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Abstract

:

The brown marmorated stink bug (Halyomorpha halys Stål, 1855) is an invasive polyphagous species that threatens fruit growing both in the United States and Europe. Many pesticide active ingredients have been studied in H. halys management, but for sustainable fruit growing, which implies the reduction of chemical harm to the environment, new safe insecticides should be implemented into the practice. For this purpose, novel green insecticide based on natural polyphenols of species Stevia rebaudiana (Bertoni) Bertoni and Aronia melanocarpa (Michx.) Elliott 1821 was developed. Stevia leaves (SLE) and Aronia pomace (APE) aqueous extracts were prepared using the ultrasound-assisted extraction method. Optimal extraction conditions for bioactive compounds (total polyphenols, flavonoids, anthocyanins, and flavan-3-ols, respectively) and antioxidant activity were determined using response surface methodology. Bioactive compounds rich SLE and APE were encapsulated in calcium alginate microparticles by the ionic gelation method. Physicochemical characteristics (morphology, size, encapsulation efficiency, loading capacity, and swelling) of microparticles showed very good properties with especially high encapsulation efficiency. Fitting to simple Korsmeyer–Peppa’s empirical model revealed that the underlying release mechanism of polyphenols is Fickian diffusion. SLE loaded microparticles showed very good pesticidal efficiency against Halyomorpha halys, especially on younger larval stages after both contact and digestive treatment. Microparticles loaded with APE did not achieve satisfactory digestive efficiency, but a certain toxic impact has been observed at contact application on all H. halys growth stages. Microparticles loaded with SLS exhibited prolonged insecticidal action against H. halys and could be a potential candidate as a green insecticide whose application could increase fruit growing safety.
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1. Introduction


An insect that has caught a lot of attention from many scientists in the last several years is the brown marmorated stink bug (Halyomorpha halys Stål, 1855; Hemiptera: Pentatomidae). Native to Eastern Asia, it was introduced to North America [1] and most recently Chile [2]. On the European continent, it was first recorded in Switzerland in 2007 and soon after in Germany, France, Italy, Greece, and Hungary. More recently, it had spread to the rest of Europe, including Croatia [1,3,4]. Pathways of movement of H. halys are human-mediated and adults have been found as stowaways in cargo, packing crates, aircraft, machinery, vehicles, and personal luggage [5,6].



Halyomorpha halys is polyphagous and feeds on a wide range of plant species (>170 plant species), including economically important plants and crops [4,7]. In its native and newly invaded range, H. halys can cause 100% crop loss in fruit and corn production [1,8,9]. Damage on plants caused by H. halys is made by inserting their feeding stylets into fruits, seeds, or pods, which leads to scarring, pitting, faded sunken areas, and deformation [5,9,10]. Halyomorpha halys can also transmit different pathogenic bacteria and yeasts to the plants they infest [11]. Moreover, this insect is a human nuisance pest, as adults are known to overwinter inside protected environments (houses) and disturb people in their daily activities [6]. Although H. halys does not attack humans, adults release chemical defense compounds that are classified as a clinically significant indoor allergen, which can induce allergic sensitization like rhinitis or conjunctivitis in humans [12].



In the last decade, effectiveness of many pesticide active ingredients in the management of H. halys has been studied [7,13,14,15,16,17]. The best effect has been established for several pyrethroids, neonicotinoids, carbamates, some organophosphates, and organochlorines [16]. Till today, no resistance to insecticides has been detected in the management of H. halys [17,18]. However, chemical substances often used in the suppression of H. halys can harm beneficial arthropods and could cause increasing in pest outbreaks. Moreover, it is the unclear genetic structure of H. halys and possible resistance response to this extensive chemical control.



Natural sources of polyphenolic compounds are used in a wide range of industrial applications, as well as traditional medicine and a healthy diet. Polyphenols encompass several classes of structurally diverse natural products biogenetically arising from the shikimate-phenylpropanoids-flavonoids pathways. These compounds are necessary for plant growth, pigmentation, reproduction, resistance to pathogens, and other functions. These adaptive characteristics are a result of natural selection during evolution. Plants can respond this way to diverse enemies (e.g., pests) and stressors, thus making them more resistant [19,20,21].



Stevia (Stevia rebaudiana (Bertoni) Bertoni) [22] and Aronia (Aronia melanocarpa (Michx.) Elliott 1821) [23] are mass cultivated plants with relatively high total polyphenolic compound contents. As such, they represent a convenient and economical source of polyphenolic compounds and could be used in the form of simple extract to control insects. It is well documented that polyphenols are used as a repellent to reduce insect infestation through their deterrent properties or anti-feeding effects [24]. A large range of insects belonging to different orders appears to have a sensitivity to polyphenols including, Hemiptera (Homoptera) [25], Lepidoptera [26], Orthoptera [27], and Diptera [28]. While chemical composition and potential beneficial effects on human health of A. melanocarpa are well-known [29], the influence of S. rebaudiana extract on various insects is not well documented in the literature.



Polyphenols are very sensitive to heat and light, so it is very important to preserve their effectiveness during storage and application. Encapsulation in biopolymeric matrices via the ionic gelation method has been recognized as an effective method in preserving functionality, stability, and bioavailability of polyphenols allowing their controlled release [30]. Furthermore, this method is sustainable, economical, and uses nontoxic biodegradable natural materials, like sodium alginate [31,32,33,34,35]. To suppress the initial repellent properties of polyphenolic compounds, the encapsulation method represents a convenient way of targeted delivery to invasive pests.



Here, we test the potential of natural extracts on the invasive H. halls. Our objectives were to (1) optimize the extraction procedure of polyphenols from stevia leaves and black chokeberry pomace with only water as a solvent, (2) formulate microparticles loaded with extracts rich in bioactive compounds, (3) evaluate contact and digestive toxicity of the encapsulated natural extracts on H. halys.




2. Materials and Methods


All chemicals used for the experimental procedures were of analytical grade.



2.1. Preparation of Stevia Leaves Extract (SLE)


Optimization of the extraction procedure was performed using DesignExpert 7.0 program (Response surface methodology design, Box–Behnken design) and was used to determine optimal conditions for stevia leaves extraction in terms of total polyphenolic compounds, total flavonoids, and antioxidant activity. Commercially available dry stevia leaves were powdered using FOSS homogenizer 2094 (Hillerød, Denmark) to a mesh size <450 μm, and were weighed out and mixed with 100 mL of distilled water. The extraction of polyphenols from stevia leaves was performed using an ultrasound-assisted extraction (UAE) technique (Hielscher UP200St-G-Ultrasonic generator, Sonotrode S26d14). Optimization of the extraction procedure was based on the following parameters: (i) concentration: 2–6 g/L; (ii) amplitude: 25%–75%; and (iii) time: 3–9 min (Table A1).




2.2. Preparation of Aronia Pomace Extract (APE)


Aronia (Aronia melanocarpa, cv. ‘Nero’) pomace was obtained from field-collected samples. After the processing of the Aronia sample to produce juice, the dried “spent” pomace was used for further extraction. The extraction procedure was optimized using the DesignExpert 7.0 program (Response surface methodology design, Box–Behnken design) to maximize the yield of polyphenolics and anthocyanins and obtain the highest antioxidant activity for the plant extract. Herein, based on our pre-trials and the literature, the temperature of extraction was taken into consideration since anthocyanins are susceptible to thermal degradation at temperatures above 60 °C and are more stable below this threshold [36]. APE was milled into the powder using FOSS homogenizer 2094 (Hillerød, Denmark) to a mesh size <450 μm and was subjected to UAE in distilled water (100 mL). The extraction of polyphenols from Aronia pomace was performed using an ultrasound-assisted extraction (UAE) technique (Hielscher UP200St-G-Ultrasonic generator, Sonotrode S26d14). Optimization of the extraction procedure was based on the following parameters: (i) concentration: 10–30 g/L; (ii) amplitude: 25%–75%; and (iii) time: 1–3 min (Table A3).




2.3. Determination of Total Polyphenolic Content (TPC)


The modified Folin Ciocalteu’s method [37] was used for the determination of TPC. A mixture of 0.1 mL extract (SLE or APE) with 7.9 mL distilled water and 0.5 mL Folin Ciocalteu reagent (diluted with distilled water in 1:2 ratio) and 1.5 mL 20% Na2CO3 was left for 2 h to react. The intense blue color was developed and the optical absorbance was measured at 765 nm using a UV−vis spectrophotometer (UV-1700, Shimadzu, Japan) [38]. The calibration curve was plotted using standard gallic acid and the data are expressed as mg gallic acid equivalents (GAE) per L of extract.




2.4. Determination of Total Flavonoids (TF)


The total flavonoids (TF) were determined as reported by Ivanova et al. [39]. One mL of extract was added in a 10 mL volumetric flask containing 4 mL of distilled water. The volume of 300 μL of NaNO2 (0.5 g/L) solution was added to the suspension and after 5 min, 300 μL of AlCl3 (1 g/L), respectively. After 6 min, 2 mL of NaOH (1 mol/L) was added to the mixture. The final volume was set to 10 mL with the addition of distilled water. The optical absorbance was measured at 360 nm against the blank (distilled water) using a UV−vis spectrophotometer (UV-1700, Shimadzu, Japan). The calibration curve was plotted using the quercetin standard and the data are expressed as mg quercetin equivalents (QE) per L of extract.




2.5. Radical Scavenging Assays (ABTS and DPPH)


The antioxidant activity (AA) of the extracts was determined via 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) methods, according to the well-known procedures [40,41], respectively. Briefly, for the DPPH method, a volume of 3.9 mL of methanolic DPPH solution was added to 100 μL of a sample. The free radical-scavenging capacity of the sample was determined by measuring the absorbance decrease at 517 nm after 30 min of incubation against the blank sample. For the ABTS method, an amount of 40 μL of the extract was added to 4 mL of the ABTS radical solution, and the absorbance readings were taken after exactly 6 min against the appropriate reagent blank instead of the sample. Measurements were performed using a UV−vis spectrophotometer (UV-1700, Shimadzu, Japan). For both methods, a water-soluble vitamin E analog, Trolox (100–1000 μM) was used to plot the calibration curve, and the data obtained are expressed as mmol Trolox equivalents (TE) per L of extract.




2.6. Determination of Total Anthocyanins (TA)


TA was determined using a modified method with 1% (v/v) hydrochloric acid in 70% EtOH solution [42]. Juice samples were diluted, added to the extraction solution and absorbance was measured at 525 nm. Results were calculated as per the equation:


  T o t a l   a n t h o c y a n i n s =    A  525   × M  r  m a l v i d i n   3 − g l u c o s i d e   × 1000   ε × 5    



(1)







Measurements were performed using a UV−vis spectrophotometer (UV-1700, Shimadzu, Japan). Results are expressed as mg malvidin 3-glucoside equivalents (M3GE) per L of APE.




2.7. Encapsulation of Bioactive Compounds Using Ionic Gelation Method


Obtained extracts (SLE or APE) were loaded into biopolymeric microparticles. Sodium alginate (1.5% w/v) and CaCl2 (2% w/v) solutions were prepared by dissolving the latter, separately in the extracts obtained (SLE or APE). Encapsulation was performed with Büchi—Encapsulator B-390 (Switzerland) via ionic gelation method by dropwise addition of sodium alginate (carrier) enriched with bioactive compounds into the calcium-containing extract solution (cross-linking solution). Conditions of the encapsulations were: Nozzle size 300 μm, frequency of 600 Hz (amplitude 3), and the pressure of 0.4 bar. Microparticles (MPs) were stored overnight in the extract containing Ca2+ ions to harden. Two types of microparticles were obtained: (1) MPs containing SLE (Ca-Alg/SLE) and (2) MPs containing APE (Ca-Alg/APE). MPs were air-dried for 24 h until a constant mass was achieved and stored in a sealed container.




2.8. Physicochemical Characterization of Microparticles and Total Polyphenols Release Kinetics


The size of MPs (μm) was determined using optical microscopy (OM) (Leica MZ16a stereomicroscope, Leica Microsystems Ltd., Switzerland). For the determination of encapsulation efficiency, loading capacity, and swelling degree of dry MPs, detailed methods are described in our previous publications [31,33]. The loading capacity of TPC in MPs was determined by dissolving 10 mg of dry microparticles in 5 mL of a mixture of 0.2 M NaHCO3 and 0.06 M Na3C6H5O7 × 2H2O at pH 8 [31]. Results are presented as mg GAE g−1 of dry MPs. Release kinetics were observed as a cumulative release (%) of TPC from prepared MPs. To observe the release profile of TPC from MPs loaded with SLE or APE for up to 120 h, 5 g of dry microparticles Ca-Alg/SLE, or 6 g of dry microparticles Ca-Alg/APE was put into 100 mL distilled water [41].




2.9. Preparation of Viscous Solution for the Application of Microparticles


MPs were added to the sodium alginate (0.2% w/v) solution (5 g/100 mL SLE or 6 g/100 mL APE). The suspension was stirred for 5 min and used as a dipping medium for soybean leaves and pods [43]. Dipping was performed with submersion of leaves/pods and transfer to the Petri dishes.



A laboratory trial was set up in autumn 2019 with adults and third and fourth larval stages of H. halys collected in a soybean 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 soybean field, leaves and pods have been collected for a digestive experiment.



In two experiments, the contact and digestive efficacy of two encapsulated extracts (SLE or APE) were evaluated. Investigated ingredients and doses are shown in Table 1. Each type of prepared microparticles was evaluated for contact and digestive action.



For all treatments, ten adult or larvae (depending on variant) of H. halys were placed in a Petri dish (  r = 90   mm  ). Contact action was evaluated by applying encapsulated ingredients on the bugs in the Petri dishes (  r = 90   mm  ) by spraying 0.2% sodium alginate solution containing MPs using a laboratory sprayer in a volume of 3 mL per Petri dish. One Petri dish represented one replicate. Digestive action was evaluated by placing H. halys into Petri dishes in which treated soybean leaves and pods were placed. The untreated control for all experiments included a treatment in which bugs were placed into Petri dishes treated with water or, in case of digestive action, they were fed with soybean leaves and pods treated with water. Each application and the investigated action of tested ingredients occurred in four replicates. Each replicate had ten individuals of a specific life stage of H. halys. In total 16 different variants were tested on 640 H. hyalis individuals.




2.10. Efficacy Assessment and Data Analyses


The number of dead H. halys in each Petri dish was determined every 24 h for three days. Based on the number of dead H. halys found in the treatment and the untreated control, the efficacy of the ingredients was determined according to Abbott’s formula. Statistical data analysis (one-way ANOVA, Kruskal Wallis test) was performed using ARM 2019® GDM software (Gylling Data Management, 2019) [44].





3. Results and Discussion


3.1. Optimal Extraction Parameters for SLE and APE


Optimization of ultrasound-assisted extraction was performed to achieve an economical method of extraction using only water as a solvent. For SLE, optimal values were found to be at maximum investigated values concentration: 6 g/L, amplitude: 75%, and time: 9 min. (Table 2 and Table A2). In this case, increased temperatures did not significantly decrease polyphenols extraction (Figure A1). APE optimal values were found to be at 10.23 g/L, 74.13% amplitude, with 2 min and 55 s of extraction time (Table 3 and Table A4). For APE, in our preliminary trials (data not shown), we observed degradation of some polyphenolic compounds (anthocyanins) at higher temperatures, so the maximum temperature threshold was set to ~55 °C (Figure A2) and this was also reported in the literature [36]. The end time of the extraction procedure was significantly lower compared to the optimal SLE. Thus, we observe higher values in terms of total polyphenols in SLE (approx. 2.7×), respectively to the APE, but with significantly higher input in energy and time. Lower TPC in APE may also be ascribed to the fact that “spent” pomace was used in the extraction procedure, where most of the compounds were released from the cells in the process of the juice production. Results for TF/TA and AA were in high correlation (above 0.94). Predicted values were following experimental values, with a relative error for TPC of 0.0694%–0.589%. In the case of TA, a higher relative error value (7.9%) can be observed, which may be ascribed to the relative instability of these compounds during and after the processing (Table 3).




3.2. Physicochemical Characteristics of Microparticles Loaded with SLE or APE


Morphological characteristics of microparticles are important parameters that should be considered in the formulation and subsequent application of it to pest control, as spherical beads with uniform size distributions are preferable in the delivery of active functional ingredients [45]. The size and shape analysis of microparticles Ca-Alg/SLE and Ca-Alg/APE was undertaken after the encapsulation procedure. In general, both prepared wet microparticles showed similar narrow size distributions (Table 4). There were visible dry extract particles entrapped into the Ca-alginate matrix. The color of prepared formulations was either slightly green (Ca-Alg/SLE) or red (Ca-Alg/APE). This occurred because of the natural colors present in the stevia leaves (chlorophylls) and Aronia pomace (anthocyanins). The prepared MPs were almost spherical, but after drying to constant mass (approximately four weeks on air at room temperature), their sphericity was lost (Figure 1). Stabilization was achieved since we have not observed the degradation of the bioactive compounds for six months when samples were kept under room temperature in the dark chamber (data not shown). The surface of dried MPs is not smooth and rounded anymore. During the drying process, Ca-Alg/SLE and Ca-Alg/APE MPs significantly decreased in size. The decrease in size was ~45%, resulting from the high-water content in microparticles. There is a loss of irregularity on the surface and shape, which could be explained as a consequence of the water and gel network collapsing during the drying process [46].



Encapsulation efficiency (EE%) of TPC in Ca-alginate microparticles tends to depend on the physical properties of particles (i.e., structure), and the type of encapsulation process. To overcome polyphenolic losses by diffusion and to maximize encapsulation efficiency during the encapsulation process, extracts were also added to the cross-linking solution. Because of the significant diffusional migration of polyphenolic compounds in and out of the microparticles during the ionic gelation process, the same concentration of solutions (extracts) was prepared both for the carrier (sodium-alginate) and cross-linking-solution (CaCl2). This was undertaken to overcome polyphenolic losses by diffusion and to increase the EE% [45]. High EE% values (over 110%) were then observed (Table 4). Furthermore, others have shown that the drying process also has a significant impact on quality parameters and the content of bioactive compounds encapsulated in microparticles [47].



Swelling of microparticles occurred by water absorption, which loosens the networks of gel structure, resulting in the accelerated release of polyphenol from prepared microparticles [48]. When particles are exposed to continuous water absorption, gel particles erode through excessive swelling. For Ca-alginate microparticles, alginate influenced the density of the gel particle structure, while Ca2+ influenced the cross-linking strength [49]. The swelling degree of Ca-Alg/SLE microparticles was almost 50% higher than the swelling degree of Ca-Alg/APE microparticles (Table 4). This could be explained by the variety of present polyphenolic compounds influencing the gel structure firmness. The penetration of water into the denser network with high cross-linking density is difficult, that is, swelling is limited by cross-links and the swelling can be used as a measure of the extent of cross-linking [50]. Accordingly, loading with SLE indicated a lower cross-linking degree of Ca-Alg/SLE in comparison with Ca-Alg/APE.



Physicochemical characterization revealed good morphological properties, loading capacity, and swelling degree, especially EE% of microparticles loaded with either SLE or APE.




3.3. In Vitro Release of Total Polyphenols from Microparticles Loaded with SLE and APE


Microparticles loaded with SLE or APE prepared by the ionic gelation method through extrusion dripping are reservoirs of bioactive components surrounded by a wall that can control the release. The release profiles for SLE and APE are presented in Figure 2. Both release profiles are characterized by rapid initial release followed by a slower release (obeying the power law equation). A plateau was reached after about 20 min, which leads to quick initial efficiency. SLE release fraction is higher than APE which is following a higher degree of swelling. Moreover, the loading capacity of polyphenols in Ca-Alg/SLE microparticles was relatively higher than in the Ca-Alg/APE microparticles, so the higher fraction of release in the latter could also be explained by this result.



To explain and understand the kinetics and type of mechanism involved in the release of total polyphenolic compounds from microparticles, the Korsmeyer–Peppas model was applied [51]. According to this model, different controlling mechanisms may be distinguished by a simple empirical equation:


  f   =   k  t n   



(2)




where f is cumulative release at time t, k is a kinetic constant characteristic for a particular system considering structural and geometrical aspects, n is the release exponent representing the release mechanism.



The values of the release constants k, and exponents n obtained by fitting the release curves are listed in Table 5. Lower n values than 0.43 indicate that the release process of polyphenols is controlled by diffusion through microparticles. Differences in microparticle composition (i.e., type of extract) do not affect the controlling release mechanism. The values of kinetic constant (Table 5) indicated that the release rate of APE is slower than of SLE. Slower APE diffusion through the alginate matrix could be ascribed to the denser Ca-Alg/APE structure in comparison Ca-Alg/SLE.



Generally, it has been shown that of primary importance in the release of loaded compounds are (i) the calcium alginate network structure, (ii) steric reasons due to the existence of physical entanglements of cross-linked calcium alginate, and (iii) specific interactions between loaded compounds and calcium ions [52]. Polyphenols structure and size of molecules also play a role in possible interactions with alginate residues, all of which are factors that affect release kinetics. This may also explain the possible soldering of specific polyphenols [53].



The underlying mechanism of polyphenols release is diffusion through the alginate gel matrix. This has also been reported for other low-molecular-weight compounds [54]. It means that the rate of polyphenols diffusion is much less than that of polymer swelling and relaxation. Equilibrium of absorption in the surface exposure of the polymeric system takes place rapidly, leading to conditions of time-dependent links. The kinetics of this phenomenon are characterized by diffusivity. The values of kinetic constant (Table 5) exhibited that the release rate of APE is slower than of SLE. Slower APE diffusion through the alginate matrix could be ascribed to the interaction’s denser Ca-Alg/APE structure in comparison to Ca-Alg/SLE. From these results, it could be concluded that Ca-alginate microparticles act as a barrier for polyphenol release [46,55,56].




3.4. The Efficiency of Plant-Based Microparticles on H. halys


Results in Table 6 show that stevia-based microparticles have certain efficiency against H. halys, especially on younger larval stages (third stage) and that the main efficiency is achieved after contact (73%) but also very good efficiency after digestive (60%) treatment. Older H. halys larvae (fourth stage) and adults showed some efficiency only when microparticles have been applied for contact action. Application based on microparticles loaded with APE did not reach the level expected, however, some efficiency has been observed at contact application on both investigated H. halys growth stages.



It is interesting that in all variants, except the third larval stage in the SLE microparticles variant, significant efficiency occurred on the first day after application and did not increase over time. Considering polyphenolic compound release (Figure 2), it is obvious that SLE and APE both had quick initial insecticidal activity, with prolonged SLE insecticidal action in the following days, and without the further insecticidal activity of APE compounds. In the untreated control, all tested individuals survived.



The insecticidal effect of non-nutritive sweetener Truvia and other sweeteners like mannose has already been proven for some insects. Baudier et al. [57] investigated the effect of Erythritol, non-nutritive sugar alcohol, on species Drosophila melanogaster and noted its toxic effect on its movement and life span. Erythritol is the mortality-causing agent within Truvia. The same authors have also emphasized that consumption of Erythritol is safe for humans, even when consumed at high levels, suggesting its use as a novel, human-safe insecticide, which could be applied in urban pest control. Although mannose is toxic to a very important representative of Hymenoptera species (e.g., honeybee), the same effect was not observed for some Dipteran species (e.g., D. melanogaster and Ceratitis capitata). Erythritol toxicity needs to be inspected in other insect species [56]. Ahmad et al. [58] investigated ethanolic and methanolic extracts and dichloromethane extract of S. rebaudiana, Ginkgo biloba, and Parthenium hysterophorous against insect species Anopheles stephensi. It was observed that S. rebaudiana methanolic extract caused high larvicidal activity. S. rebaudiana can also be used as a repellent plant as its repulsive effect was observed at coffee plantations on coffee berry borer, Hypothenemus hampei [59]. Results from our study also demonstrated a potentially good insecticidal effect of S. rebaudiana against the third larval stage of invasive H. halys. This nuisance pest causes discomfort in humans and causes some health risks, so its suppression needs to be carefully planned to avoid additional side effects on human health. Based on this study SLE loaded microparticles could be promising candidates for urban control of this pest. The insecticidal effect of A. melanocarpa on insect species is not known in scientific research, therefore, these results provide the first insights into the effect of APE on insects.



Further tests using SLE- or APE-loaded microparticles, other insects, and other methods of application are needed to determine the full capacity of these potential “green” insecticides. For field applications, phototoxicity, photodegradation, and dispersal ease (among many others) of polyphenolic compounds are necessary to determine the effectiveness of the compounds as a potential bio-pesticide. Additionally, determining the exact mode of action may better facilitate the reduction of the lethal concentration to be comparable to some of the other (bio) insecticides on the market.





4. Conclusions


Ultrasound-assisted extraction presents an economical and effective extraction method for bioactive compounds from stevia leaves and black chokeberry pomace using only water as a solvent. Furthermore, to stabilize natural extracts and make application easier, we have prepared Ca-alginate microparticles loaded with SLE or APE. In the end, a sufficient number of polyphenolic compounds to achieve the desired insecticidal effect was obtained. SLE microparticles showed pesticidal efficiency against H. halys, especially on younger larval stages. Very good efficiency was achieved after contact, while lower but still satisfactory efficiency was achieved after digestive treatment. Microparticles loaded with APE did not achieve satisfactory efficiency, probably due to the significantly lower total polyphenolic content, but a certain toxic impact has been observed at contact application on all H. halys growth stages. These results provide the first insights into the effect of microencapsulated SLE and APE in insect pest suppression and could be a promising tool in the sustainable management of this invasive species, especially in urban areas and home applications.
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Appendix A. (Stevia Leaves Extract)
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Table A1. Response surface methodology design (Box–Behnken design) for stevia (Stevia rebaudiana (Bertoni) Bertoni) leaves extract preparation (random generation).






Table A1. Response surface methodology design (Box–Behnken design) for stevia (Stevia rebaudiana (Bertoni) Bertoni) leaves extract preparation (random generation).





	Std
	Run
	Amplitude (%)
	Concentration (g/L)
	Time (min)





	10
	1
	75
	4
	3



	6
	2
	50
	6
	3



	12
	3
	75
	4
	9



	13
	4
	50
	4
	6



	16
	5
	50
	4
	6



	5
	6
	50
	2
	3



	7
	7
	50
	2
	9



	3
	8
	75
	2
	6



	11
	9
	25
	4
	9



	9
	10
	25
	4
	3



	1
	11
	25
	2
	6



	17
	12
	50
	4
	6



	2
	13
	25
	6
	6



	14
	14
	50
	4
	6



	15
	15
	50
	4
	6



	4
	16
	75
	6
	6



	8
	17
	50
	6
	9
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Table A2. Sequential Model Sum of Squares [Type I].






Table A2. Sequential Model Sum of Squares [Type I].





	Response
	Source
	Sum of Squares
	df
	Mean Square
	F Value
	p-Value Prob > F





	TPC
	Quadratic vs. 2FI
	1575.52
	3
	525.17
	5.52
	0.0291



	ABTS
	2FI vs. Linear
	0.30
	3
	0.10
	4.17
	0.0372



	DPPH
	Linear vs. Mean
	5.03
	3
	1.68
	10.05
	0.0011



	Flavon.
	Linear vs. Mean
	1456.94
	3
	485.65
	77.31
	<0.0001
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Figure A1. The temperature profile of ultrasound-assisted extraction at optimal variables. 
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Appendix B. (Black Chokeberry Pomace Extract)
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Table A3. Response surface methodology design (Box–Behnken design) for Aronia (Aronia melanocarpa (Michx.) Elliott) pomace extract preparation (random generation).
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	Std
	Run
	Amplitude (%)
	Concentration (g/L)
	Time (min)





	8
	1
	75
	20
	3



	17
	2
	50
	20
	2



	7
	3
	25
	20
	3



	11
	4
	50
	10
	3



	16
	5
	50
	20
	2



	12
	6
	50
	30
	3



	2
	7
	75
	10
	2



	13
	8
	50
	20
	2



	9
	9
	50
	10
	1



	10
	10
	50
	30
	1



	15
	11
	50
	20
	2



	6
	12
	75
	20
	1



	14
	13
	50
	20
	2



	3
	14
	25
	30
	2



	1
	15
	25
	10
	2



	4
	16
	75
	30
	2



	5
	17
	25
	20
	1
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Table A4. Sequential Model Sum of Squares [Type I].
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	Response
	Source
	Sum of Squares
	df
	Mean Square
	F Value
	p-Value Prob > F





	TPC
	2FI vs. Linear
	18.09
	3
	6.03
	12.75
	0.0009



	ABTS
	2FI vs. Linear
	3.264 × 10-4
	3
	1.088 × 10-4
	6.33
	0.0111



	DPPH
	2FI vs. Linear
	2.463 × 10-4
	3
	8.210 × 10-4
	5.46
	0.0175



	Anthocy.
	2FI vs. Linear
	0.11
	3
	0.036
	65.83
	<0.0001
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Figure A2. The temperature profile of ultrasound-assisted extraction at optimal variables. 
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Figure 1. Dry Ca-Alg/SLE microparticle under the light microscope (left) and Ca-Alg/APE microparticles under the phase-contrast light microscope (right). Scale bars are indicated. 
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Figure 2. The release profile of total polyphenols from dry microparticles loaded with SLE or APE as the cumulative release (%) over time (min). 
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Table 1. Treatment labels, insect stages, investigated actions, and applied dosage.
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Treatment

	
Stage of Insect

	
Action Investigated

	
A Dose of a.i. Applied per Repetition (mg)






	
Ca-ALG/SLE

	
adults

	
contact

	
150




	
digestive




	
3rd larval stage

	
contact

	
150




	
digestive




	
4th larval stage

	
contact

	
150




	
digestive




	
Ca-ALG/APE

	
adults

	
contact

	
180




	
digestive




	
4th larval stage

	
contact

	
180




	
digestive




	
Untreated

	
adults

	
contact

	
water




	
digestive




	
3rd larval stage

	
contact




	
digestive




	
4th larval stage

	
contact




	
digestive
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Table 2. Optimal variable setup with predicted-optimal vs. actual-experimental responses for SLE.
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	Variables
	Amplitude (%)
	Concentration (g/L)
	Time (min)
	Desirability





	Optimal values
	75
	6
	9
	0.984



	Responses
	TPC (mg GAE/L)
	TF (mg QE/L)
	ABTS (mmol TE/L)
	DPPH (mmol TE/L)



	Predicted (Opt.)
	465.162
	49.061
	2.369
	3.104



	Actual (Exp.)
	467.926
	49.639
	2.416
	3.036



	Relative error %
	0.589
	1.164
	1.957
	2.229
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Table 3. Optimal variable setup with predicted-optimal vs. actual-experimental responses for APE.
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	Variables
	Amplitude (%)
	Concentration (g/L)
	Time (min)
	Desirability





	Optimal values
	70.18
	11.52
	2 min 55 s
	1.000



	Responses
	TPC (mg GAE/L)
	Anthocyanins (mg M3GE/L)
	ABTS (mmol TE/L)
	DPPH (mmol TE/L)



	Predicted (Opt.)
	174.3529
	12.4934
	0.9170
	0.8018



	Actual (Exp.)
	174.2319
	11.5050
	0.9055
	0.7672



	Relative error %
	0.0694
	7.9112
	1.2571
	4.3113
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Table 4. Physicochemical characteristics of microparticle formulations, Ca-Alg/SLE, and Ca-Alg/APE.
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	Sample
	Size of Dry Microparticles (μm)
	Encapsulation Efficiency (%)—TPC
	Loading Capacity (mg TPC/g Dry Microparticles)
	Swelling Degree (%) of Dry Microparticles





	Ca-Alg/SLE *
	220.121 ± 48.235
	112.229 ± 1.315
	2.586 ± 0.178
	123.225 ± 1.385



	Ca-Alg/APE **
	218.657 ± 62.147
	111.021 ± 4.521
	1.017 ± 0.068
	60.111 ± 18.018







* SLE—stevia leaves extract; ** APE—Aronia pomace extract.
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Table 5. Variation of the release constant (k/h), exponent (n), and correlation coefficient (R2) of polyphenols released from microparticles loaded with SLE and APE.
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	Dry Microparticles
	k/h
	n
	R2





	Ca-Alg/SLE
	50.560
	0.0944
	0.9989



	Ca-Alg/APE
	45.127
	0.1044
	0.9981
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Table 6. Mortality (%) of encapsulated natural extracts in the experiment.
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Treatment

	
A Dose of a.i. Applied per Repetition (mg)

	
Growth Stage

	
Investigated Action

	
Days After the Treatment




	
1

	
2

	
3






	
Ca-Alg/SLE

	
150

	
adults

	
contact

	
20 ab+

	
20 bc

	
20 c




	
digestive

	
0 c

	
0 d

	
0 c




	
150

	
3rd larval stage

	
contact

	
25 a

	
75 a

	
75 a




	
digestive

	
0 c

	
60 a

	
60 ab




	
150

	
4th larval stage

	
contact

	
0 c

	
30 b

	
47.5 b




	
digestive

	
0 c

	
5 cd

	
5 c




	
Ca-Alg/APE

	
180

	
adults

	
contact

	
10 bc

	
10 cd

	
10 c




	
digestive

	
0 c

	
0 d

	
0 c




	
180

	
4th larval stage

	
contact

	
5 c

	
5 cd

	
5 c




	
digestive

	
0 c

	
0 d

	
0 c




	
Bartlett’s X2

	
5.85

	
9.14

	
12.55




	
P(Bartlett’s X2)

	
0.016 *

	
0.027 *

	
0.006 *




	
P(Kruskal–Wallis X2)

	
0.006

	
0.001

	
0.001








+ Mean values of the same column followed by the same letter are not significantly different (* p ≥ 0.05; LSD test).
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