beginning of their experiment with 300 

poly (ethylene glycol)-nanoparticles containing geranium (an essential oil). However, the 301 

time-based analysis revealed that the SLN polydispersion index had increased after 60 days 302 

of storage (0.3 and 0.39 nm; Figure 1SB - Supplementary Material), with significant 303 

differences between the timepoints (P ≤ 0.005 and T = 0.0) and significant differences 304 

between SLN120 and SLN+PYR120 (P ≤ 0.005 and T = 0.0). These data indicate that there 305 

was a heterogeneous distribution of particle diameters, i.e., there was a greater aggregation 306 

of particles in the empty system (SLN). Particle aggregation and degradation occur in SLN 307 

formulations that increase and decrease particle size, respectively, due to the loss of a 308 

surfactant coating that protects the material (MULLER et al., 1996).  309 
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Both nanosystems had a negative zeta potential, with initial and final values of -13 ± 310 

0.4 and -14 ± 0.3 mV, respectively, for empty SLNs and -9.7 ± 0.2 and -18.2 ± 0.3 mV, 311 

respectively, for SLN+PYR. There was a significant difference between the empty 312 

nanoparticles and those loaded with pyrethrum (P ≤ 0.0001, T0d = 8.989, and T120d = 24.50; 313 

Table 1). After decreasing on the 30th day (-5.48 ± 0.13 mV), the zeta potential of SLN+PYR 314 

increased to -12.2 ± 0.18 and -18.2 ± 0.35 mV after 90 and 120 days, respectively (Figure 315 

1SD- Supplementary Material). Similarly, the empty SLN zeta potential decreased after 15 316 

(-4.85 ± 0.19 mV) and 30 (-6.27 ± 0.18 mV) days, but increased on the 60th day (-15.43 ± 317 

0.23 mV), indicating good stability until the end of the analysis time (Figure 1SD- 318 

Supplementary Material). Zeta potential values greater than 30 mV indicate excellent 319 

electrostatic stabilization (60 mV is the ideal value), while values lower 15 mV may result in 320 

partial flocculation (SCHWARZ et al., 1994). Low zeta potentials were observed, but the 321 

nanoparticle formulations were stable over time due to steric stabilization provided by the 322 

PVA (LOURENÇO et al., 1996). Stabilizers can be used in nanoparticle formulations to 323 

prevent particle aggregation (ABDELWAHED et al., 2006). In the present study, the 324 

nonionic surfactant PVA was used to prepare the SLNs, which is absorbed onto surface 325 

nanoparticles and promotes steric stabilization (ADITYA et al., 2013; OLIVEIRA et al., 326 

2015). Therefore, unlike in previous studies, it was not superficial electrostatic repulsion that 327 

provided stability to the system (PASQUOTO-STIGLIANI et al., 2017). Particles in 328 

suspension are more stable if the zeta potential is greater than 20 mV, and 40 mV indicates 329 

excellent stability (ADITYA et al., 2013). Similar results were obtained by Oliveira et al. 330 

(2018) in zein nanoparticles loaded with the essential oil citronella (geraniol and R-331 

citronellal), and by Kah et al. (2014) in a polymer-based nanoformulation of atrazine.  332 
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Table 1: Characterization of empty SLN and SLN loaded with pyrethrum extract over a 333 

period from 0 to 120 days. 334 

PARAMETERS SLN0 SLN120 SLN+PYR0 SLN+PYR120 

MDDLS (NM) 290.0 ± 5.0 406.7 ± 6.7a,c 264.9 ± 2.8 260.8 ± 3.7 

MDNTA (NM) 185.9 ± 4.6c 263.8 ± 18.5a,c 161.5 ± 2.7 227.0 ± 12.3b 

PDI 0.12 ± 0.01 0.39 ± 0.12a,c 0.12 ± 0.01 0.15 ± 0.02 

ZP (-mV) 13 ± 0.4c 14 ± 0.3c 9.7 ± 0.2 18.2 ± 0.3b 

CT (10¹³ 

particles/mL) 
2.7 ± 0.5 3.8 ± 0.2 5.9 ± 0.5 2.0 ± 0.1 

pH 4.9 ± 0.04 5,7 ± 0.04a,c 5.0 ± 0.02 7.1 ± 0.02b 

EE (%) - - > 99% > 99% 

Legend - Mean diameter (MD) using dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) 335 
techniques; polydispersion index (PDI); zeta potential (ZP), concentration of nanoparticles(CT); hydrogenionic 336 
potential (pH) and encapsulation efficiency (EE). The values are expressed as the mean ± standard error of six 337 
measurements. a Significant difference between SLN group and times; b Significant difference between 338 
SLN+PYR group and times; c Significant difference between SLN and SLN+PYR group. Paired T Test for 339 
parametric test, and Mann Whitney U test for nonparametric test. 340 

 341 

SLNs showed good stability for the encapsulated a.i, evidencing that physicochemical 342 

properties not changed over time. According to Naseri et al. (2015), SLNs are good 343 

nanocarriers and can be used to deliver drugs and agrochemicals. Their properties include 344 

great physicochemical stability during production and storage, a good release profile, the 345 

ability to solubilize lipophilic actives, and low toxicity (NASERI et al., 2015).  346 

There was a significant difference in the pH of the empty SLN suspension between 0 347 

and 120 days (4.9 ± 0.04 and 5.7 ± 0.04, respectively; P ≤ 0.0001 and T = 16.08), and of 348 

SLN+PYR (5.0 ± 0.02 and 7.1 ± 0.02, respectively; P ≤ 0.0001 and T = 10.04; Table 1). Only 349 

at 120 days was there a significant difference in pH between the treatment groups (P ≤ 0.0001 350 

and T = 107.9) with SLN+PYR having a pH of 7.16 ± 0.02 (Figure 1SC - Supplementary 351 

Material), indicating that hydrolytic processes occurred during this period. Similar results 352 

were obtained by Oliveira et al. (2015). 353 
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The NTA revealed that the empty SLNs contained 2.7 ± 0.5 x 1013 particles per mL 354 

with an initial size of 185.9 ± 4.6 nm, and SLN+PYR contained 5.9 ± 0.5 x 1013 particles per 355 

mL with an initial size of 161.5 ± 2.7 nm. Table 1 shows that there was a significant 356 

difference among timepoints for empty SLNs (P ≤ 0.02 and T = 3.65) and SLN+PYR (P ≤ 357 

0.007 and T = 4.92), as well as between empty SLNs and SLN+PYR at 0 (P ≤ 0.0004 and T 358 

= 10.68) and 120 (P ≤ 0.007 and T = 5.23) days. NTA counts the number of particles per mL 359 

and is a complementary technique in the analysis of hydrodynamic diameters, and DLS and 360 

NTA did not provide similar diameter values and particle concentrations. This difference 361 

may have been caused by sample dilution during the NTA, which could have caused some 362 

aggregates to rupture in suspension and result in smaller particles than the DLS 363 

(MARUYAMA et al., 2016). 364 

The encapsulation efficiency of pyrethrum into the SLNs was evaluated using an 365 

analytical curve of pyrethrum determined by HPLC (Peak area (a.u.) = 4.69442 + 366 

1952.15769* [pyrethrum concentration], r = 0.99341). The encapsulation efficiency was as 367 

high as 99%, suggesting that the pyrethrum extract was efficiently encapsulated in this carrier 368 

system. Nevertheless, is important verify the release profile of pyrethrum in field conditions 369 

and it is expected that due the high encapsulation efficiency that the particles protect the a.i. 370 

in order to increase its shelf life in field conditions. A high encapsulation efficiency has also 371 

been reported in polymeric nanocapsules and SLNs loaded with carbendazim and 372 

tebuconazole (CAMPOS et al., 2015), in chitosan nanoparticles carrying the herbicides 373 

imazapic and imazapyr (MARUYAMA et al., 2016), and in microcapsules containing 374 

dementholized peppermint oil (ZHAO et al., 2016). The high encapsulation value indicates 375 

the affinity of the biocide to the lipid matrix (de MELO et al., 2016) due to its low solubility 376 

in water (<10 mg.L-1) and high solubility in organic solvents (USEPA, 2006).  377 
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 378 

3.2. Differential scanning calorimetry (DSC) 379 

DSC thermograms for SLN+PYR, empty SLNs, tripalmitin, and pyrethrum extract 380 

are presented in Figure 1. The DSC analyzes in this study were carried out with the objective 381 

of demonstrating that the pyrethrum interacts with nanocarriers components. There were no 382 

endothermic peaks for the pyrethrum extract. Tripalmitin’s lowest peak was observed at 383 

61ºC, which agrees with the melting point described in the literature (CHEN et al., 2006). 384 

Analysis of the empty SLNs and SLN+PYR revealed that the melting points for tripalmitin 385 

were 65 and 64°C, respectively, indicating that tripalmitin in the SLNs was solid, and that 386 

the pyrethrum did not change the lipid core organization of the SLNs. Similar results were 387 

obtained by Oliveira et al. (2015), who found that the herbicides simazine and atrazine were 388 

dispersed on a nanoparticle matrix; as well as, Nasseri et al. (2016), verified that SLNs 389 

containing Zataria multiflora essential oil (ZEO) not showed DSC pick of Zanataria 390 

multiflora, and authors suggested that essential oil was incorporated and dissolved in the lipid 391 

matrix. Analysis of the empty and encapsulated SLNs revealed two peaks, one indicating a 392 

tripalmitin peak and the other possibly indicating PVA. Thermal studies of PVA have 393 

reported an 88.1°C peak, probably due to moisture evaporation (GUIRGUIS; MOSELHEY, 394 

2012). 395 
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 396 
Figure 1 - Differential scanning calorimetry evaluation of interaction between pyrethrum 397 

extract and components of the SLN formulation: Thermograms for (PYR) Pyrethrum extract, 398 
(TRI) Tripalmitin, (SLN) Solid lipid nanoparticles, (SLN+PYR) Pyrethrum loaded in solid 399 

lipid nanoparticles. Conditions: N2 flow - 50 mL/minute, heating ramp of 10 to 300°C at a 400 
rate of 10°C per minute. 401 

 402 

3.3. Fourier Transform Infrared Spectroscopy (FTIR) 403 

The physical mixture had three specific bands at 2914, 2368, and 1654 cm−1 (Figure 404 

2), which corresponded with tripalmitin (2914 cm−1); and pyrethrum extract bands at 2368 405 

and 1654 cm−1, corresponding with peak CO2 (OLIVEIRA and PASSOS, 2013) and a 406 

stretching of the –C=C group, respectively. The infrared spectra of PVA, empty SLNs, and 407 

SLN+PYR exhibited similar specific bands at 3335 cm−1 (Figure 2), which suggests the 408 

presence of an –O-H group in the formulations. These groups were probably derived from 409 

the water and PVA used in the preparation of the nanoparticles (ZAIN et al., 2011). The 410 
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specific bands at 2914 and 2848 cm−1 that were observed in the nanoparticles indicates a 411 

stretching of the –C-H group (Figure 2), corresponding to tripalmitin (CAMPOS et al., 2015). 412 

It was also possible to observe bands at 1735 cm−1, corresponding to a stretching of the –413 

C=O group, at 1470 cm−1, corresponding to a bending of the –C-H2 group, and at 1178 cm−1, 414 

corresponding to a stretching of the –C-O group.  415 

 416 
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Figure 2 - Infrared spectroscopic evaluation of interaction between pyrethrum extract and 417 

components of the SLN formulation: FTIR spectra for (PM) Physical mixture (PVA) 418 
Surfactant - polyvinyl alcohol; (TRI) Tripalmitin; (PYR) Pyrethrum extract; (SLN+PYR) 419 

Pyrethrum loaded in solid lipid nanoparticles; (SLN) Solid lipid nanoparticles. Arrows 420 
indicate the main characteristic absorption bands in each spectrum. Conditions: infrared 421 

spectrophotometer with a range of 400 to 4000 cm-1, 128 scans per sample and 2 cm-1 422 
resolutions. 423 

 424 
3.4. Toxicological bioassay  425 

Exposure to deltamethrin or pyrethrum extract (10 ng.µL-1) affected the longevity of 426 

bees, reducing their life span. Bees exposed to pyrethrum extract (P < 0.01; 141.18 ± 21.3 427 

hours) and pyrethroid (P < 0.001; 25.33 ± 0.93 h) presented shorter longevity than those in 428 

the control group (257.83 ± 21.79 h). There is not significant difference between control and 429 

other experimental groups (ACN; PVA; SLN; SLNP1ng; SLNP10ng and PYR1ng; P > 0.05). 430 

The ACN (252.7 ± 25.03 h) data was similar to control group, as well as SLNP1ng (256.24 ± 431 

21.00 h) and SLNP10ng (241.33 ± 18.81 h). The mean survival time of PVA (171.16 ± 18.09 432 

h), SLN (196.54 ±11.38 h) and PYR1ng (175.33 ± 28.12 h) groups was lower than the control 433 

group, but not significant (P > 0.05). The data of survival analysis were showed in 434 

Supplementary Material (Figure 2S). 435 

Pyrethroids can be dangerous to honeybees (JOHNSON et al., 2010), for example, 436 

they interfere in the behavior (PALMQUIST et al., 2012), learning and memory performance 437 

(LIAO et al., 2018). In addition, exposure to Lambda-Cyhalothrin negatively affects the life 438 

span (LIAO et al., 2018; DOLEZAL et al., 2016). In line with these data, the pyrethrum 439 

extract and deltamethrin also reduced survival of Africanized Apis mellifera. 440 

The sublethal doses of 1 ng.µL-1 (1 ppm) and 10 ng.µL-1 (10 ppm) of biocide free or 441 

encapsulated that were administered to the bees, induced short-term responses, at 442 

morphological level, in the midguts of newly emerged workers.  443 
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The bee midgut is mainly responsible for food digestion and nutrient absorption, and 444 

is composed of three cell types: digestive, endocrine, and regenerative cells. Digestive cells 445 

are responsible for the production of digestive enzymes and nutrient absorption, endocrine 446 

cells produce hormones, and regenerative cells, which are within nests, are responsible for 447 

cell renewal of the epithelium (MARTINS et al., 2006). 448 

Histological analysis of the bee midguts revealed morphological alterations in the 449 

epithelium (Figure 3), specifically in the digestive cells, whereas the regenerative cell nests 450 

maintained their normal morphological pattern. An increase in the elimination of digestive 451 

cells to the intestinal lumen was observed in some treatment groups (empty SLNs, SLNP1ng, 452 

and PYR10ng; Figure 3D, 3E, and 3H) in comparison to the control groups (CTL, ACN, and 453 

PVA), which was significant in the empty SLN group (Figure 4A and Table 3S - 454 

Supplementary Material). 455 

Therefore, sublethal concentrations of pyrethrum extract in both non-encapsulated 456 

and encapsulated form in nanoparticles, as well as in empty nanoparticles (SLN), caused 457 

changes in digestive cells. Digestive cells have many microvilli close to the peritrophic 458 

matrix in the lumen, and among these cells, nests of small regenerative cells are in the 459 

intestinal epithelium (NEVES et al., 2002). These undifferentiated cells that remain in the 460 

nest are a source for cell renewal in epithelium of bee midgut (CAVALCANTE and CRUZ-461 

LANDIM, 2004). Thus, regenerative cells replace dead digestive cells, which were released 462 

into the lumen, for new epithelial digestive cells by differentiation process (CRUZ et al., 463 

2011). In this study, regenerative nests were observed in midgut epithelium, but histological 464 

alterations indicative of cytotoxicity were not found in these cells, such as pyknotic nuclei. 465 

If the regenerative cells from nests had presented nuclear pyknosis, which is an indicative of 466 

cell death in undifferentiated cells, this alteration would have a "severe pathological 467 
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importance" because regenerative cells in adults does not suffer mitosis (CRUZ et al., 2011), 468 

and consequently epithelial renewal of midgut would be compromised, resulting to partial or 469 

total loss of the organ function.  470 

Digestive cells are eliminated by cell degeneration under natural conditions, 471 

meanwhile this process can be accelerated and/or intensified in response to xenobiotic 472 

exposure (e.g., SLNs; Table 3S - Supplementary Material). Therefore, cell renewal is an 473 

important process in maintaining the organ function, because the differentiation process from 474 

regenerative cells can replace dead digestive cells and to renew the midgut epithelium.  475 

There was less elimination of digestive cells to the intestinal lumen in bees exposed 476 

to pyrethrum-loaded nanoparticles than in those exposed to empty nanoparticles (SLN). 477 

Probably, the reduced cell-to-lumen liberation has been due to the interaction of the 478 

pyrethrum with the active sites in the nanoparticle, providing greater stability of the colloidal 479 

system over the time (0-120d) and high encapsulation efficiency (> 99% along 120d), as 480 

evidenced in the physicochemical characterization data. On the contrary, empty SLNs are 481 

more reactive and form aggregates more easily over time. Therefore, reactive empty SLNs 482 

could interact with the epithelial cells of the midgut (oral exposure) and induce cytotoxicity 483 

in digestive cells, which would trigger their elimination to the organ’s lumen. The compounds 484 

used in nanoparticle formulations, and the colloidal instability of the system, can affect 485 

interactions with cell membranes and trigger cytotoxicity (NAFEE et al., 2009).  Whereas 486 

the worker honeybee has lifetime of 45 days, and considering the acute exposure to the 487 

nanopesticide during its application, probably the whole SLNP will remain stable during its 488 

life span. Associating this information with the survival analysis, it can be noted that 489 

encapsulated pyrethrum kept the survival time (256.24 ± 21.00 h and 241.33 ± 18.81 h, 490 

SLNP1ng and SLNP1ng, respectively) of the bees similar to the control group (257.83 ± 21.79 491 
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h). Given that 10 ng of pyrethrum extract and pyrethroid (deltamethrin) reduced life span of 492 

the bees, it may be noted that pyrethrum-loaded in nanoparticle is more safe for honeybees, 493 

probably because of the stability of the encapsulated pyrethrum and its release as a function 494 

of time.  495 

Another important process that we observed was increased apocrine secretions from 496 

the midgut epithelium onto the apical surfaces of midgut digestive cells (Figure 3SD and 3SE 497 

- Supplementary Material). These epithelial cells secrete digestive enzymes and peritrophic 498 

matrix substances normally by means of apocrine secretion. Therefore, an increase in 499 

secretion may be a protective compensatory response to xenobiotic exposure. Increased 500 

apocrine secretion occurred in both the empty nanoparticle-exposed and 1 ng.µL-1 of 501 

pyrethrum-loaded nanoparticle-exposed groups (SLN and SLNP1ng; Table 3S and Figure 502 

4B). A previous study reported an increase in apocrine secretion of midgut digestive cells in 503 

bees exposed to sublethal doses of thiamethoxam insecticide (0.428 ng.µL-1 and 0.0428 504 

ng.µL-1 per day for 18 days), as well as the increase in both cell vacuolization and cell 505 

elimination from the epithelium to the midgut lumen over the exposure period (OLIVEIRA 506 

et al., 2014). 507 

Higher frequency of eliminated digestive cells and release of apocrine secretion 508 

(Figure 4) were considered reversible alterations in the bee midgut and that did not affect 509 

survival of bees in empty SLNs or encapsulated pyrethrum (SLNPs) groups. In normal 510 

physiological situations, there is low frequency of senescent or dead cells eliminated to the 511 

lumen (CAVALCANTE; CRUZ-LANDIM, 1999), and releasing of digestive enzymes from 512 

cells to the peritrophic matrix in the lumen, usually by apocrine secretion (TERRA; 513 

FERREIRA, 2012). Therefore, these alterations were classified as importance factor 1 in the 514 

semi-quantitative analysis, because normally they are reversible, i.e., damage recovery in 515 
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epithelium occurs through the differentiation of regenerative cells from their nests in order 516 

to have new digestive cells. Thus, there is a compensatory response to the potential 517 

physiological stress triggered by agrochemicals or nanocarriers that can lead to the 518 

elimination of cells and/or intensification of apocrine secretion. Soares et al. (2012) reported 519 

an elimination of cells into the lumen, increased apocrine secretion, and pyknotic nuclei in 520 

the epithelial cells of the Scaptotrigona postica midgut after applying sublethal doses of the 521 

insecticide imidacloprid. Similarly, Rossi et al. (2011) exposed Africanized A. mellifera to 522 

sublethal doses of imidacloprid and observed an increase in both cell elimination and 523 

apocrine secretion in the midgut. 524 

Aljedani (2017) evaluated the effects of acute exposure to deltamethrin on foraging 525 

worker honeybees (A. mellifera jemenatica). The bees that were fed a sugary solution 526 

containing 2.5 ppm of pyrethroid presented morphological changes in the midgut. In our 527 

study, sublethal concentrations of pyrethrum extract (1 and 10 ng.µL-) did not induce 528 

histopathological effects on midguts’ honeybees when the cell biomarkers were analyzed 529 

separately, but the total organ index analysis showed alterations in 10 ng.µL-1 pyrethrum 530 

extract that could potentially impair midgut function, since there was a decrease in the 531 

longevity of the bees, demonstrating the relevance of evaluation of total organ index in bees 532 

exposed to pesticides coupled to survival analysis.  533 
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Figure 3 – Honeybees (Africanized A. mellifera) midguts after 48 h of acute exposure. A) 535 

CTL - syrup control; B) ACN –acetone control; C) PVA - surfactant control; D) SLN – Solid 536 
lipid nanoparticles; E) SLNP1ng– 1 ng.µL-1 of pyrethrum loaded in solid lipid nanoparticles; 537 

F) SLNP10ng – 10 ng.µL-1 of pyrethrum loaded in solid lipid nanoparticles G) PYR1ng – 1 538 
ng.µL-1 of pyrethrum extract; H) PYR10ng – 10 ng.µL-1 of pyrethrum extract. Legend: dc = 539 

digestive cell; ec = eliminated cell in the lumen; lu = lumen; n = nucleus, v = vacuolization; 540 
as = apocrine secretion; Black arrow = Regenerative cell; TM = Malpighi's tubes; m = 541 

muscle. Staining: Hematoxylin-Eosin. Bars: 50 µm. 542 
 543 

Although vacuolization can be present in bee midgut cells as a physiological process 544 

of autophagy for intracellular turnover, their increased level frequently has been associated 545 

to side-effects of xenobiotics, especially in bees exposed to pesticides. For example, Cruz et 546 

al. (2010) reported cytoplasmic vacuolization and cell elimination in A. mellifera larvae 547 

midguts exposed to fipronil (0.1 and 1 μg.g-1) and boric acid (1.0, 2.5, and 7.5 mg.g-1). 548 

Kakamand et al. (2008) observed an increase in the vacuolization of midgut cells in 549 

honeybees exposed to deltamethrin (1, 2.5, 5, and 10 mg.L-1) and the degeneration of the 550 

midgut epithelium of bees exposed to the highest concentration of this compound. 551 

 Histochemical analysis of vacuolization areas in digestive cells (Figure 4S - 552 

Supplementary Material) showed that they are negative for proteins or neutral 553 

glycoconjugates, but had positive labelling for lipids that could indicate multivesicular 554 

bodies, because newly emerged honeybees have no spherocrystals yet. Multivesicular bodies 555 

are frequently found in midgut cells of insects (SERRAO; CRUZ-LANDIM, 1996), and are 556 

formed from early endosomes due to an inward budding of its membrane resulting in 557 

intralumenal vesicles whose main function is “collecting” plasma membrane receptors to be 558 

degraded into the lysosomes. Multivesicular bodies and autophagy are closely related 559 

(FADER; COLOMBO, 2009).  560 

At the present study, intensification of cytoplasm vacuolization was considered a 561 

morphological alteration indicative of cytoplasmic loss, which is of greater pathological 562 
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importance than the other alterations analyzed because, especially in insects, autophagy may 563 

act as a pro-death process at the cellular/organ level (MALAGOLI et al., 2010), although its 564 

effects at the organismal level can still be considered as fundamental for survival.  565 

Cell vacuolization increased in both groups exposed to pyrethrum extract (Figure 3G 566 

and 3H, Figure 3SG and 3SH, and Table 3S), but there was no significant difference due to 567 

the highly variable degree of vacuolization among individuals exposed to pyrethrum extract 568 

(Figure 4C). However, when the organ index was calculated, vacuolization accounted for a 569 

higher total index under 10 ng.µL-1 of pyrethrum extract (Figure 4D), as this alteration was 570 

classified as importance factor 2 in the semi-quantitative analysis (Table 3S) because of the 571 

loss of cytoplasmic material and the severity level. 572 

In the total organ index analysis, the empty nanoparticles and 10 ng.µL-1 of pyrethrum 573 

extract caused more significant changes than the other experimental groups (Table 3S). In 574 

contrast, nanoparticles loaded with 1 ng.µL-1 pyrethrum extract did not increase cell 575 

alterations more than the other groups (nanoparticles and pyrethrum extract). The SLNP 576 

groups exhibited a decrease in short-term cell alterations, so in this respect was considered 577 

safer for bees over short exposure times. 578 
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 579 
Figure 4 – Alterations and organ index in honeybee (Africanized A. mellifera) midguts. a) 580 
Eliminated cell index; b) Apocrine secretion index; c) Vacuolization index; d) Total organ 581 

index. Legend: CTL – syrup control; ACN – acetone control; PVA - surfactant control; SLN 582 
– Solid lipid nanoparticles; SLNP1ng – 1 ng.µL-1 of pyrethrum loaded in solid lipid 583 

nanoparticles; SLNP10ng – 10 ng.µL-1 of pyrethrum loaded in solid lipid nanoparticles PYR1ng 584 
– 1 ng.µL-1 of pyrethrum extract; PYR10ng  – 10 ng.µL-1 of pyrethrum extract. Kruskal Wallis 585 

One-way ANOVA, followed by Dunn's multiple comparison test. *represent significant 586 
differences between groups. 587 
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At the lowest sublethal doses (1 ng.µL-1), the biocide did not evidence significant 588 

histopathological changes in the total lesion index, indicating that could be applied on crops. 589 

A carrier system could be developed to improve pyrethrum extract stability, thus allowing its 590 

use as nanopesticides. Besides, when the pyrethrum extract was encapsulated in nanocarriers 591 

and demonstrated lower toxicity when compared with pyrethrum only. Therefore, 592 

nanocarriers are an alternative to conventional pesticide applications. Nanotechnology 593 

applied in the agricultural sector could increase agricultural production and crop protection, 594 

contribute to sustainable agriculture and eco-friendly carrier systems, and reduce 595 

environmental effects and toxicity to organisms (GRILLO et al., 2016). Oliveira et al. (2018) 596 

found that zein nanoparticles loaded with citronella effectively controlled the pest species 597 

Tetranychus urticae with low toxicity. 598 

The empty SLNs showed effects onto honeybee, for example, in the total lesion index, 599 

with the increase the eliminated cells and apocrine secretion. Therefore, nanocarrier system 600 

itself may have reactive sites capable of changing their biological system because it has no 601 

active ingredient encapsulated. These reactive sites could interact with organic molecules of 602 

the organism, inducing negative effects that indirectly decreased the mean survival time of 603 

the bees (196.54 ±11.38 h; P > 0.05). By the way, further studies need to be performed in 604 

order to evaluate these hypotheses.  605 

Nanopesticides can be able to increase the efficiency of agrochemicals and biocides, 606 

because it is possible that in the field low doses of the active ingredients can be used. 607 

However, in the case of pyrethrum and SLNs this fact will be confirmed with biological 608 

assays in target organisms that will be run in the future. In addition, they increase production 609 

and reduce damage to the environment (PRASAD et al., 2017). However, there are still many 610 

gaps in information to be filled, normative instructions to be written, and legislation to be 611 
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made before they can be extensively and safely employed in agriculture (KAH; HOFMANN, 612 

2014; KOOKANA et al., 2014). According Kah et al. (2018), further studies that investigate 613 

the efficacy of nanopesticides in crop farming are needed, in order to elucidate their effects 614 

on biodiversity and human health, and their benefits and costs compared with conventional 615 

formulations.  616 

 617 

4. CONCLUSION 618 

It is important to develop and analyze carrier systems as they have many potential 619 

benefits in comparison to synthetic and natural agrochemicals, such as reducing the amount 620 

of biocide in the environment and greater stability. However, nanotoxicological studies 621 

should be undertaken to evaluate the effects of nanoparticles on non-target organisms. In 622 

conclusion, this study demonstrates that nanoparticles loaded with pyrethrum extract at 623 

sublethal dose (1 or 10 ng.µL-1) are relatively safe for honeybees, because they do not cause 624 

morphological changes in digestive cells. In contrast, empty nanoparticles and 10 ng.µL-1 of 625 

pyrethrum extract caused changes in digestive cells during acute exposure. The concentration 626 

of 1 ng.µL-1 of pyrethrum extract could be used for pest control. These data reflect the effects 627 

of a sublethal and acute exposure, and more studies are needed to check if a chronic exposure 628 

to these compounds would have different effects on bees. Our results added information for 629 

subsidizing future decision making, regulatory framework creation, risk assessments, and 630 

legislation development, and improve food security. In addition, based on the results we are 631 

planning to run biological assays in order to investigate the efficacy of the nanopesticide 632 

against target organisms. 633 

 634 

 635 
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organisms, such as honeybees (Apis mellifera) that forage on crops. The aims of this study 22 
were to develop a nanopesticide that was based on solid lipid nanoparticles (SLNs) loaded 23 

with pyrethrum extract (PYR) and evaluate its physicochemical properties and short-term 24 
toxicity on a non-target organism (honeybee). SLN+PYR was physicochemically stable after 25 

120 days. SLN+PYR had a final diameter of 260.8 ± 3.7 nm and a polydispersion index of 26 
0.15 ± 0.02 nm, in comparison with SLN alone that had a diameter of 406.7 ± 6.7 nm and a 27 

polydispersion index of 0.39 ± 0.12 nm. SLN+PYR had an encapsulation efficiency of 99%. 28 
The survival analysis of honeybees indicated that PYR10ng presented shorter longevity than 29 

those in the control group (P ≤ 0.01). Empty nanoparticles and PYR10ng caused morphological 30 
alterations in the bees’ midguts, whereas pyrethrum-loaded nanoparticles had no significant 31 

effect on digestive cells, so are considered safer, at least in the short term, for honeybees. 32 
These results are important in understanding the effects of nanopesticides on beneficial 33 

insects and may decrease the environmental impacts of pesticides. 34 
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1. INTRODUCTION 48 

Agri-food production and population growth are amongst the greatest challenges 49 

facing humanity. Agriculture is one of the primary drivers of the economy by providing food 50 

to the population and benefiting producing countries, but increased population growth has 51 

significantly increased humanity’s global ecological footprint, surpassing the biocapacity of 52 

the Earth (SEKHON, 2014). Human populations increase exponentially over time, whereas 53 

food production increases in a linear manner. Conventional agricultural practices generally 54 

have negative impacts on the environment and biodiversity, as they require many resources 55 

such as energy, water, and soil, and large amounts of agrochemicals and fertilizers are used 56 

to improve productivity. 57 

The U.S. Department of Agriculture’s (USDA) National Institute of Food and 58 

Agriculture (NIFA, 2018) aims to find innovative solutions to issues related to agriculture, 59 

food, the environment, and communities. NIFA’s priorities include global food security and 60 

hunger, food safety, plant health and production, and animal health and production (NANO, 61 

2018). Many of these issues may be resolved using nanotechnology, which has demonstrated 62 

great potential in providing novel solutions to agricultural problems (SCOTT and CHEN, 63 

2012; MUKHOPADHYAY, 2014). In the last few decades, nanoscience and nanotechnology 64 

have been at the forefront of the development of several nanomaterials for different medical 65 

and industrial purposes. Nanoparticles have been developed for a wide variety of applications 66 

in the biomedical and electronic fields, while research on nanoparticles as carriers of 67 

pesticides has only been conducted in the last decade, and there are still many variables to be 68 

investigated before their use on crops (LIU et al., 2008; ANJALI et al., 2010; GOPAL et al., 69 

2012; KAH et al., 2014; SARLAK et al., 2014; MISHRA et al., 2017; KIM et al., 2018). 70 
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Nanotechnology can deliver agricultural substances such as nanopesticides and 71 

nanofertilizers that increase farm productivity, decrease the environmental impact and the 72 

amount of resources used, improve pest control, and support sustainable agriculture, 73 

particularly in developing countries. Furthermore, nanocarriers of pesticides and fertilizers 74 

have economic advantages for agriculture, because their stability and controlled-release 75 

mechanism increase efficiency and reduce the amount of chemicals required on crops 76 

(PEREZ-DE-LUQUE and RUBIALES; 2009; CHEN and YADA, 2011; GRILLO et al., 77 

2016; PRASAD et al., 2017; WALKER et al., 2017). 78 

However, the effects of nanoparticles should be fully evaluated before they are 79 

incorporated into sustainable agriculture. The U.S. National Science Foundation (NSF) and 80 

Environmental Protection Agency (EPA) encourage the investigation of various aspects of 81 

nanomaterials, such as their toxicity to non-target organisms, their destination, transportation, 82 

and safety in the environment, and their status in terms of food legislation, and support the 83 

creation of a nanomaterial database and the maintenance of food regulations (SCOTT and 84 

CHEN, 2012).  85 

Pyrethrum extract is a natural botanical insecticide that is extracted from 86 

chrysanthemum (Chrysanthemum cinerariaefolium and Chrysanthemum cineum) flowers, is 87 

composed of pyrethrin types I and II and jasmolin, and can be used on crops to control pest 88 

insects (PEAY et al., 2006). Natural pyrethrum (a.i.) is highly lipophilic, photodegradable, 89 

has low water solubility (<10 mg.L-1), does not exhibit biomagnification (SCHLEIER and 90 

PETERSON, 2011), and leaves no toxic residues in plants. However, it is more expensive 91 

than synthetic pyrethroids (PEAY et al., 2006) and is highly toxic to insects, aquatic 92 

invertebrates, and fish (USEPA, 2006). Pyrethroids are insecticides that were developed to 93 

improve the photodegradation of natural pyrethrin, and thus be used as an insecticide in the 94 
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field (SANTOS et al., 2007), and have great stability and target selectivity. Examples of 95 

pyrethroids include deltamethrin, permethrin, and cypermethrin (MONTANHA and 96 

PIMPÃO, 2012). 97 

However, for the use of pyrethrum extract in the field it is necessary, at first, to load 98 

it into solid lipid nanoparticles (SLNs) to prevent its fast degradation, improving its stability 99 

and efficiency to allow its application on crops. Many benefits can be obtained by using 100 

SLNs, such as lower large-scale production costs, greater physicochemical stability, the 101 

possibility of hydrophilic and hydrophobic drug encapsulation, and the use of natural 102 

products in the formulation preparation (MULLER et al., 2000; MULLER et al., 2011; 103 

NASERI et al., 2015; SARANGI and PADHI et al., 2016). 104 

Interactions between biological systems and nanomaterials are complex, so it is 105 

important to evaluate their toxicity to non-target organisms (JACQUES et al., 2017), 106 

particularly to beneficial insects such as honeybees (Apis mellifera), which play an important 107 

role in pollinating agricultural crops (GIANNINI et al., 2015). Honeybee populations are 108 

declining worldwide, and although multiple factors contribute to this decline (GOULSON et 109 

al., 2015), it is mainly caused by agrochemicals sprayed on crops visited by bees (POTTS et 110 

al., 2010). In this context, the physicochemical characterization of nanopesticides can enable 111 

their future use in organic farming and contribute to sustainable agriculture, because these 112 

carriers may have little effect on the environment and biodiversity (GRILLO et al., 2016; 113 

PRASAD et al., 2017). However, this carrier system must have low toxicity to honeybees 114 

and other beneficial insects.  115 

The objectives of this study were to develop a nanopesticide that was based on SLNs 116 

loaded with pyrethrum extract biocide (nanobiocide), characterize its physicochemical 117 

properties, and evaluate its toxicity to honeybees (Africanized A. mellifera). We evaluated 118 
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sublethal effects on the histopathology of the bee midgut, an organ that plays a central role 119 

in food digestion and nutrient absorption. It is important to emphasize the fact that there are 120 

gaps of information in the literature regarding the toxicity of nanopesticides to non-target 121 

organisms, such as pollinator insects including honeybees. Our results can be applied in the 122 

field, can contribute to nanopesticide regulation, and can improve both environmental and 123 

food security.  124 

 125 

2. MATERIALS AND METHODS 126 

2.1. Chemicals  127 

The pyrethrum extract Pestanal® (biocide, CAS 8003-34-7, analytical standard), 128 

polyvinyl alcohol (PVA, 30–70 kDa, CAS 9002-89-5, hydrolyzed >99%), and glyceryl 129 

tripalmitate (tripalmitin, CAS 555-44-2, purity ≥99%) were purchased from Sigma-Aldrich. 130 

Chloroform (CHCl3, CAS 67-66-3, purity ≥99%) was purchased from a local supplier. All 131 

these products were used for the preparation of the nanoparticles. Acetone (CAS 67-64-1, 132 

purity = 100%) was used as a solvent in the preparation of the pyrethrum solution. 133 

 134 

2.1.1. Solid lipid nanoparticles 135 

SLNs containing pyrethrum were prepared by the method of emulsification/solvent 136 

evaporation with some modifications (VITORINO et al., 2011; de MELO et al., 2018). 137 

Initially, 30 mL of an aqueous phase containing 1.25% PVA and distilled water was prepared 138 

and magnetically stirred (100 rpm). An organic phase with 250 mg of glyceryl tripalmitate 139 

and 5 mg of pyrethrum (active ingredient – a.i.) was then prepared, which was dissolved in 140 

5 mL of chloroform. The organic phase was added to the aqueous phase, and this mixture 141 

was sonicated at 40 W for 5 min producing an emulsion. The emulsion was placed in an 142 
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ULTRA-TURRAX™ homogenizer at 14,000 rpm for 7 min. The organic solvent was then 143 

removed using a rotating evaporator in order to create a concentrated emulsion with 10 mL 144 

of nanoparticles. The final concentration of biocide was 0.05 mg.mL-1. SLNs without 145 

pyrethrum extract (control) were also prepared. 146 

  147 

2.2. Nanoparticles 148 

The purpose of the formulations was to achieve greater physicochemical stability and 149 

better efficiency of pyrethrum encapsulation in the nanoparticles. In order to evaluate the 150 

physicochemical stability as a function of time were used the maintenance of colloidal 151 

parameters in formulation. The colloidal parameters were the mean diameter, polydispersity 152 

index, zeta potential, besides the nanoparticle concentration and encapsulation efficiency of 153 

the pyrethrum extract. All analyses were conducted for 120 days and the results were 154 

expressed (mean ± SEM). 155 

 156 

2.2.1. Nanoparticle characterization 157 

The mean diameter and polydispersion index were determined by dynamic light 158 

scattering (DLS). Nanoparticle samples were diluted (10 µL:1 mL) in purified water and 159 

analyzed using a Zetasizer Nano ZS90 analyzer (Malvern Panalytical, UK). Zeta potential 160 

values (in mV) were also determined using the ZS90 analyzer, with the same dilution process. 161 

The pH of the nanoparticles was determined using a pH meter (Tecnal®, Brazil). Further 162 

details could be obtained in literature (VENKATRAMAN et al., 2005; de MELO et al., 2012; 163 

OLIVEIRA et al., 2015). 164 

 165 

2.2.2. Nanoparticle concentration 166 
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SLN size distributions and concentrations were analyzed using a nanoparticle 167 

tracking analysis (NTA) instrument (NanoSight LM10). Nanoparticle samples were diluted 168 

10,000 times and analyzed by injecting 1 mL of the sample into the cell (more details in 169 

section 1.1 - Supplementary Material). 170 

 171 

2.2.3. Differential Scanning Calorimetry (DSC) 172 

A thermal analysis was performed to demonstrate that the pyrethrum was 173 

encapsulated in the nanocarriers using a DSC Q20 differential scanning calorimeter (TA 174 

Instruments). The samples of pyrethrum extract, lipid, SLNs, and SLNs loaded with 175 

pyrethrum were analyzed (Section 1.2 - Supplementary Material). 176 

 177 

2.2.4. Fourier-transform infrared spectroscopy (FTIR) 178 

FTIR was performed to investigate interactions between the biocide and the SLNs 179 

using an infrared spectrophotometer (Agilent). The pyrethrum extract, lipid, surfactant 180 

(PVA), physical mixture, SLNs, and SLNs loaded with pyrethrum were analyzed using an 181 

attenuated total reflectance accessory (POLLETO et al., 2007; WANG et al., 2010) (Section 182 

1.3 - Supplementary Material). 183 

 184 

2.3. Determination of encapsulation efficiency and quantification of pyrethrum by high-185 

performance liquid chromatography (HPLC) 186 

The total amount of pyrethrum extract present in the nanoparticle suspension was 187 

determined by the ultrafiltration/centrifugation method. After the suspension had been 188 

diluted with acetonitrile, it was filtered through a 0.22 μm Millipore™ membrane filter and 189 

quantified by HPLC (Varian ProStar). The pyrethrum extract association rate was calculated 190 
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as the difference between the non-associated fraction of biocide and the total amount initially 191 

added to the nanoparticles (GAMISANS et al., 1999; SCHAFFAZICK et al., 2003; KILIC 192 

et al., 2005) (Table 1S- Supplementary Material). 193 

 194 

2.4. Toxicological bioassay  195 

Operculated brood combs were collected from three healthy colonies of Africanized 196 

Apis mellifera located in apiaries at Sao Paulo State, Brazil. The emergence of worker bees 197 

was monitored in laboratory. Following emergence, the bees were transferred to plastic pots 198 

lined with filter paper and fed ad libitum sugar-aqueous solution (50%:50% water:inverted 199 

sugar, v:v) to acclimatize for 24 h.  200 

Subsequently, the 1-day-old bees were divided into the following experimental 201 

groups in triplicate (each colony representing a replicate): I) Control (CTL) - sugar-aqueous 202 

solution (syrup); II) Sublethal dose (1 ng.µL-1) of pyrethrum extract (PYR1ng); III) Sublethal 203 

dose (10 ng.µL-1) pyrethrum extract (PYR10ng); IV) 1 ng.µL-1 of pyrethrum loaded in SLNs 204 

(SLNP1ng); V) 10 ng.µL-1 of pyrethrum loaded in SLNs (SLNP10ng); IV) Empty SLNs; V) 205 

Polyvinyl alcohol - surfactant control (PVA); VI) Acetone control (ACN) - vehicle/solvent 206 

control. The dose used per bee was based on the LD5048h of pyrethrum for honeybees, i.e., 207 

22 ng.bee-1 (USEPA, 1991).  208 

Acute exposure was performed individually by oral administration, i.e., the 209 

corresponding solution of the experimental group was administrated to the bees (1 µL) using 210 

a micropipette (per os administration). Two sublethal doses of 10 ng or 1 ng of biocide per 211 

bee were given of the pyrethrum extract (PYR) and pyrethrum loaded in nanoparticles 212 

(SLNs). The half the LD5048h value corresponded to a 1/2 dilution (LD50/2 = 10 ng.µL-1 = 10 213 

ppm), and the other dose corresponded to a 1:20 dilution of the LD5048h value (LD50/20 = 1 214 
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ng.µL-1 = 1 ppm), both being sublethal concentrations for honeybees. Concentrations of the 215 

solutions, which were used for getting the sublethal doses offered to bees, were obtained by 216 

serial dilution of stock solution.  217 

After individually acute exposure, the bees were kept in plastic pots (cages), being 218 

fed with 50% (w/w) sucrose aqueous solution, in an incubator at a relative humidity of 70% 219 

± 5 and temperature of 32 ± 2ºC, under dark conditions. Two bioassays were performed, 220 

being the first one for survival analysis (N = 12 bees per pot in triplicate, per experimental 221 

group, totalizing 36 individuals) and another one for histology analyzes (N = 15 bees per pot 222 

in triplicate per experimental group, totalizing 45 individuals).  223 

In the first bioassay (survival analysis), the bees were monitored daily until the last 224 

bee has died. Specifically for survival bioassay, the deltamethrin (DLT, 10 ng.µL-1) 225 

experimental group was added as positive control. In the second bioassay, the bees were 226 

collected 48 h after the acute exposure (N = 6 per group) and dissected for midguts’ removal, 227 

which were processed for resin embedding and histological analysis (section 2.4.1).  228 

 229 

2.4.1. Histology procedure 230 

The bee midguts were fixed in 4% buffered paraformaldehyde solution for 24 h and 231 

immersed in phosphate-buffered saline (0.1 mol.L-1 phosphate buffer, pH 7.4). After, the 232 

material was dehydrated in an increasing ethanol series according to Silva-Zacarin et al. 233 

(2012). Subsequently, the material was embedded in historesin, and submitted to microtomy. 234 

Slides containing 3-µm thick histological sections were stained with hematoxylin-eosin. 235 

Posteriorly, the material was photodocumentated and both qualitative and semi-quantitative 236 

histopathological analyses were performed using Leica Application Suite V3.8 coupled to 237 

the light field photomicroscope (DM1000, Leica). For each bee from each experimental 238 
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group (N = 6), two slides were analyzed per individual and three non-sequential histological 239 

sections were analyzed for each slide.  240 

Other slides containing 3-µm thick histological sections were submitted to 241 

histochemical analysis for detection of proteins, lipids and neutral glycoconjugates (SILVA-242 

ZACARIN et al., 2012) (Section 1.4 - Supplementary Material and Figure 4S). 243 

 244 

2.4.2. Semi-quantitative analysis of midguts 245 

Parameters for semi-quantitative analysis were defined according to the Bernet et al. 246 

(1999) protocol, and histological alterations (lesions) in midgut of bees were based on 247 

Soares-Lima et al. (2018) protocol. To determine alterations in the bee midguts, the lesion 248 

index and the organ index, were calculated using two parameters: the importance factor and 249 

the score value (BERNET et al., 1999). Alterations were classified from 0 to 3, depending 250 

on their degree and extent: 0- no alteration, 1- slight alteration, 2- moderate alteration, and 251 

3- severe alteration. The importance factor was established for each lesion observed (cells 252 

eliminated from the epithelium, increased apocrine secretions from the digestive cells, 253 

cellular vacuolization, changes in regenerative cells’ nests, and the presence of pyknotic 254 

nuclei in cells of the epithelium) by a qualitative analysis based on pathological severity. This 255 

factor was categorized as (1) minimal pathological importance (repairable damage), (2) 256 

moderate pathological importance (damage was repairable in most cases), or (3) severe 257 

pathological importance (irreparable damage) (Table 2S and section 1.4 - Supplementary 258 

Material). 259 

 260 

2.5. Statistical analysis 261 
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All data were previously subjected to homogeneity of variance (Bartlett’s) and 262 

normality (Shapiro-Wilk and Kolmogorov-Smirnov) tests. The physicochemical 263 

characterization data were subjected to a Student’s t-test followed by a Mann Whitney test. 264 

A semi-quantitative analysis of the bee midguts was performed using a Kruskal-Wallis test 265 

followed by Dunn’s multiple comparison test. The significance level was set at α = 0.05. 266 

GraphPad Prism v.5.0 was used for these statistical analyses.  267 

The survival curve of honeybees per each experimental group was analyzed by the 268 

Log-Rank test (Kaplan-Meier method), and comparison between survival time of the groups 269 

was performed by the Holm-Sidak test. The significance level was set at α = 0.05. SigmaPlot 270 

13 software was used these analyze. 271 

 272 

3. RESULTS AND DISCUSSION 273 

3.1. Nanoparticle characterization 274 

The SLNs were prepared using approved components that are generally recognized 275 

as safe (GRAS). Tripalmitin (glyceryl tripalmitate) was used as a solid lipid and PVA was 276 

used as a surfactant. Physicochemical stability of the empty and encapsulated biocide in 277 

SLNs were evaluated from maintenance measurements of the colloidal parameters (mean 278 

diameter, polydispersity and zeta potential), besides the concentration of nanoparticles and 279 

pyrethrum encapsulation efficiency, over time (0 to 120 days). Colloidal parameter values 280 

and other parameters are shown in Table 1.  281 

The initial and final hydrodynamic diameters (mean ± SEM) of the empty solid lipid 282 

nanoparticles (SLN) were 290.0 ± 5.0 and 406.7 ± 6.7 nm, respectively. For the SLNs loaded 283 

with pyrethrum (SLN+PYR) the initial and final hydrodynamic diameters were 264.9 ± 2.8 284 

and 260.8 ± 3.7 nm, respectively. There was a significant difference between the empty 285 
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nanoparticles and those loaded with pyrethrum in the initial (P ≤ 0.0001 and T = 18.18) and 286 

final (P ≤ 0.0001 and T = 48.51) analyses. The hydrodynamic diameter values of empty SLNs 287 

increased after 60 days of storage with significant differences between the timepoints (P ≤ 288 

0.0001 and T = 54.60), while these values remained stable for SLN+PYR over the 289 

experimental period (120 days) (Figure 1SA- Supplementary Material). The empty SLNs had 290 

a larger mean diameter and less physicochemical stability than SLN+PYR, indicating that 291 

active ingredient of pyrethrum can stabilize nanoparticle formulation and decrease aggregate 292 

formation.  293 

The polydispersion index at 0 and 120 days was 0.12 ± 0.01 and 0.39 ± 0.12 nm, 294 

respectively, in empty SLNs, and 0.12 ± 0.01 and 0.15 ± 0.02 nm, respectively, in SLN+PYR 295 

(Table 1), and values below 0.2 nm in the initial analysis were considered indicative of good 296 

stability and a small distribution of particle diameters. The low values indicate that the 297 

nanoparticles were of similar size and without aggregates (MASARUDIN et al., 2015). 298 

Similar results were obtained by de Melo et al. (2016) in a 120-day experiment with 15d-299 

PGJ2-loaded SLNs, and by González et al. (2015) at the beginning of their experiment with 300 

poly (ethylene glycol)-nanoparticles containing geranium (an essential oil). However, the 301 

time-based analysis revealed that the SLN polydispersion index had increased after 60 days 302 

of storage (0.3 and 0.39 nm; Figure 1SB - Supplementary Material), with significant 303 

differences between the timepoints (P ≤ 0.005 and T = 0.0) and significant differences 304 

between SLN120 and SLN+PYR120 (P ≤ 0.005 and T = 0.0). These data indicate that there 305 

was a heterogeneous distribution of particle diameters, i.e., there was a greater aggregation 306 

of particles in the empty system (SLN). Particle aggregation and degradation occur in SLN 307 

formulations that increase and decrease particle size, respectively, due to the loss of a 308 

surfactant coating that protects the material (MULLER et al., 1996).  309 
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Both nanosystems had a negative zeta potential, with initial and final values of -13 ± 310 

0.4 and -14 ± 0.3 mV, respectively, for empty SLNs and -9.7 ± 0.2 and -18.2 ± 0.3 mV, 311 

respectively, for SLN+PYR. There was a significant difference between the empty 312 

nanoparticles and those loaded with pyrethrum (P ≤ 0.0001, T0d = 8.989, and T120d = 24.50; 313 

Table 1). After decreasing on the 30th day (-5.48 ± 0.13 mV), the zeta potential of SLN+PYR 314 

increased to -12.2 ± 0.18 and -18.2 ± 0.35 mV after 90 and 120 days, respectively (Figure 315 

1SD- Supplementary Material). Similarly, the empty SLN zeta potential decreased after 15 316 

(-4.85 ± 0.19 mV) and 30 (-6.27 ± 0.18 mV) days, but increased on the 60th day (-15.43 ± 317 

0.23 mV), indicating good stability until the end of the analysis time (Figure 1SD- 318 

Supplementary Material). Zeta potential values greater than 30 mV indicate excellent 319 

electrostatic stabilization (60 mV is the ideal value), while values lower 15 mV may result in 320 

partial flocculation (SCHWARZ et al., 1994). Low zeta potentials were observed, but the 321 

nanoparticle formulations were stable over time due to steric stabilization provided by the 322 

PVA (LOURENÇO et al., 1996). Stabilizers can be used in nanoparticle formulations to 323 

prevent particle aggregation (ABDELWAHED et al., 2006). In the present study, the 324 

nonionic surfactant PVA was used to prepare the SLNs, which is absorbed onto surface 325 

nanoparticles and promotes steric stabilization (ADITYA et al., 2013; OLIVEIRA et al., 326 

2015). Therefore, unlike in previous studies, it was not superficial electrostatic repulsion that 327 

provided stability to the system (PASQUOTO-STIGLIANI et al., 2017). Particles in 328 

suspension are more stable if the zeta potential is greater than 20 mV, and 40 mV indicates 329 

excellent stability (ADITYA et al., 2013). Similar results were obtained by Oliveira et al. 330 

(2018) in zein nanoparticles loaded with the essential oil citronella (geraniol and R-331 

citronellal), and by Kah et al. (2014) in a polymer-based nanoformulation of atrazine.  332 
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Table 1: Characterization of empty SLN and SLN loaded with pyrethrum extract over a 333 

period from 0 to 120 days. 334 

PARAMETERS SLN0 SLN120 SLN+PYR0 SLN+PYR120 

MDDLS (NM) 290.0 ± 5.0 406.7 ± 6.7a,c 264.9 ± 2.8 260.8 ± 3.7 

MDNTA (NM) 185.9 ± 4.6c 263.8 ± 18.5a,c 161.5 ± 2.7 227.0 ± 12.3b 

PDI 0.12 ± 0.01 0.39 ± 0.12a,c 0.12 ± 0.01 0.15 ± 0.02 

ZP (-mV) 13 ± 0.4c 14 ± 0.3c 9.7 ± 0.2 18.2 ± 0.3b 

CT (10¹³ 

particles/mL) 
2.7 ± 0.5 3.8 ± 0.2 5.9 ± 0.5 2.0 ± 0.1 

pH 4.9 ± 0.04 5,7 ± 0.04a,c 5.0 ± 0.02 7.1 ± 0.02b 

EE (%) - - > 99% > 99% 

Legend - Mean diameter (MD) using dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) 335 
techniques; polydispersion index (PDI); zeta potential (ZP), concentration of nanoparticles(CT); hydrogenionic 336 
potential (pH) and encapsulation efficiency (EE). The values are expressed as the mean ± standard error of six 337 
measurements. a Significant difference between SLN group and times; b Significant difference between 338 
SLN+PYR group and times; c Significant difference between SLN and SLN+PYR group. Paired T Test for 339 
parametric test, and Mann Whitney U test for nonparametric test. 340 

 341 

SLNs showed good stability for the encapsulated a.i, evidencing that physicochemical 342 

properties not changed over time. According to Naseri et al. (2015), SLNs are good 343 

nanocarriers and can be used to deliver drugs and agrochemicals. Their properties include 344 

great physicochemical stability during production and storage, a good release profile, the 345 

ability to solubilize lipophilic actives, and low toxicity (NASERI et al., 2015).  346 

There was a significant difference in the pH of the empty SLN suspension between 0 347 

and 120 days (4.9 ± 0.04 and 5.7 ± 0.04, respectively; P ≤ 0.0001 and T = 16.08), and of 348 

SLN+PYR (5.0 ± 0.02 and 7.1 ± 0.02, respectively; P ≤ 0.0001 and T = 10.04; Table 1). Only 349 

at 120 days was there a significant difference in pH between the treatment groups (P ≤ 0.0001 350 

and T = 107.9) with SLN+PYR having a pH of 7.16 ± 0.02 (Figure 1SC - Supplementary 351 

Material), indicating that hydrolytic processes occurred during this period. Similar results 352 

were obtained by Oliveira et al. (2015). 353 
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The NTA revealed that the empty SLNs contained 2.7 ± 0.5 x 1013 particles per mL 354 

with an initial size of 185.9 ± 4.6 nm, and SLN+PYR contained 5.9 ± 0.5 x 1013 particles per 355 

mL with an initial size of 161.5 ± 2.7 nm. Table 1 shows that there was a significant 356 

difference among timepoints for empty SLNs (P ≤ 0.02 and T = 3.65) and SLN+PYR (P ≤ 357 

0.007 and T = 4.92), as well as between empty SLNs and SLN+PYR at 0 (P ≤ 0.0004 and T 358 

= 10.68) and 120 (P ≤ 0.007 and T = 5.23) days. NTA counts the number of particles per mL 359 

and is a complementary technique in the analysis of hydrodynamic diameters, and DLS and 360 

NTA did not provide similar diameter values and particle concentrations. This difference 361 

may have been caused by sample dilution during the NTA, which could have caused some 362 

aggregates to rupture in suspension and result in smaller particles than the DLS 363 

(MARUYAMA et al., 2016). 364 

The encapsulation efficiency of pyrethrum into the SLNs was evaluated using an 365 

analytical curve of pyrethrum determined by HPLC (Peak area (a.u.) = 4.69442 + 366 

1952.15769* [pyrethrum concentration], r = 0.99341). The encapsulation efficiency was as 367 

high as 99%, suggesting that the pyrethrum extract was efficiently encapsulated in this carrier 368 

system. Nevertheless, is important verify the release profile of pyrethrum in field conditions 369 

and it is expected that due the high encapsulation efficiency that the particles protect the a.i. 370 

in order to increase its shelf life in field conditions. A high encapsulation efficiency has also 371 

been reported in polymeric nanocapsules and SLNs loaded with carbendazim and 372 

tebuconazole (CAMPOS et al., 2015), in chitosan nanoparticles carrying the herbicides 373 

imazapic and imazapyr (MARUYAMA et al., 2016), and in microcapsules containing 374 

dementholized peppermint oil (ZHAO et al., 2016). The high encapsulation value indicates 375 

the affinity of the biocide to the lipid matrix (de MELO et al., 2016) due to its low solubility 376 

in water (<10 mg.L-1) and high solubility in organic solvents (USEPA, 2006).  377 
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 378 

3.2. Differential scanning calorimetry (DSC) 379 

DSC thermograms for SLN+PYR, empty SLNs, tripalmitin, and pyrethrum extract 380 

are presented in Figure 1. The DSC analyzes in this study were carried out with the objective 381 

of demonstrating that the pyrethrum interacts with nanocarriers components. There were no 382 

endothermic peaks for the pyrethrum extract. Tripalmitin’s lowest peak was observed at 383 

61ºC, which agrees with the melting point described in the literature (CHEN et al., 2006). 384 

Analysis of the empty SLNs and SLN+PYR revealed that the melting points for tripalmitin 385 

were 65 and 64°C, respectively, indicating that tripalmitin in the SLNs was solid, and that 386 

the pyrethrum did not change the lipid core organization of the SLNs. Similar results were 387 

obtained by Oliveira et al. (2015), who found that the herbicides simazine and atrazine were 388 

dispersed on a nanoparticle matrix; as well as, Nasseri et al. (2016), verified that SLNs 389 

containing Zataria multiflora essential oil (ZEO) not showed DSC pick of Zanataria 390 

multiflora, and authors suggested that essential oil was incorporated and dissolved in the lipid 391 

matrix. Analysis of the empty and encapsulated SLNs revealed two peaks, one indicating a 392 

tripalmitin peak and the other possibly indicating PVA. Thermal studies of PVA have 393 

reported an 88.1°C peak, probably due to moisture evaporation (GUIRGUIS; MOSELHEY, 394 

2012). 395 



17 

 
 

 396 
Figure 1 - Differential scanning calorimetry evaluation of interaction between pyrethrum 397 

extract and components of the SLN formulation: Thermograms for (PYR) Pyrethrum extract, 398 
(TRI) Tripalmitin, (SLN) Solid lipid nanoparticles, (SLN+PYR) Pyrethrum loaded in solid 399 

lipid nanoparticles. Conditions: N2 flow - 50 mL/minute, heating ramp of 10 to 300°C at a 400 
rate of 10°C per minute. 401 

 402 

3.3. Fourier Transform Infrared Spectroscopy (FTIR) 403 

The physical mixture had three specific bands at 2914, 2368, and 1654 cm−1 (Figure 404 

2), which corresponded with tripalmitin (2914 cm−1); and pyrethrum extract bands at 2368 405 

and 1654 cm−1, corresponding with peak CO2 (OLIVEIRA and PASSOS, 2013) and a 406 

stretching of the –C=C group, respectively. The infrared spectra of PVA, empty SLNs, and 407 

SLN+PYR exhibited similar specific bands at 3335 cm−1 (Figure 2), which suggests the 408 

presence of an –O-H group in the formulations. These groups were probably derived from 409 

the water and PVA used in the preparation of the nanoparticles (ZAIN et al., 2011). The 410 
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specific bands at 2914 and 2848 cm−1 that were observed in the nanoparticles indicates a 411 

stretching of the –C-H group (Figure 2), corresponding to tripalmitin (CAMPOS et al., 2015). 412 

It was also possible to observe bands at 1735 cm−1, corresponding to a stretching of the –413 

C=O group, at 1470 cm−1, corresponding to a bending of the –C-H2 group, and at 1178 cm−1, 414 

corresponding to a stretching of the –C-O group.  415 

 416 
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Figure 2 - Infrared spectroscopic evaluation of interaction between pyrethrum extract and 417 

components of the SLN formulation: FTIR spectra for (PM) Physical mixture (PVA) 418 
Surfactant - polyvinyl alcohol; (TRI) Tripalmitin; (PYR) Pyrethrum extract; (SLN+PYR) 419 

Pyrethrum loaded in solid lipid nanoparticles; (SLN) Solid lipid nanoparticles. Arrows 420 
indicate the main characteristic absorption bands in each spectrum. Conditions: infrared 421 

spectrophotometer with a range of 400 to 4000 cm-1, 128 scans per sample and 2 cm-1 422 
resolutions. 423 

 424 
3.4. Toxicological bioassay  425 

Exposure to deltamethrin or pyrethrum extract (10 ng.µL-1) affected the longevity of 426 

bees, reducing their life span. Bees exposed to pyrethrum extract (P < 0.01; 141.18 ± 21.3 427 

hours) and pyrethroid (P < 0.001; 25.33 ± 0.93 h) presented shorter longevity than those in 428 

the control group (257.83 ± 21.79 h). There is not significant difference between control and 429 

other experimental groups (ACN; PVA; SLN; SLNP1ng; SLNP10ng and PYR1ng; P > 0.05). 430 

The ACN (252.7 ± 25.03 h) data was similar to control group, as well as SLNP1ng (256.24 ± 431 

21.00 h) and SLNP10ng (241.33 ± 18.81 h). The mean survival time of PVA (171.16 ± 18.09 432 

h), SLN (196.54 ±11.38 h) and PYR1ng (175.33 ± 28.12 h) groups was lower than the control 433 

group, but not significant (P > 0.05). The data of survival analysis were showed in 434 

Supplementary Material (Figure 2S). 435 

Pyrethroids can be dangerous to honeybees (JOHNSON et al., 2010), for example, 436 

they interfere in the behavior (PALMQUIST et al., 2012), learning and memory performance 437 

(LIAO et al., 2018). In addition, exposure to Lambda-Cyhalothrin negatively affects the life 438 

span (LIAO et al., 2018; DOLEZAL et al., 2016). In line with these data, the pyrethrum 439 

extract and deltamethrin also reduced survival of Africanized Apis mellifera. 440 

The sublethal doses of 1 ng.µL-1 (1 ppm) and 10 ng.µL-1 (10 ppm) of biocide free or 441 

encapsulated that were administered to the bees, induced short-term responses, at 442 

morphological level, in the midguts of newly emerged workers.  443 
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The bee midgut is mainly responsible for food digestion and nutrient absorption, and 444 

is composed of three cell types: digestive, endocrine, and regenerative cells. Digestive cells 445 

are responsible for the production of digestive enzymes and nutrient absorption, endocrine 446 

cells produce hormones, and regenerative cells, which are within nests, are responsible for 447 

cell renewal of the epithelium (MARTINS et al., 2006). 448 

Histological analysis of the bee midguts revealed morphological alterations in the 449 

epithelium (Figure 3), specifically in the digestive cells, whereas the regenerative cell nests 450 

maintained their normal morphological pattern. An increase in the elimination of digestive 451 

cells to the intestinal lumen was observed in some treatment groups (empty SLNs, SLNP1ng, 452 

and PYR10ng; Figure 3D, 3E, and 3H) in comparison to the control groups (CTL, ACN, and 453 

PVA), which was significant in the empty SLN group (Figure 4A and Table 3S - 454 

Supplementary Material). 455 

Therefore, sublethal concentrations of pyrethrum extract in both non-encapsulated 456 

and encapsulated form in nanoparticles, as well as in empty nanoparticles (SLN), caused 457 

changes in digestive cells. Digestive cells have many microvilli close to the peritrophic 458 

matrix in the lumen, and among these cells, nests of small regenerative cells are in the 459 

intestinal epithelium (NEVES et al., 2002). These undifferentiated cells that remain in the 460 

nest are a source for cell renewal in epithelium of bee midgut (CAVALCANTE and CRUZ-461 

LANDIM, 2004). Thus, regenerative cells replace dead digestive cells, which were released 462 

into the lumen, for new epithelial digestive cells by differentiation process (CRUZ et al., 463 

2011). In this study, regenerative nests were observed in midgut epithelium, but histological 464 

alterations indicative of cytotoxicity were not found in these cells, such as pyknotic nuclei. 465 

If the regenerative cells from nests had presented nuclear pyknosis, which is an indicative of 466 

cell death in undifferentiated cells, this alteration would have a "severe pathological 467 
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importance" because regenerative cells in adults does not suffer mitosis (CRUZ et al., 2011), 468 

and consequently epithelial renewal of midgut would be compromised, resulting to partial or 469 

total loss of the organ function.  470 

Digestive cells are eliminated by cell degeneration under natural conditions, 471 

meanwhile this process can be accelerated and/or intensified in response to xenobiotic 472 

exposure (e.g., SLNs; Table 3S - Supplementary Material). Therefore, cell renewal is an 473 

important process in maintaining the organ function, because the differentiation process from 474 

regenerative cells can replace dead digestive cells and to renew the midgut epithelium.  475 

There was less elimination of digestive cells to the intestinal lumen in bees exposed 476 

to pyrethrum-loaded nanoparticles than in those exposed to empty nanoparticles (SLN). 477 

Probably, the reduced cell-to-lumen liberation has been due to the interaction of the 478 

pyrethrum with the active sites in the nanoparticle, providing greater stability of the colloidal 479 

system over the time (0-120d) and high encapsulation efficiency (> 99% along 120d), as 480 

evidenced in the physicochemical characterization data. On the contrary, empty SLNs are 481 

more reactive and form aggregates more easily over time. Therefore, reactive empty SLNs 482 

could interact with the epithelial cells of the midgut (oral exposure) and induce cytotoxicity 483 

in digestive cells, which would trigger their elimination to the organ’s lumen. The compounds 484 

used in nanoparticle formulations, and the colloidal instability of the system, can affect 485 

interactions with cell membranes and trigger cytotoxicity (NAFEE et al., 2009).  Whereas 486 

the worker honeybee has lifetime of 45 days, and considering the acute exposure to the 487 

nanopesticide during its application, probably the whole SLNP will remain stable during its 488 

life span. Associating this information with the survival analysis, it can be noted that 489 

encapsulated pyrethrum kept the survival time (256.24 ± 21.00 h and 241.33 ± 18.81 h, 490 

SLNP1ng and SLNP1ng, respectively) of the bees similar to the control group (257.83 ± 21.79 491 
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h). Given that 10 ng of pyrethrum extract and pyrethroid (deltamethrin) reduced life span of 492 

the bees, it may be noted that pyrethrum-loaded in nanoparticle is more safe for honeybees, 493 

probably because of the stability of the encapsulated pyrethrum and its release as a function 494 

of time.  495 

Another important process that we observed was increased apocrine secretions from 496 

the midgut epithelium onto the apical surfaces of midgut digestive cells (Figure 3SD and 3SE 497 

- Supplementary Material). These epithelial cells secrete digestive enzymes and peritrophic 498 

matrix substances normally by means of apocrine secretion. Therefore, an increase in 499 

secretion may be a protective compensatory response to xenobiotic exposure. Increased 500 

apocrine secretion occurred in both the empty nanoparticle-exposed and 1 ng.µL-1 of 501 

pyrethrum-loaded nanoparticle-exposed groups (SLN and SLNP1ng; Table 3S and Figure 502 

4B). A previous study reported an increase in apocrine secretion of midgut digestive cells in 503 

bees exposed to sublethal doses of thiamethoxam insecticide (0.428 ng.µL-1 and 0.0428 504 

ng.µL-1 per day for 18 days), as well as the increase in both cell vacuolization and cell 505 

elimination from the epithelium to the midgut lumen over the exposure period (OLIVEIRA 506 

et al., 2014). 507 

Higher frequency of eliminated digestive cells and release of apocrine secretion 508 

(Figure 4) were considered reversible alterations in the bee midgut and that did not affect 509 

survival of bees in empty SLNs or encapsulated pyrethrum (SLNPs) groups. In normal 510 

physiological situations, there is low frequency of senescent or dead cells eliminated to the 511 

lumen (CAVALCANTE; CRUZ-LANDIM, 1999), and releasing of digestive enzymes from 512 

cells to the peritrophic matrix in the lumen, usually by apocrine secretion (TERRA; 513 

FERREIRA, 2012). Therefore, these alterations were classified as importance factor 1 in the 514 

semi-quantitative analysis, because normally they are reversible, i.e., damage recovery in 515 
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epithelium occurs through the differentiation of regenerative cells from their nests in order 516 

to have new digestive cells. Thus, there is a compensatory response to the potential 517 

physiological stress triggered by agrochemicals or nanocarriers that can lead to the 518 

elimination of cells and/or intensification of apocrine secretion. Soares et al. (2012) reported 519 

an elimination of cells into the lumen, increased apocrine secretion, and pyknotic nuclei in 520 

the epithelial cells of the Scaptotrigona postica midgut after applying sublethal doses of the 521 

insecticide imidacloprid. Similarly, Rossi et al. (2011) exposed Africanized A. mellifera to 522 

sublethal doses of imidacloprid and observed an increase in both cell elimination and 523 

apocrine secretion in the midgut. 524 

Aljedani (2017) evaluated the effects of acute exposure to deltamethrin on foraging 525 

worker honeybees (A. mellifera jemenatica). The bees that were fed a sugary solution 526 

containing 2.5 ppm of pyrethroid presented morphological changes in the midgut. In our 527 

study, sublethal concentrations of pyrethrum extract (1 and 10 ng.µL-) did not induce 528 

histopathological effects on midguts’ honeybees when the cell biomarkers were analyzed 529 

separately, but the total organ index analysis showed alterations in 10 ng.µL-1 pyrethrum 530 

extract that could potentially impair midgut function, since there was a decrease in the 531 

longevity of the bees, demonstrating the relevance of evaluation of total organ index in bees 532 

exposed to pesticides coupled to survival analysis.  533 
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Figure 3 – Honeybees (Africanized A. mellifera) midguts after 48 h of acute exposure. A) 535 

CTL - syrup control; B) ACN –acetone control; C) PVA - surfactant control; D) SLN – Solid 536 
lipid nanoparticles; E) SLNP1ng– 1 ng.µL-1 of pyrethrum loaded in solid lipid nanoparticles; 537 

F) SLNP10ng – 10 ng.µL-1 of pyrethrum loaded in solid lipid nanoparticles G) PYR1ng – 1 538 
ng.µL-1 of pyrethrum extract; H) PYR10ng – 10 ng.µL-1 of pyrethrum extract. Legend: dc = 539 

digestive cell; ec = eliminated cell in the lumen; lu = lumen; n = nucleus, v = vacuolization; 540 
as = apocrine secretion; Black arrow = Regenerative cell; TM = Malpighi's tubes; m = 541 

muscle. Staining: Hematoxylin-Eosin. Bars: 50 µm. 542 
 543 

Although vacuolization can be present in bee midgut cells as a physiological process 544 

of autophagy for intracellular turnover, their increased level frequently has been associated 545 

to side-effects of xenobiotics, especially in bees exposed to pesticides. For example, Cruz et 546 

al. (2010) reported cytoplasmic vacuolization and cell elimination in A. mellifera larvae 547 

midguts exposed to fipronil (0.1 and 1 μg.g-1) and boric acid (1.0, 2.5, and 7.5 mg.g-1). 548 

Kakamand et al. (2008) observed an increase in the vacuolization of midgut cells in 549 

honeybees exposed to deltamethrin (1, 2.5, 5, and 10 mg.L-1) and the degeneration of the 550 

midgut epithelium of bees exposed to the highest concentration of this compound. 551 

 Histochemical analysis of vacuolization areas in digestive cells (Figure 4S - 552 

Supplementary Material) showed that they are negative for proteins or neutral 553 

glycoconjugates, but had positive labelling for lipids that could indicate multivesicular 554 

bodies, because newly emerged honeybees have no spherocrystals yet. Multivesicular bodies 555 

are frequently found in midgut cells of insects (SERRAO; CRUZ-LANDIM, 1996), and are 556 

formed from early endosomes due to an inward budding of its membrane resulting in 557 

intralumenal vesicles whose main function is “collecting” plasma membrane receptors to be 558 

degraded into the lysosomes. Multivesicular bodies and autophagy are closely related 559 

(FADER; COLOMBO, 2009).  560 

At the present study, intensification of cytoplasm vacuolization was considered a 561 

morphological alteration indicative of cytoplasmic loss, which is of greater pathological 562 
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importance than the other alterations analyzed because, especially in insects, autophagy may 563 

act as a pro-death process at the cellular/organ level (MALAGOLI et al., 2010), although its 564 

effects at the organismal level can still be considered as fundamental for survival.  565 

Cell vacuolization increased in both groups exposed to pyrethrum extract (Figure 3G 566 

and 3H, Figure 3SG and 3SH, and Table 3S), but there was no significant difference due to 567 

the highly variable degree of vacuolization among individuals exposed to pyrethrum extract 568 

(Figure 4C). However, when the organ index was calculated, vacuolization accounted for a 569 

higher total index under 10 ng.µL-1 of pyrethrum extract (Figure 4D), as this alteration was 570 

classified as importance factor 2 in the semi-quantitative analysis (Table 3S) because of the 571 

loss of cytoplasmic material and the severity level. 572 

In the total organ index analysis, the empty nanoparticles and 10 ng.µL-1 of pyrethrum 573 

extract caused more significant changes than the other experimental groups (Table 3S). In 574 

contrast, nanoparticles loaded with 1 ng.µL-1 pyrethrum extract did not increase cell 575 

alterations more than the other groups (nanoparticles and pyrethrum extract). The SLNP 576 

groups exhibited a decrease in short-term cell alterations, so in this respect was considered 577 

safer for bees over short exposure times. 578 
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 579 
Figure 4 – Alterations and organ index in honeybee (Africanized A. mellifera) midguts. a) 580 
Eliminated cell index; b) Apocrine secretion index; c) Vacuolization index; d) Total organ 581 

index. Legend: CTL – syrup control; ACN – acetone control; PVA - surfactant control; SLN 582 
– Solid lipid nanoparticles; SLNP1ng – 1 ng.µL-1 of pyrethrum loaded in solid lipid 583 

nanoparticles; SLNP10ng – 10 ng.µL-1 of pyrethrum loaded in solid lipid nanoparticles PYR1ng 584 
– 1 ng.µL-1 of pyrethrum extract; PYR10ng  – 10 ng.µL-1 of pyrethrum extract. Kruskal Wallis 585 

One-way ANOVA, followed by Dunn's multiple comparison test. *represent significant 586 
differences between groups. 587 
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At the lowest sublethal doses (1 ng.µL-1), the biocide did not evidence significant 588 

histopathological changes in the total lesion index, indicating that could be applied on crops. 589 

A carrier system could be developed to improve pyrethrum extract stability, thus allowing its 590 

use as nanopesticides. Besides, when the pyrethrum extract was encapsulated in nanocarriers 591 

and demonstrated lower toxicity when compared with pyrethrum only. Therefore, 592 

nanocarriers are an alternative to conventional pesticide applications. Nanotechnology 593 

applied in the agricultural sector could increase agricultural production and crop protection, 594 

contribute to sustainable agriculture and eco-friendly carrier systems, and reduce 595 

environmental effects and toxicity to organisms (GRILLO et al., 2016). Oliveira et al. (2018) 596 

found that zein nanoparticles loaded with citronella effectively controlled the pest species 597 

Tetranychus urticae with low toxicity. 598 

The empty SLNs showed effects onto honeybee, for example, in the total lesion index, 599 

with the increase the eliminated cells and apocrine secretion. Therefore, nanocarrier system 600 

itself may have reactive sites capable of changing their biological system because it has no 601 

active ingredient encapsulated. These reactive sites could interact with organic molecules of 602 

the organism, inducing negative effects that indirectly decreased the mean survival time of 603 

the bees (196.54 ±11.38 h; P > 0.05). By the way, further studies need to be performed in 604 

order to evaluate these hypotheses.  605 

Nanopesticides can be able to increase the efficiency of agrochemicals and biocides, 606 

because it is possible that in the field low doses of the active ingredients can be used. 607 

However, in the case of pyrethrum and SLNs this fact will be confirmed with biological 608 

assays in target organisms that will be run in the future. In addition, they increase production 609 

and reduce damage to the environment (PRASAD et al., 2017). However, there are still many 610 

gaps in information to be filled, normative instructions to be written, and legislation to be 611 
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made before they can be extensively and safely employed in agriculture (KAH; HOFMANN, 612 

2014; KOOKANA et al., 2014). According Kah et al. (2018), further studies that investigate 613 

the efficacy of nanopesticides in crop farming are needed, in order to elucidate their effects 614 

on biodiversity and human health, and their benefits and costs compared with conventional 615 

formulations.  616 

 617 

4. CONCLUSION 618 

It is important to develop and analyze carrier systems as they have many potential 619 

benefits in comparison to synthetic and natural agrochemicals, such as reducing the amount 620 

of biocide in the environment and greater stability. However, nanotoxicological studies 621 

should be undertaken to evaluate the effects of nanoparticles on non-target organisms. In 622 

conclusion, this study demonstrates that nanoparticles loaded with pyrethrum extract at 623 

sublethal dose (1 or 10 ng.µL-1) are relatively safe for honeybees, because they do not cause 624 

morphological changes in digestive cells. In contrast, empty nanoparticles and 10 ng.µL-1 of 625 

pyrethrum extract caused changes in digestive cells during acute exposure. The concentration 626 

of 1 ng.µL-1 of pyrethrum extract could be used for pest control. These data reflect the effects 627 

of a sublethal and acute exposure, and more studies are needed to check if a chronic exposure 628 

to these compounds would have different effects on bees. Our results added information for 629 

subsidizing future decision making, regulatory framework creation, risk assessments, and 630 

legislation development, and improve food security. In addition, based on the results we are 631 

planning to run biological assays in order to investigate the efficacy of the nanopesticide 632 

against target organisms. 633 

 634 

 635 
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ABSTRACT 

Nanotechnology has the potential to overcome the challenges of sustainable agriculture, 

and nanopesticides can control agricultural pests and increase farm productivity with 

little environmental impact. However, it is important to evaluate their toxicity on non-

target organisms, such as honeybees (Apis mellifera) that forage on crops. The aims of 

this study were to develop a nanopesticide that was based on solid lipid nanoparticles 

(SLNs) loaded with pyrethrum extract (PYR) and evaluate its physicochemical 

properties and short-term toxicity on a non-target organism (honeybee). SLN+PYR was 

physicochemically stable after 120 days. SLN+PYR had a final diameter of 260.8 ± 3.7 

nm and a polydispersion index of 0.15 ± 0.02 nm, in comparison with SLN alone that 

had a diameter of 406.7 ± 6.7 nm and a polydispersion index of 0.39 ± 0.12 nm. 

SLN+PYR had an encapsulation efficiency of 99%. The survival analysis of honeybees 

indicated that PYR10ng presented shorter longevity than those in the control group (P ≤ 

0.01). Empty nanoparticles and PYR10ng caused morphological alterations in the bees’ 

midguts, whereas pyrethrum-loaded nanoparticles had no significant effect on digestive 

cells, so are considered safer, at least in the short term, for honeybees. These results are 

important in understanding the effects of nanopesticides on beneficial insects and may 

decrease the environmental impacts of pesticides. 

 

KEYWORD: Nanopesticide; Biocide; Sustainable agriculture, Solid lipid 

nanoparticles; Bees. 
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