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Abstract: Alternatives and replacements for synthetic chemical-based plant protectants are required.
In this study biopolymeric microspheres containing arthropod-derived apitoxin are explored as
a possible novel environmentally friendly formulation for plant protection. Here we document
the optimization process for microencapsulation of apitoxin into a stable formulation, for ready
use in agricultural applications. Efficacy trials were carried out on three different beetle species
at various developmental stages (Leptinotarsa decemlineata (Say, 1824.), Tenebrio molitor (Linnaeus,
1758.), Sitophilus granarius (Linnaeus, 1758.)). The encapsulated apitoxin has a steady initial and
long residual effect, due to the slow release of apitoxin which is one of its main advantages over
other conventional control methods. Microspheres loaded with apitoxin have a detrimental effect
on insects, of which it is significantly better gastric compared to contact action (due to pH). The
results showed that the highest and fastest mortality was obtained when the highest concentrations
(0.6%) were applied, chosen to be economically acceptable. These important findings contribute to
knowledge on the application and development of encapsulated apitoxin formulations, and their
effectiveness, as an alternative eco-friendly control method in agricultural production.

Keywords: apitoxin; encapsulation; microspheres; mortality; efficiency

1. Introduction

The biggest problem associated with the long-term application of pesticides for plant
protection is the eventual development of genetic/metabolic resistance in many pests
of economic importance [1]. Today, the occurrence of insect resistance is known almost
everywhere in the world. The first evidence of resistance—that of the common housefly to
DDT—was reported in 1947. The latest research shows over 1000 different insect species
that have developed resistance to one or more insecticides [2–4]. In the 1940s, U.S. farmers
lost 7% of their crops due to resistant insects, while that percentage had increased to 13% by
1980 [5]. Today, due to the developed resistance, pests are a great threat to human health,
which is confirmed by the fact that malaria-causing mosquitoes are resistant to almost all
insecticides used to control them.

Besides the development of resistance, the use of agrochemicals in agriculture can
have significant negative consequences on the environment, human and livestock food
safety and health [6]. To reduce human and environmental exposure to agrochemicals,
there is a growing trend and preference for environmentally friendly formulations such as
biofertilizers and biopesticides worldwide [7]. The growing trend in the use of biopesticides
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is due to their low toxicity to the environment and the fact that they are biodegradable [8].
The next step in the process of discovering and testing environmentally sound biopesticides
is to examine natural toxins produced by numerous arthropods such as apitoxin [9].

Bee venom or apitoxin is a product that honeybees (Apis mellifera, Linnaeus, 1758)
excrete during a sting attack or for defense. Tens of thousands of bees are needed to produce
1 g of apitoxin [10]. Apitoxin itself is transparent and odorless, and one drop of it consists of
88% water and only 0.1 µg of dry venom [11,12]. Dried apitoxin has a powdery appearance
and a light yellowish color. Apitoxin is produced by bees in the venom gland, which is
present in the abdominal cavity [13–15]. Bees produce venom in the acid gland during the
first 2–3 weeks of life, and it is stored in a venom sac for later use. There are more than
60 ingredients that can be recognized in apitoxin [16]. The main components of apitoxin are
proteins and peptides [16] and the molecular formula of apitoxin is C129H224N38O31. The
main toxic components in apitoxin are melittin and phospholipase A2 [17–19]. Melittin is
the most important enzyme in bee venom because it allows other components to penetrate
deeper into the tissue [20].

In recent years there has been increasing use of apitoxin in the cosmetic and pharma-
ceutical industries. Components of apitoxin are used as an analgesic, anticoagulant and
anti-inflammatory agents for the treatment of chronic diseases such as arthritis, rheuma-
tism, tendinitis, fibrosis, multiple sclerosis [21–23]. While apitoxin action on mammals
has been studied, little research has been conducted on the effectiveness of apitoxin on
insects [17]. Apitoxin has shown some insecticidal activities against cricket nymphs, corn
earworm Heliothis zea Boddie [24], the tobacco hornworm Manduca sexta L. [17] and the
lesser wax moth Achroia grisella Fabricius [25]. Apitoxin can negatively affect the larvae
of Senotainia tricuspis Meigen, Mermis sp. and the parasitic mites Acarapis sp. and Varroa
jacobsoni Oudemans [26–28].

More detailed research on the effectiveness of apitoxins on insects has not been con-
ducted in the world or in Croatia. Our literature review also did not find research on the
development of new formulations with apitoxin, which would be applicable in agriculture
under the condition of economic viability and health safety. Of the new formulations that
are in line with the European “Green Deal” action plan [29] special emphasis should be
placed on microparticles/microspheres, which represent a safe option in terms of ecotoxi-
cology for humans and domestic animals. The main role of microparticles/microspheres,
which consist of the active substance and the coating, is the controlled release of the ac-
tive substance and protection against premature release into the environment. For the
applicable microparticle/microsphere with precise knowledge of the amount of applied
and released active substance, it is necessary to perform encapsulation methods and then
appropriate analysis to make the resulting formulation stable and more importantly safe
for use and environmentally and economically acceptable.

Encapsulation technology allows sensitive materials (solids, liquids or gases) to be
physically wrapped in protective material. The active ingredients are thus protected from
adverse weather conditions, evaporation losses, unwanted interactions, etc. [30]. The
microencapsulated material is called the core or active substance, while the material used
for microencapsulation is called the shell/capsule/wall of the material or matrix [31,32].
Microparticles are micrometer in diameter (1–2000 µm) [33] and can be regular or irregular
in shape. In general, given their morphological features, they can be divided into micro-
spheres and mononuclear and polynuclear microcapsules [34]. Encapsulation methods
are divided into physical (centrifugal extrusion, spray drying), physicochemical (solvent
extraction by evaporation, ionic gelling, spray cooling, simple and complex coacervation)
and chemical (in situ polymerization, boundary polymerization, etc.) [34,35]. The main
advantage of encapsulation over the usual chemical methods is that the environment is
less polluted if the active ingredients have been protected in the capsule [36].

Encapsulation of bioactive agents has been developed in recent years as a new poten-
tial tool for ecological and sustainable plant production [37]. Microsphere formulations
are used in agriculture in plant nutrition applications, but most often in the application
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of plant protection products. The main advantage of microspheres in plant protection is
that it improves pesticide utilization and contributes to the reduction of environmental
pollution [38]. With better utilization of pesticides, the pest population is more easily kept
in a low population size which means fewer treatments are needed. Consequently, less
fieldwork (less soil compaction, no drift, etc.) [39]. The use of microspherical formula-
tions would prevent many improper handling of preparations, which often lead to the
application of extremely high concentrations of pesticides in a short time. In addition to
these benefits, microencapsulation protects chemicals from degrading reactions (oxidation,
dehydration), allows handling of liquids as solids, safe and practical handling of toxic
substances, reduces phytotoxicity on the treated culture, reduces the flow of chemicals into
groundwater, etc. [40–42].

Biosphere-based microparticles with a single bioactive substance are widely used in
agriculture and have become standard formulations in many applications [43]. The release
rate of the active substance can be controlled by the size of the microspheres, the thickness
of the polymer membrane or the porosity of the polymer [40]. In addition to the listed
advantages such as low toxicity, ease of manufacture and price, the disadvantages are low
stability and high porosity, as well as reduced viscosity and strength when processing at
higher temperatures [44]. Even though we can change the properties and characteristics of
microspheres, the challenge in the application is the variability of environmental conditions,
which can change at any time, leading to, for example, uneven soil coverage [45]. The main
problem in the commercial use of a bioagent is to choose the appropriate formulation that
ensures sustainability (correctness) during storage and application [7].

Considering the aforementioned, this study aimed to microencapsulate apitoxin into
a formulation stable for application and to determine the effectiveness of apitoxin in
common insect pests at economically viable doses. To achieve this aim it was necessary
to: (i) optimize and analyze the formulation of microspheres loaded with apitoxin and
determine physicochemical properties as a prerequisite for stability and applicability; (ii)
then determine the effectiveness of digestive and contact action of apitoxin on Sitophilus
granarius, Tenebrio molitor and Leptinotarsa decemlineata; and finally (iii) assess the economic
viability of apitoxin microformulations for sustainable pest management.

2. Materials and Methods

Alginic acid sodium salt (Sigma-Aldrich, St. Louis, MO, USA, CAS Number: 58-08-2,
MW 194.19 g/mol) and anhydrous calcium chloride (Sigma-Aldrich, CAS Number: 10043-
52-4, MW 110.98 g/mol) were of analytical grade quality. A commercially available apitoxin
(70% melittin) (LEONITUS d.o.o., Zagreb, Croatia) was acquired. All other chemicals were
used without further purification.

2.1. Microsphere Formulation
2.1.1. Calibration Diagram for Apitoxin Determination

Apitoxin was dissolved in deionized water in various concentrations from 0.1–2.0 mg/mL
(w/v). The optical absorbance was measured at λ = 300 nm (UV-1700, Shimadzu, Kyoto,
Japan) against blank (deionized water). A six-point calibration diagram was constructed
and apitoxin content was calculated according to the equation:

y = 0.3828x
(

R2 = 0.9999
)

and the data were expressed as mg of apitoxin per gram of microspheres.

2.1.2. Preparation of Microspheres

The microspheres (MS) were prepared in one step by ionic gelation at room tempera-
ture as described by Jurić et al. [46]. Apitoxin (0.2–0.6% (w/v)) was dissolved in 2% (w/v)
CaCl2 solution. Alginic acid sodium salt solution (1.5% (w/v)) was dripped through the en-
capsulator nozzle size of 80 µm (Büchi-B390 Encapsulator, Bütchi Labortechnik AG, Flawil,
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Switzerland) into the solution containing Ca2+ and apitoxin under constant magnetic stir-
ring. Encapsulation conditions (3000 Hz frequency, 0.6 bar pressure, 3 amplitude) were
set up to obtain microspheres of optimal form and physicochemical properties. Formed
microspheres were kept on a magnetic stirrer for an additional 30 min to promote gel
strengthening. Microspheres were washed three times with deionized water to remove
excess CaCl2. Control microspheres (only without apitoxin) were prepared using the same
procedure. Microspheres were air-dried at room temperature for 48 h.

2.1.3. Encapsulation Efficiency (EE%) and Loading Capacity (Lc)

Encapsulation efficiency was calculated from the initial apitoxin concentration (mg/mL)
versus encapsulated apitoxin in microspheres [7,47]. Encapsulation efficiency was ex-
pressed as the percentage of initial apitoxin concentration (ctot) and calculated by the
equation:

EE% =

(
cload
ctot

)
× 100

where cload = ctot − c f and cf is an apitoxin concentration in the filtrate.
Loading capacity was defined as mg apitoxin per gram of wet or dry microcapsules.

The dry and wet microbeads content was determined by dissolving 0.1 g of dry or 1.0 g
of wet microspheres in 10 mL of a mixture of 0.2 mol/dm3 NaHCO3 (sodium carbonate)
and 0.06 mol/dm3 Na3C6H5O7 × 2H2O (trisodium citrate dihydrate) at pH = 8.28. The
resulting solution apitoxin concentration was determined by UV-VIS spectrophotometer.
Loading capacity was calculated by the equation:

Lc = c× V
w

where c is a concentration of apitoxin in the sample, V is the volume of the sample and w is
the weight of microspheres.

2.1.4. Microscopic Observations

Microphotographs and the average diameter of dry and wet microspheres were observed
and recorded using optical microscopy analysed with the version E_LCmicro_09Okt2009
software (Olympus Soft Imaging Solutions GmbH, Münster, Germany). Fifty wet and dry
microspheres were randomly selected from batches produced in triplicate, to determine
the average particle size.

2.1.5. Dry Matter Content (%) and Swelling Degree (Sw%)

Wet microspheres (5 g) were dehydrated using a hygrometer (PMB 53 Moisture
Analyzer, Adam Equipment Co Ltd, Kingston, Milton Keynes, U.K) to obtain dry matter
content (%).

The swelling degree was determined by dispersing dry microspheres in deionized
water. Microspheres (0.1 g) were dispersed in a glass tube containing 10 mL of deionized
water and allowed to swell at room temperature for three hours. The wet weight of the
swollen microcapsules was determined by weighing.

The swelling degree (Sw%) was calculated according to the following equation:

Sw% =
ws − wo

wo
× 100

where ws is the weight of the swollen microspheres and wo is their initial weight. The
measurements were replicated three times.

2.1.6. In Vitro Release Profiles of Apitoxin from Microspheres

Release kinetics parameters from wet and dry 0.5% apitoxin microspheres were moni-
tored by dispersion of microspheres in deionized water and citrate buffer (pH 8.28) at room
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temperature to approximately simulate the digestive conditions of investigated insects.
Samples were prepared by dispersing wet microspheres in deionized water (4 g/40 mL)
and dry microspheres in deionized water or citrate buffer (0.4 g/40 mL). The release exper-
iments from microspheres were carried out at room temperature (~20 ◦C). At appropriate
intervals, aliquots of microspheres dispersion were taken and the concentration of apitoxin
was determined. Results are presented as the fraction of released agents using the equation:

f =
Rt

Rtot

where f represents the fraction of released apitoxin, Rt the amount of apitoxin (mol/dm3)
released at a specific time t, and Rtot is the total amount of apitoxin loaded in microspheres.

2.2. Efficacy Estimation of Encapsulated Apitoxin on Selected Insect Pests
2.2.1. Insects

Three insect species with different development stages from three different families,
that are important and harmful to agriculture have been procured for research. The list
of insects and developmental stages tested in the study are presented in Table 1. The
experiments were set up at a temperature of 25 ◦C and 40% RH at the zoological laboratory
of the Zagreb Faculty of Agriculture.

Table 1. Description of the investigated insect pest species.

Species Developmental
Stage Tested Investigated Action No. of Tested

Individuals

Leptinotarsa
decemlineata Larvae contact, digestive 320

Sitophilus granarius Adults contact, digestive 320
Tenebrio molitor Larvae contact, digestive 320

A detailed description of the variants in the study and the amount of apitoxin applied
per repetition is presented in Table 2.

Table 2. Variants in the experiment and detailed calculation of apitoxin doses expressed per variant
for all insects tested.

Variants (Amount of Apitoxin
in Microspheres (%)

Apitoxin Based Microspheres
Per Repetition (mg)

Dose of Apitoxin
Per Repetition (mg)

0.2% 53.36 0.11
0.4% 53.36 0.21
0.6% 53.36 0.32

Control * - -

* Deionized water was used as a control for L. decemlineata and S. granarius and flour was control variant for
T. molitor.

2.2.2. Apitoxin Efficacy on Insects

Larval stages of L. decemlineata were collected in a potato field in the vicinity of
Šašinovec (middle Croatia, 45◦50′13.9′ ′ N 16◦11′38.9′ ′ E). Collected insects were kept in
entomological cages to recover overnight before testing, without additional feeding and
previous contact with insecticides. From the same potato field, leaves have been collected
for a digestive experiment. A trial was set up with adult stages of S. granarius. Laboratory
insecticide-susceptible strains of S. granarius were used. These were cultured on a diet
of insecticide-free whole wheat at 25 ◦C and 70% RH (photoperiod 14 h light:10 h dark).
Weevils were removed from culture and held in clean glass tubes without food at the
test conditions for 24 h before the experiment. A trial was set up with larval stages of
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Tenebrio molitor. Laboratory insecticide-susceptible strains of T. molitor were used. These
were cultured on a diet of insecticide-free wheat flour at 25 ◦C and 70% RH.

Contact action experiment with all insects was set up equally. For all treatments,
ten larvae of L. decemlineata, ten larvae of T. molitor and ten adults of S. granarius were
placed in a Petri dish (r = 90 mm). Contact action was evaluated by applying encapsulated
ingredients on the insects in the Petri dishes by spraying 0.2%, 0.4% and 0.6% sodium
alginate solution containing microspheres with apitoxin using a laboratory sprayer in a
volume of 2.6 mL per Petri dish. One Petri dish represented one replicate. Untreated food
was added in all dishes to avoid starving.

Digestive action was evaluated by placing L. decemlineata into Petri dishes in which
treated potato leaves were placed (IRAC method no. 007). The untreated control included a
treatment in which L. decemlineata were placed into Petri dishes treated with water or in case
of digestive action they were fed with potato leaves treated with water. Each application
and the investigated action of tested ingredients occurred in four replicates (32 replicates
in the experiment).

Digestive action on S. granarius was evaluated according to the modified IRAC method
no. 007, where the grain was treated. Each application and the investigated action of tested
ingredients occurred in four replicates (32 replicates in the experiment). In all Petri dishes
the 10 adults were placed.

Dry apitoxin microcapsules have been used to determine the digestive action on
T. molitor larvae. For each repetition, 6 g of flour were weighed and then mixed with
microcapsules of certain concentrations of apitoxin. Treated flour is added to the Petri
dishes with larvae. Pure untreated flour was added to the control variant.

The study was conducted over three consecutive days, i.e., 24, 48 and 72 h after the
experiment was set up. When reading, all individuals in each petri dish were examined
and classified as living or dead.

2.3. Statistical Analysis and Efficacy Assessment

Microsphere characterization experiments were carried out at room temperature in
triplicate. One-way analysis of variance (ANOVA) was used for the determination of
whether the means between samples differ significantly from each other. The significance
(p < 0.05) was established using the posthoc t-tests with Bonferroni adjustment. Data were
expressed as mean values with standard deviation.

The number of dead L. decemlineata, S. granarius and T. molitor in each Petri dish, was
determined every 24 h for three days. Based on the number of dead insects found in
the treatments and the untreated controls, the efficacy of the ingredients was determined
according to Abbott’s formula [48]. Statistical data analysis (ANOVA, Tukey’s HSD test)
was performed using ARM 2019® GDM software [49].

2.4. Economic Analysis of the Application of Apitoxin in Agriculture

The prices of commonly used chemical, biological and ecological control methods for
these three insect pests were compared with the price of apitoxin microspheres. Data on
the average price of the control measures were obtained from independent agricultural
supply companies and data on recommended doses per hectare taken from associated
chemical and other instruction and application manuals.

3. Results and Discussion
3.1. Physico-Chemical Characterization of Microspheres
3.1.1. Encapsulation Efficiency (EE%) and Loading Capacity (Lc)

Encapsulation efficiency and loading capacity analysis were performed to acquire
information on the concentration and the yield of apitoxin in alginate-based microspheres.
These parameters are crucial when considering the development of a new product of this
type. The amount of active agents entrapped in alginate microparticles depends on the
type and concentration of biopolymer, gelling cation, and active agent properties, as well
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as the method of preparation [50,51]. We have observed that apitoxin chemically reacts
with sodium alginate solution so the standard methodology of active agent (apitoxin)
dissolution in carrier solution was avoided. Thus, sodium alginate solution was dripped in
the gelling cation (Ca2+) containing bath with apitoxin.

Significant differences were observed regarding the loading capacity (Lc) while en-
capsulation efficiency (EE%) was found to be similar for all the samples (Table 3). The
EE% reflects the very similar microspheres composition and extent of electrostatic inter-
actions and hydrogen bonds involved in interactions of apitoxin and with both, calcium
chloride and sodium alginate during the encapsulation process [46]. Therefore, we can
conclude that the change in the concentration of apitoxin in the given range does not affect
the electrostatic (intermolecular) interactions in solution. In this case, differences in Lc
values are connected to apitoxin concentration in wet microspheres and linear correlation
(R2 = 0.993) between these two variables could be described with equation Lc = 0.0122
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Table 3. Encapsulation efficiency (EE%) and loading capacity (Lc) of dry and wet apitoxin micro-
sphere formulations (prepared with the 1.5% (w/v) sodium alginate).

Apitoxin Content (%w/v) Lc Dry (mg/g) Lc Wet (mg/g) EE (%)

0.2% 102.46 ± 3.07 a* 2.96 ± 0.08 a 73.87 ± 1.50 a

0.4% 108.69 ± 8.82 a 5.22 ± 0.23 b 74.13 ± 0.92 a

0.5% 219.11 ± 4.22 b 6.33 ± 0.11 b 76.53 ± 1.63 a

0.6% 274.84 ± 6.14 c 7.94 ± 0.16 c 73.76 ± 2.00 a

* Values superscripted with the same letter within a column are not significantly different according to the
post-hoc t-test with Bonferroni adjustment (p < 0.05).

3.1.2. Morphological and Swelling Properties of Selected Microsphere Formulations

The morphology and size of the wet and dry microspheres were carried out by an
optical microscope immediately after the preparation (Figure 1).
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Figure 1. Left to right, optical microscope microphotographs of wet(a), dry (b), swelled (c) microspheres.

The diameter values of wet and dry microspheres with and without apitoxin after
swelling in water, and the percentage of microsphere swelling after three hours in the
water are presented in Table 4. All diameters were determined from 50 randomly selected
microspheres.
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Table 4. Diameters of wet and dry alginate microspheres (MS) with and without apitoxin.

MS Composition Wet MS Diameter
(µm)

Dry MS Diameter
(µm)

MS Diameter after
Swelling (µm) Swelling Degree (%)

1.5% alginate/0.5% apitoxin 301.58 ± 40.09 a* 226.95 ± 29.06 a 436.04 ± 37.79 a 136.77 ± 4.17 a

1.5% alginate (control) 294.13 ± 46.05 a 178.44 ± 36.71 b 320.32 ± 19.78 b 33.90 ± 1.25 b

* Values superscripted with the same letter (a–c) within a column are not significantly different according to the posthoc t-test with
Bonferroni adjustment (p < 0.05).

The prepared microspheres containing apitoxin were spherical, but due to the small
sizes and the presence of water molecules, they tended to coalesce together (Figure 1a).
After drying to a constant mass the size of microspheres decreased. It was observed that
the initial spherical shape was lost and became irregular resulting in a relatively wrinkled
surface (Figure 1b). The wrinkled surface structure of the microsphere can be explained by
a difference in polymer concentration on the surface and in the center of the gels, which
results in uneven surfaces [46].

A non-significant difference was found between wet capsule size with and without
apitoxin. However, after drying, the size of the microspheres formulation with apitoxin
reduced to 226.95 µm, representing a significantly greater size compared to microspheres
without apitoxin. The size reduction (about 25%) is a consequence of water and humidity
loss associated with biopolymer strain-relaxation processes [7]. The difference between
the radii of these capsules may also be explained by the interaction of apitoxin with the
microsphere shell, which therefore does not collapse extensively during the drying process.
The swelling behaviour indicated a rate at which this formulation absorbed water from
the dissolution media and swelled. Because of swelling the microsphere formulations of
(ALG/Api) become larger (~48%) and their Sw% considerably larger than microspheres
without apitoxin (Table 4). These microsphere formulations are showing swelling behaviour
in both media (deionized water pH = 6.8 and sodium-citrate buffer pH = 8.28) and from
visual observation, the swelling started almost immediately and the hydrated layer was
formed after their contact with the neutral or base medium (Figure 1c) [52].

3.1.3. In Vitro Release of Apitoxin from Microsphere Formulations

The possible use of alginate microspheres loaded with apitoxin in the plant protection
process against insects requires research regarding their release capacity in certain physic-
ochemical conditions. In this direction, the kinetics of the apitoxin release in deionized
water and sodium citrate buffer from wet and dry microspheres prepared at a certain
concentration of sodium alginate (1.5% (w/v)), calcium ions (2% (w/v)) and 0.5% (w/v)
concentration of apitoxin was studied. Measuring the release of apitoxin from microspheres
has proved problematic at short time intervals (1, 3, 5, 7, etc.) and therefore the monitoring
interval was extended. Readings were conducted on a spectrophotometer at 60, 120, 180,
240, 1440, 2880, 4320, 8000, 10,080, and 11,520 min (192 h) periods until the maximum
release from wet MS occurred (Figure 2a).

The release profiles of apitoxin from both wet microsphere formulations and dry
microsphere formulations were different. In the case of wet microsphere formulations, the
release of apitoxin in deionized water is characterized in three steps: (i) in the beginning it
exhibits a rapid release; followed by (ii) a slower release [46]; and an (iii) third phase which
comprises of a faster release of apitoxin due to the erosion of microsphere formulations.
This initial burst release from wet microspheres could be attributed to the release of apitoxin
contained on or near the surface of the microsphere formulations which is characteristic of
amino acids and proteins [53].
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In the dry microsphere formulations, the release of apitoxin in deionized water was
much slower for overall measurements, obeying the power-law equation (f =

Sustainability 2021, 13, x FOR PEER REVIEW 7 of 16 
 

3.1.1. Encapsulation Efficiency (EE%) and Loading Capacity (Lc) 
Encapsulation efficiency and loading capacity analysis were performed to acquire 

information on the concentration and the yield of apitoxin in alginate-based microspheres. 
These parameters are crucial when considering the development of a new product of this 
type. The amount of active agents entrapped in alginate microparticles depends on the 
type and concentration of biopolymer, gelling cation, and active agent properties, as well 
as the method of preparation [50,51]. We have observed that apitoxin chemically reacts 
with sodium alginate solution so the standard methodology of active agent (apitoxin) dis-
solution in carrier solution was avoided. Thus, sodium alginate solution was dripped in 
the gelling cation (Ca2+) containing bath with apitoxin. 

Significant differences were observed regarding the loading capacity (Lc) while en-
capsulation efficiency (EE%) was found to be similar for all the samples (Table 3). The 
EE% reflects the very similar microspheres composition and extent of electrostatic inter-
actions and hydrogen bonds involved in interactions of apitoxin and with both, calcium 
chloride and sodium alginate during the encapsulation process [46]. Therefore, we can 
conclude that the change in the concentration of apitoxin in the given range does not affect 
the electrostatic (intermolecular) interactions in solution. In this case, differences in Lc 
values are connected to apitoxin concentration in wet microspheres and linear correlation 
(R² = 0.993) between these two variables could be described with equation Lc = 0.0122 〖
×c〗 _apitoxin + 0.0004, where c(apitoxin) represents the initial apitoxin concentration 
(0.2–0.6% (w/v)). This equation may be useful for the estimation of Lc values of apitoxin 
microspheres prepared under similar experimental conditions. 

Table 3. Encapsulation efficiency (EE%) and loading capacity (Lc) of dry and wet apitoxin micro-
sphere formulations (prepared with the 1.5% (w/v) sodium alginate). 

Apitoxin Content (%w/v) Lc Dry (mg/g) Lc Wet (mg/g) EE (%) 
0.2% 102.46 ± 3.07 a* 2.96 ± 0.08 a 73.87 ± 1.50 a 
0.4% 108.69 ± 8.82 a 5.22 ± 0.23 b 74.13 ± 0.92 a 
0.5% 219.11 ± 4.22 b 6.33 ± 0.11 b 76.53 ± 1.63 a 
0.6% 274.84 ± 6.14 c 7.94 ± 0.16 c 73.76 ± 2.00 a 

* Values superscripted with the same letter within a column are not significantly different accord-
ing to the post-hoc t-test with Bonferroni adjustment (p < 0.05). 

3.1.2. Morphological and Swelling Properties of Selected Microsphere Formulations 
The morphology and size of the wet and dry microspheres were carried out by an 

optical microscope immediately after the preparation (Figure 1). 

   
(a) (b) (c) 
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ˆn).
The release profile (Figure 2a) shows an asymptotic pattern [54]. The slower release of
apitoxin and asymptotic pattern could be explained as a consequence of the swelling of dry
microspheres which influenced the release of the mechanism of apitoxin [52]. Some parts
of the release function (i.e., after 12 h) obeyed the power-law equation [55]. The parameters
of the power-law equation are presented in Table 5.

Table 5. The values of the release constant (k) and exponent (n) of encapsulated apitoxin for wet and
dry microspheres in deionized water and sodium citrate buffer (pH = 8.28).

Microspheres
Formulations

(Ca-Alginate/Apitoxin)
Release Medium K (min−1) n R2

wet
deionized water

0.0091 0.4807 0.9996

dry 0.0018 0.5654 0.9984

dry sodium-citrate buffer 0.5710 0.2127 0.9901

From the results of the power-law equation, in both cases (wet and dry micro-
spheres formulations), the release of apitoxin was governed by the diffusion mecha-
nism/anomalous transport. The release of apitoxin from both wet and dry microsphere
formulations in deionized water was characterized by a very slow release whereafter as
much as an hour the cumulative release was 11.22% and 6.6%, respectively. A nearly
complete release of apitoxin was achieved only on the eighth day of measurement with
a cumulative release of 98.12% and 26.1%. These results indicate the compatibility of
water/microspheres with the apitoxin application during the plant treatment with a signif-
icant initial delay of its release. The slow release of apitoxin is important data for further
assessing the effectiveness in pest control.

The release of apitoxin from wet microsphere formulations in the citrate buffer
(pH = 8.28), was found to be complete after several minutes due to the complete degra-
dation of spheres. The release of apitoxin from wet microspheres carried out in buffer
is a representative simulation of the digestion of microspheres in insects, to assess the
behaviour of apitoxin microspheres under certain conditions. Apitoxin was released more
slowly from dry microspheres than from wet microspheres, respectively. After a minute
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and a half, the cumulative release was 48.31%, and after eighteen minutes there was a
near-complete release from microspheres (98.74%). The release profile of apitoxin from dry
calcium-alginate microparticles in the citric buffer is presented in Figure 2b.

The release fraction of apitoxin from dry microsphere formulation revealed the rapid
release of apitoxin in comparison with releasing of the same formulation in deionized
water. This could be mainly explained by the disintegration of the Ca-alginate structure as
well as that at the pH = 8.28 there is a higher swelling ratio of microspheres which could
be attributed to a chain expansion from the ionic carboxylate groups of alginate [56]. The
parameters of the power-law equation are presented in Table 5. From the results of the
power-law equation, the release of apitoxin from dry microparticles formulations in the
sodium-citrate buffer (pH = 8.28) is governed by the diffusion mechanism which is related
to the relaxation/dissolution process [56].

The pH of the digestive system of insects varies from species to species. Citrate buffer
(pH = 8.28) was used in the investigation of insect digestion simulation because Vinokurov
et al. [57] stated that within the specific family, all species have a morphologically similar
digestive system, pH’s value varies from 5.9 to 9.0. Gayson [58] claims that the pH of L.
decemlineata is 5.6–6.6, and the average pH gut value of all three investigated beetles in the
paper is 6.3–8.3. Wet microspheres with apitoxin were mainly used, while apitoxin in dry
microcapsules was only used in treatment with mealworm, where dry microcapsules are
mixed with flour. Produced microspheres loaded with apitoxin are stable for application,
characterized by a very slow release in the aqueous medium (important when preparing
tank mixture), but very fast activation in the basic pH. This ensures the stability and
applicability of microspheres formulations and their safe application without danger to
humans and domestic animals.

3.2. The Efficiency of Apitoxin-Based Microspheres on Selected Inesct Pest Species

After encapsulation, we aimed to determine the effectiveness of apitoxin on harmful
agricultural insect pests (notable pests in Croatian agriculture). This is the first study where
the formulation of microspheres with apitoxin is used. All species used in the experiment,
except the wheat weevil were treated with apitoxin for the first time, and in the study of
Nassar [59], the wheat weevil was treated with apitoxin using a different method. The
paper presents novel data on the effectiveness of apitoxin on harmful insect species using a
new environmentally friendly formulation.

L. decemlineata is widely regarded as the most important insect defoliator of pota-
toes [60]. It is also the most important potato pest in Croatia. Without appropriate pest
management, potato production would not be possible [60–62]. Due to the extensive
damage it causes, manufacturers treat it intensively with chemicals, which creates a large
burden on the environment and often leads to pest resistance [61–66]. Since the middle of
the last century, L. decemlineata has developed resistance to 52 different compounds belong-
ing to all major insecticide classes [60]. Insecticide resistance in this insect will likely remain
a major challenge to pest control. The development of new insecticides is increasingly
expensive, which affects their market price and available alternatives are less convenient
and more environmentally damaging [60]. Therefore, it is essential to investigate a variety
of novel techniques together with new active substances for the successful suppression of
this pest in the years to come.

Conducted trials using apitoxin-based microspheres showed efficiency (E) against
L. decemlineata larvae; higher efficiency was achieved after digestive treatment (75–97%).
The first day after treatment, a difference between contact (E ~3%) and digestive (E ~27%)
efficiency was observed. The same trend continued on the second and third days after
treatment. On the third day after treatment, contact efficiency was 43 to 61% and no
statistically significant difference was found between the concentrations applied. Digestive
efficiency ranged from 75 to 97% without a significant difference between the concentrations
applied.
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The results of the study indicate the effectiveness of apitoxin on L. decemlineata larvae;
approximately 61% mortality for the contact treatment and about 97% mortality for the
digestive treatment. All applied concentrations of microspheres had satisfactory effects by
the third day after treatment. The digestive activity was almost twice as good as contact
treatment, which confirms the rapid release of apitoxin from microspheres introduced
into the stomach of the larvae, as well as the potential of applying these formulations into
potato protection against this pest (Table 6).

Sitophilus granarius is most commonly found infesting stored products in warehouses
where it is capable of effecting considerable losses. It feeds on undamaged grains of cereals,
but also on grains of corn, rice, chestnuts and pasta [67]. Contact insecticides have been
widely used since the 1960s, alongside fumigants [68]. In warehouses, the use of contact
insecticides or directly on grain is a very common way to kill this insect [68]. Over the
past 40–50 years, the choice of insecticide compounds has moved from organochlorinated
compounds such as dichlorvos, malathion, chlorpyrifos-methyl and pirimiphos-methyl,
which act as contact or digestive insecticides [69,70]. Today the use of all compounds is
becoming increasingly restricted [68].

Because of the great importance of this insect pest to agriculture and altered suscep-
tibility (i.e., resistance), Nassar [59] tested apitoxin on S. granarius by contact application.
Nassar [59] demonstrated mortality of 94% for adults after 72 h. However, the dosage
applied was between 1.1 and 6.3 µg/insect; and the concentration was 6.3%. In comparison,
in our study, several times lower concentrations (0.2–0.6%) of apitoxins in microspheres
were used, which primarily ensure the economic acceptability of the application itself.

Apitoxin-based microspheres have efficiency against S. granarius adults (Table 6).
On the first day after treatment, no significant efficiency was observed, neither contact
nor digestive, the highest mortality was only 15%. Statistically significant differences
between the concentrations applied were found on the second and third day of treatment.
In both treatments, the highest efficiency was observed at the highest investigated apitoxin
concentration (0.6%). On the third day after the treatment, maximum contact efficiency (E
~40%) and digestive efficiency (E ~48%) was observed at the highest tested concentration.
These values are statistically higher than other concentrations applied, but they do not
differ statistically from each other.

In our study, very low concentrations of apitoxin in microspheres were applied
(0.2–0.6%) to ensure the economic acceptability of the application. In just three days,
40% (after contact application) and 47% efficiency (after digestive application) were found
for the apitoxin formulated as wet microspheres. This result confirms the effectiveness of
apitoxin in combating this type of insect.

T. molitor is the largest harmful beetle found in warehouses. It feeds on flour and
flour products, grain, milk powder and meat, whereby the larvae damage the packaging of
different products [67]. It is a polyphagous insect since it infests 46 commodities of animal
and plant origin (e.g., grains, flour, amylaceous processed materials, pulses, nuts, dried
meat, oilcake) [71]. Contrary to other stored-product pests, there is little knowledge on the
management of T. molitor with contact insecticides [72]. Some synthetic insecticides are
effective against this pest: α-cypermethrin with an efficiency of 97%; thiamethoxam with
an efficiency of 94.4% [73]; α-cypermethrin in combination with entomopathogenic fungus
Beauveria bassiana (Balsamo) had efficiency E = 100% the third day after treatment [74].

Apitoxin-based microspheres have low efficiency against T. molitor larvae (Table 6).
The first three days after treatment, the apitoxin did not have a significant effect on the
larvae, however, some efficiency was observed on contact variants (max. E ~22%). Ac-
cording to Table 6, on day 3, no significant difference was observed neither in contact or
digested treatment. Whereas, the highest concentration in contact treatment was found to
be significantly different as compared to the digestive treatment. The results of the study
suggest that dry microcapsules of apitoxin mixed with flour did not affect T. molitor. As
apitoxin was able to be released from dry microcapsules immediately after intake into
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the gastrointestinal tract of the insect (tested in different pH environments) additional
investigations of digestive activity on this type of insect will be tested.

Table 6. The efficiency (%) of apitoxin-based microspheres on tested insects.

Treatment Dose of Apitoxin Per Repetition (mg) Days after the Treatment
1 2 3

Leptinotarsa decemlineata

contact
0.11 0 ± 0 b 22.81 ± 7.02 b 43.86 ± 7.02 b

0.21 3.3 ± 3.3 ab 40.35 ± 3.51 ab 61.4 ± 3.51 ab

0.32 3.3 ± 3.3 ab 26.32 ±6.08 b 47.37 ± 12.15 b

digestive
0.11 16.7 ± 6.7 ab 47.37 ± 6.08 ab 96.49 ± 3.51 a

0.21 26.7 ± 3.3 a 57.89 ± 6.08 a 75.44 ± 3.51 ab

0.32 23.3 ± 8.8 ab 47.37 ± 6.08 ab 78.95 ± 12.16 ab

HSD p = 0.05 ** 25.33 28.11 35.35

Sitophilus granarius

contact
0.11 2.5 ± 2.5 0.6 ± 4.6 b* 12.2 ± 2 b

0.21 5.0 ± 5 9.1 ± 6.8 ab 16.8 ± 3.6 b

0.32 15.0 ± 2.9 22.4 ± 1.7 a 40.0 ± 0 a

digestive
0.11 0 ± 0 10.0 ± 0 b 14.6 ± 2.3 b

0.21 0 ± 0 12.2 ± 2 b 20.0 ± 0 b

0.32 5.0 ± 2.9 24.8 ± 1.9 a 47.5 ± 1.4 a

HSD p = 0.05 ** 13.0 10.4 11.6

Tenebrio molitor

0.11 10.0 ± 21.2 18.2 ± 2.2 18.2 ± 2.2 ab*
contact 0.21 10.0 ± 5.8 10.1 ± 0.9 19.3 ± 0.5 ab

0.32 5.0 ± 2.9 21.6 ± 0.5 34.8 ± 0.2 a

0.11 0 ± 0 0 ± 0 0 ± 0 b

digestive 0.21 0 ± 0 0 ± 0 1.3 ± 0.6 b

0.32 0 ± 0 0 ± 0 0 ± 0 b

HSD p = 0.05 ** ns ns 31.4

* Mean values of the same column followed by the same letter (a, ab, b) are not significantly different (p > 0.05 HSD test). ** HSD was
determined by comparing the effectiveness of apitoxin between the concentrations used for each reading.

Investigations of this type are especially welcomed under the European “Green Deal”
action plan [29]. Under this action plan, there is a call for an investigation into new formu-
lations of plant protection products and microspheres fit this description because they are
a safe option in terms of ecotoxicology for humans, livestock and sustainable agricultural
production. The main advantage of microcapsules/microspheres is the controlled release
of the active substance. Also, microcapsules/microspheres have enhanced usability which
prevents premature release of the toxin into the environment and improved exploitation of
active ingredients while minimizing environmental pollution [38].

3.3. Economic Analysis of the Apitoxin-Based Microsphere Uses in Agricultural Production

The third aim of this study was to assess the economic viability of apitoxin microfor-
mulations in integrated pest management (IPM). Due to insufficient market volumes and
increasing demand, apitoxin achieves very high prices [10]. The market price of apitoxin is
23,000 euro/kg [75]. On the Croatian market, the price of apitoxin is 20 euros per gram.

Table 7 shows the costs of single-use of chemical and biological insecticides as well
as the price of using microspheres with apitoxin in arable, vegetable and fruit production.
All data on the prices of products were collected from an agricultural supply store in
Zagreb, Croatia. Table 7 also shows that the use of chemical agents is the most finan-
cially favourable, followed by biological agents whose price is twice as high in arable
production, but almost equated to the price of chemical preparations in vegetable and fruit
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production. Apitoxin-based microspheres are many times more expensive (5–15 times)
than conventional chemical and biological preparations. The biggest price difference is
in arable production, while the smallest price difference is between treatments in fruit
production. During the analysis, the market of organic preparations used exclusively in
organic production was also investigated. On the Republic of Croatia market, there are
very few preparations for pest suppression, they mainly plant growth enhancers. Their
prices are shown in grey and it is evident that they are 5 to 100 times more expensive than
the price of apitoxin-based microspheres.

Table 7. Economic analysis of pest control in different agricultural systems. Data are presented for a
one-time treatment.

Agricultural
Production Type of Preparation Recommended

Dosage **
Price Per

Hectare (€/ha)

Arable crops

Chemical 150 mL/ha 22 *

Biological 150 mL/ha 32

Microspheres with apitoxin 16 g/ha 318 ¥

Vegetables

Chemical 300 mL/ha 32

Biological 600 g/ha 34

Microspheres with apitoxin 16 g/ha 318 ¥

Orchards

Chemical 100 mL/100l 69

Biological 1000 g/ha 90

Microspheres with apitoxin 16 g/ha 318 ¥

Ecological

Bioinsecticide 50 g/m2 26,513

Booster 10 L/ha 1753

Microorganism 1 kg/ha 131

* Price of standard preparation in the use (information from the agricultural pharmacy). ** mean recommended
dose according to user instructions. ¥ calculated for mean tested concentration (0.4%) and for water consumption
of 200 L/ha.

Since the price of apitoxin is the main limiting factor in the application of apitoxin
microspheres, extremely low concentrations have been tested in the paper to make the
application economically viable. The prices of apitoxin are many times higher than the
prices of preparations allowed for the integrated production of crops (farming, vegetable
farming, fruit farming), but they are also up to 100 times lower than insecticides licensed in
organic production. Due to the high price of apitoxin, its future is in combining various
environmentally friendly insecticides in low doses, which would achieve satisfactory
efficiency, and the reduced dose reduces the cost of suppression and is less harmful to
the environment [76]. Despite the price, the advantage of apitoxin microspheres is its
characteristic slow release of active substance, which prolongs the period of action of
apitoxin and provides longer-lasting protection, thus a smaller number of treatments is
required.

4. Conclusions

Novel tests were conducted on the effectiveness of the application of encapsulated
apitoxin to harmful agricultural insect pests, common in Croatia. Prepared microspheres
loaded with apitoxin are stable and easily applicable. The encapsulated apitoxin has a
steady initial and long residual effect, due to the slow release of apitoxin which is one of
its main advantages over other conventional control methods. Apitoxin formulated as a
microsphere has a detrimental effect on insects, of which it is significantly better gastric
compared to contact action (due to pH). Here we demonstrated that the highest and fastest
mortality was achieved when the highest concentrations were applied which have been
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shown to also be economically acceptable. Although the price of apitoxin microspheres
is high, these new formulations have potential in organic and high-yield production.
The collected data will contribute to the overall knowledge about the application and
development of encapsulated formulations and the use of apitoxin microspheres as an
ecofriendly-alternative in pest control.
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61. Bažok, R.; Čačija, M.; Lemić, D.; Virić Gašparić, H.; Drmić, Z. Rezistentnost štetnika na insekticide. Glas. Biljn. Zaštite 2017, 17,

429–438.
62. Gluckselig, B. Rezistentnost Populacija Krumpirove Zlatice na Organofosforne Insekticide, Piretroide i Neonikotenoide. Master’s

Thesis, University of Zagreb, Faculty of Agriculture, Zagreb, Croatia, 2019.
63. Stewart, J.G.; Kennedy, G.G.; Sturz, A.V. Incidence of insecticide resistance in populations of Colorado potato beetle, Leptinotarsa

decemlineata (Say) (Coleoptera: Chrysomelidae), on Prince Edward Island. Can. Entomol. 1997, 129, 21–26. [CrossRef]
64. Stankovic, S.; Zabel, A.; Kostic, M.; Manojlovic, B.; Rajkovic, S. Colorado potato beetle [Leptinotarsa decemlineata (Say)] resistance

to organophosphates and carbamates in Serbia. J. Pest Sci. 2004, 77, 11–15. [CrossRef]
65. Mota-Sanchez, D.; Hollingworth, R.M.; Grafius, E.J.; Moyer, D.D. Resistance and cross-resistance to neonicotinoid insecticides

and spinosad in the Colorado potato beetle, Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae). Pest Manag. Sci. 2006, 62,
30–37. [CrossRef]

66. Benkovskaya, G.V.; Udalov, M.B.; Nikolenko, A.G.; Leontieva, T.L. Temporal and toxicological dynamics in the cover spot patterns
of the Colorado potato beetle in South Ural. Resist. Pest Manag. 2006, 15, 13–15.

67. Maceljski, M. Poljoprivredna Entomologija; Zrinski d.d.: Čakovec, Croatia, 2002.
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