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Abstract

:

The present study was conducted in order to investigate the parameters influencing the extraction of condensed tannins from branches of Prunus spinosa L. as a source of biomass, using a two-level factorial design. The extraction of condensed tannins was performed using microwave assisted-extraction (MAE)—a green technique to produce concentrated and pure extracts. Experimental tests were run to establish the effects of independent variables on the extraction of condensed tannins (expressed as catechin and epicatechin), which were quantified using high-performance thin-layer chromatography–densitometry. Four process variables were evaluated: ethanolic solvent concentration (% v/v) (30, 70), liquid-to-solid ratio (mL/g) (6:1, 10:1), extraction time (min) (2, 5) and microwave power (W) (400, 600). The significant influencing parameters were liquid-to-solid ratio and solvent concentration. The maximum content of condensed tannins (3.4 mg g−1 catechin and 3.45 mg g−1 epicatechin) was obtained using 70% v/v ethanol, 10:1 liquid-to-solid ratio, 5 min of extraction time and 600 W microwave power. MAE is beneficial for increasing the amounts of the targeted compounds.






Keywords:


Prunus spinosa; condensed tannins; microwave-assisted extraction; two-level factorial design; response surface modeling; process optimization












1. Introduction


A challenging task of the 21st century is pinpointed by the finding of new bioresources and their valorization by means of new, integrated and sustainable technologies. Extraction is a critical operation for separating the targeted natural products from raw materials. Several methods including pressing and sublimation, distillation, and solvent extraction [1] could be used. However, the latter is the most applied. Conventional methods of solvent extraction consist of decoction, maceration, digestion, percolation, infusion, superficial extraction, and Soxhlet extraction, whereas supercritical fluid extraction and, microwave-assisted and ultrasound-assisted extraction are green process intensification methods.



Microwave-assisted extraction (MAE) is inscribed among the advanced extraction procedures particularly fit for the separation of valuable compounds from the plant matrix. The technique relies on the mechanism of dipolar rotation and ionic conduction [2]. It uses microwave (electromagnetic) radiation, which is absorbed by the solid matrix, further converting it into heat and thus facilitating the diffusion of the solvent into the plant matrix. In the case of polar solvents, dipole rotation and the migration of ions occur, thus increasing the solvent penetration, and supporting the extraction process [3,4]. Faster extraction, higher yields, lower solvent consumption and moderate extraction temperature are the main benefits of MAE. Nevertheless, MAE presents several drawbacks, such as a high capital cost and maintenance of the equipment for effective operation, specificity for polar solvents, and poor efficacy for non-polar or volatile solvents. Large samples or aggregated small particles cannot be heated uniformly. Also, a cooling time is necessary after MAE [5,6,7].



Yingngam et al. showed that the MAE process accelerates the mass transfer rate and improves the extraction yield of triterpenes from leaves of C. asiatica, while consuming less solvent [8]. MAE is also powerful technique applied to extract phytochemical components from Quercus cerris bark [9]. The extraction of polyphenols from Eucalyptus globulus bark, using water as solvent and the MAE method, showed superior performance. Tomasi et al. reported the optimized parameters of this process: a liquid-to-solid ratio of 48.5 mL/g, an extraction time of 15 s, and 141 °C [10]. In the case of Quercus bark, MAE led to the increase of (−)-epicatechin, (+)-catechin, (−)-epigallocatechin, p-coumaric acid, syringic and sinapic acid, and naringenin content, compared to the control extraction sample at similar diffusion time and temperature [11]. Microwave-assisted extraction has been proved to be an efficient process for the extraction of polyphenols (33.6 ± 0.4 mg GAE/g DW) from carob bark under optimal extraction conditions (35 mL/g ratio, 35% ethanol, 29.5 min, and 80 °C) [12]. D. indica bark was used to separate betulinic acid using MAE, and process parameters were optimized (0.91% w/w, 200 W, 90 °C, 15 min) to raise the yield of the targeted molecule [13]. The optimal extraction parameters for obtaining ursolic acid from elder bark using MAE were 0.01 L g−1 ethanol, 60 min and 55 °C [14].



The extraction efficiency is influenced by extraction solvent, particle size, solvent-to-solid ratio, temperature, and duration [15,16,17]. Fractionation and purification of phytochemicals are achieved by applying various chromatographic techniques: high-performance (thin-layer) chromatography and gas chromatography. The obtained compounds are identified using various spectroscopy techniques such as infrared and ultraviolet, mass, and nuclear magnetic resonance spectroscopy [18].



It is well known that lignocellulosic biomass contains higher concentrations of tannins used as bioactive compounds in phytopharmaceutical, as well as in industrial, applications. The researchers’ attention was held by feedstocks such wood and bark from forestry species and very little by branches of shrub species like Prunus. Regarding the latter, the interest was focused on fruits and less on its woody by-products (branches), even if from these shrubs plantation maintenance activities and large quantities of branches are generated. Sadly, these are considered as waste instead of valuable feedstock for green biorefinery processing. In fact, the branches of genus Prunus may be a great source of tannins with important biological properties. The bark of P. cerasus and P. avium contain flavone C-glycosides (vicenin-2, isovitexin and chrysin-8-C-glucoside) [19]. P. domestica bark has in its composition flavan-3-ols (catechin and epicatechin), a phenolic glucoside (annphenone and six dimeric A-type proanthocyanidins with antimicrobial activity [20]. However, P. cerasoides extracts with antimicrobial and antibiofilm potential against some strains of pathogenic bacteria have also been reported [21]. Taking into account the widely studied biological activities of flavonoids, the barks of these common fruit trees seem to be also of interest for pharmaceutical, agricultural and industrial applications [22].



Belonging to the family of Rosaceae and the subfamily of Prunoideae, Prunus spinosa (blackthorn) is native to Europe and the Middle East [23,24]. It is a dense and spiny shrub growing to 1–2 m on the fringe of forests, clearings and pastures. Blackthorn is an abundant source of bioactive polyphenols, such as phenolic acids (chlorogenic acid, neochlorogenic acid, caffeic acid and protocatechuic acid), flavonoids, anthocyanins, as well as condensed tannins [25,26,27,28] with proved antioxidant effects [29,30,31].



To the best of our knowledge, there are no studies focused on the optimization of the microwave-assisted extraction of condensed tannins from P. spinosa branches, nor the use of a “green solvent” such as ethanol. Available literature data indicate that P. spinosa branches have been neglected and/or underexplored. This work was designed to complement current knowledge on P. spinosa by extracting condensed tannins from its branches. The main tannins quantified in this study are catechin and epicatechin, with the chemical structures presented in Figure A1 (Appendix A).



Since the one-factor-at-a-time approach is time-consuming, expensive, and does not consider interactive parameters [32,33], a two-level factorial design was developed to optimize the MAE extraction parameters (liquid-to-solid ratio, solvent concentration, extraction time and microwave power), in order to maximize the yields of catechin and epicatechin.




2. Materials and Methods


2.1. Sample


The biomass (branches of P. spinosa) was collected in the autumn, towards the end of the vegetation period, from Siret Valley, Bacau County, Romania, an unpolluted submontane, hilly area. The branches were analyzed according to Ph. Eur.6.0, chapter 2.8.2 as follows: parts of the same plant—fragments of branches with blackened internal surface—2.1%, parts of other plants, 0%, and other foreign elements (such as molds and animal contamination), 0%. The collected biomass was dried under normal conditions for about 20 days until it reached constant weight. A max. 13% weight loss from drying was obtained, measured with an infrared Kern MLS Thermobalance. The collected biomass was powdered, using a Microtom MB550 laboratory mill, to particles of 0.1 mm medium size. The sample was stored in a desiccator and further used for extraction and analysis.



The proximate analysis was performed in order to characterize the biomass: humidity (%), total ash (%) and insoluble ash in HCl 100 g/L. The moisture was determined using a Kern MLS 150-2A Thermobalance with a mass measurement range of 0–183 g ± 0.1 mg. The ash (total ash and insoluble ash in HCl) was assessed according to Ph. Eur, 7th ed., (chapters 2.4.16 and 2.8.1) using an L1003/720 calcination oven.




2.2. Chemicals and Reagents


Reagents used are as follows: ethanol (99.98%, Chimreactiv, Bucharest, Romania), ethyl acetate (Chromasolv for HPLC, 99.7%; Sigma-Aldrich, St. Louis, MO, USA), toluene (Chromasolv, for HPLC, 99.9%, Sigma Aldrich), formic acid (98–100% for analysis, Merck KGaA, Darmstadt, Germany), distilled water, prepared in lab using GFL 2001/4 equipment. The standards were purchased and used without any further purification: (+)-Catechin (CAS No. 154-23-4, Product No. 0976 S, ≥99% purity, Extrasynthese, Genay, France) and (−)-Epicatechin (CAS No. 490-46-6, Product No. 68097, ≥97% purity, Sigma-Aldrich, Saint Louis, MO, USA), as well as pre-coated silica gel 60 F254 HPTLC plates (20 cm × 10 cm) (Merck, Germany).




2.3. Raw Material Characterization Using ATR-FT-IT Spectroscopy


The FT-IR spectrum was recorded using an Agilent CARY 630 FT-IR spectrometer equipped with a single reflection diamond crystal in attenuated total reflectance-Fourier-transform infrared (ATR-FT-IR) mode, in 400–4000 cm−1 wavelength range, 64 scans at 4 cm−1 resolution, in duplicate. The sample was pressed against the diamond crystal using the attached pressure clamp.




2.4. Experimental Design and Statistical Analysis


The study of modeling and optimization of microwave-assisted extraction of condensed tannins from branches of P. spinosa L. was built on several steps: (1) first, the correlation between the independent variables and the responses were evaluated; (2) the models describing the factor influences on the considered responses were developed; (3) analysis of variance (ANOVA) was performed for each model in order to confirm its statistical validity; (4) the statistical significance of each factor and their interactions were also quantified by means of a Pareto plot; (5) the values predicted by the suggested models were experimentally validated; (6) several optimization criteria were imposed; and (7) response surfaces and corresponding contour lines were drowned to identify the optimized region of responses [34].



The independent variables affecting the extraction of condensed tannins were analyzed using a 2-level factorial design generated by means of Design Expert software (State-Ease Inc., Minneapolis, MN, USA, Version 7.1.5). Factors having the most significant effect on the concentration of condensed tannin extraction were identified. The developed experimental design is based on 16 runs. Parameters were analyzed for duplicates at high and low levels. The considered independent variables were ethanolic solvent concentration, % v/v, liquid-to-solid ratio, mL/g, microwave power, W, and extraction time, min.



Table 1 summarizes the ranges and levels of the studied variables. The factor effects with a confidence level of 95% (p < 0.05) were kept in the suggested models. The statistical significance of the linear effect of all four variables was assessed by ANOVA. The determination and adjusted R2 coefficients allowed for the evaluation of the suitability of the models. The significance of suggested model equations was established based on Fischer test [35]. Additionally, the adequacy of the models was pinpointed by normal probability plots.




2.5. MAE Experiments


Tests were carried out using laboratory Ethos X equipment (Milestone, Milan, Italy). The biomass (10 g) was weighed and added into a round-bottom flask. For each test, a round-bottom flask was filled with feedstock. As extraction solvents, 30 and 70% v/v ethanol were used. Each round-bottom flask was placed into a microwave extraction system Ethos X. The effects of four different parameters such as solvent concentration, liquid-to-solid ratio, microwave power, and extraction time were studied, and the extraction control was carried out by determining the catechin and epicatechin content. The extracts from all 16 flasks were collected and the volume was measured. The resulted extracts were analyzed and quantified in relation to condensed tannins (catechin and epicatechin) using HPTLC-densitometry [36,37].




2.6. Quantification of Condensed Tannins in MAE Extracts


The control of the process was performed by the determination of the condensed tannins catechin and epicatechin through HPTLC-densitometry in the MAE extracts. A total of 7 µL volume of each collected MAE extract and the reference compounds (+)-catechin and (−)-epicatechin (200 µg/mL per each) was placed on the HPTLC plate. Samples were applied as bands of 8 mm length, via a Linomat IV automatic sample applicator provided with a Hamilton syringe (100 µL), having a 5 s/µL dosage speed. The probes were prepared in a solvent system toluene: ethyl acetate: formic acid 12:12:2 (v/v/v) at a distance of 8 cm, at room temperature (21 ± 2 °C) and 45% relative humidity in an Automatic Developing Chamber saturated with mobile phase vapors for 20 min. The samples were dried for 10 min to evaporate the solvents and then introduced into the scanner stage (CAMAG Scanner 3), where scanning was carried out in white light using slit dimension 6 × 0.3 mm, scanning speed 20 mm/s, and data resolution 100 µm/step. The scan mode was single wavelength. The spectrum scan settings were slit dimension 6.00 × 0.30 mm, spectrum scan speed 100 nm/s, and data resolution 1 nm/step. The densitograms were registered and the catechin and epicatechin content (mg/g biomass) in the MAE extracts was calculated based on the recorded peak area.





3. Results


3.1. Raw Material Characterization


The proximate analysis (Table 2), consisting of the determination of moisture (%), total ash, and the insoluble-in-HCl-100 g/L [38], soluble substances (extractable) (%) in different extraction solvents: ethanol 30, 50, 70% v/v, distilled water, methanol, solution density (g/mL), pH, and residue (%), was carried out according to the methods described in Section 2.1 and in the laboratory analytical procedures for standard biomass analysis (NREL) [39].



The extractables (soluble substances) determined in different solvents provides valuable data in establishing the conditions for extracting the bioactive compounds. The solvents used to analyze the soluble substances resulted in extractable values between 5.95 and 9.00%, the lowest value corresponding to water solvent and the highest value obtained when ethanol 50% v/v is used. It was also noted that there was a slightly acidic pH, between 5.38 (water) and 6.76 (methanol), and an inversely proportional increase in the solution density with the alcohol degree of the hydroalcoholic solvents used.



Following the global physicochemical analysis, preliminary valuable data were obtained regarding the extraction conditions and solvents that could facilitate the extraction of the targeted bioactive compounds. It was found that the solvents that provide the highest percentage of extractives and residue are the 50% v/v and 70% v/v hydroalcoholic ethanol solvents.



The qualitative analysis carried out using FT-IR spectrophotometry aimed to pinpoint the functional groups in the chemical structure of the bioactive compounds. Figure 1 shows the spectrum of P. spinosa biomass. Analysis using Fourier-transform infrared spectroscopy revealed intense absorption bands corresponding to the stretching vibrations of the free hydroxyl (OH) group of the phenolic type at 3279 cm−1, aromatic C-H and C=C of the aromatic nucleus at 2903 and 1726 cm−1, respectively, C-O of the structure of alcohols, ethers or esters at 1235 cm−1, and C-O-C from the glycosidic structures at 1022 cm−1.



The qualitative and quantitative assessments of catechuic tannins in P. spinosa biomass were performed using HPTLC densitometry analysis and calculated based on the peak height by means of winCATS software (version 1.4.3). The procedure highlighted a complex and rich tannic profile that include catechin 3.4 mg/g, catechin gallate 1.09 mg/g, gallocatechol 1.85 mg/g, epicatechin 3.45 mg/g, epigallocatechin 2.26 mg/g, epigallocatechin gallate 1.65 mg/g, and neochlorogenic acid 1.43 mg/g.




3.2. Quantitative Determination of Catechuic Tannins in P. spinosa Extracts Using HPTLC-Densitometry


The results of the densitometric quantification of catechuic tannins were processed graphically and presented in Figure A2 and Figure A3 (Appendix B). Catechin and epicatechin were simultaneously quantified from P. spinosa extracts. The amount of these compounds was found to range between 1.79 mg/g and 3.18 mg/g in the case of catechin, and between 1.79 mg/g and 3.57 mg/g for epicatechin.




3.3. Screening of Significant Variables Using Two-Level Factorial Design


The experimental design factors were chosen based on preliminary monofactorial experiments carried out in order to estimate the variation range of the main parameters (the solvent concentration, the solid-to-liquid ratio, the extraction time and irradiation power), as well as their synergic influence on the targeted compound concentration.



The monofactorial experiments outlined several aspects regarding MAE parameters: (i) a solvent concentration lower than 50% v/v and higher than 70% v/v results in lower yields for catechin and epicatechin, because too much, either distilled water or ethanol 96% v/v in the extraction solvent, leads to lower yields; (ii) a liquid-to-solid ratio lower than 6:1 does not provide enough solvent for the moistening and extraction of biocompounds from the plant matrix; the extraction efficiency increased obviously with the increase in the solvent volume before the liquid-to-solid ratio reached 1:12, and the efficiency significantly decreased with the further increase in the solvent amount; (iii) the extraction time plays another predominant role in the microwave-assisted extraction. However, the extraction efficiency increased with time up to 5 min; afterwards, the effect of this parameter was negligible; and (iv) a higher microwave power caused a more obvious rupture of the cell wall of the plant matrix; the high absorption of microwave energy caused a rapid temperature increase in the extraction vessel. High values of microwave power determine a decrease in extraction yield; in the range 100–300 W, the extraction temperature is relatively low (unfavorable for the extraction of tannins from the plant matrix), while in the range 400–600 W, the microwave power ensures a temperature of the extracts higher than 65 °C, thus facilitating the obtaining of good yields for catechuic tannins. When the microwave power is above 600 W, the temperature of the extract is around 77~80 °C, thus inducing a degradation of the tannins.



The extraction process of the condensed tannins catechin and epicatechin from P. spinosa branches was carried out in 16 experiments of the experimental design. The optimized condition was selected for a maximum concentration of catechin and epicatechin. Table 3 shows the simplified experimental design and the obtained results for each run, Response 1 (catechin, mg/g biomass) and Response 2 (epicatechin, mg/g biomass), respectively.



Based on Table 3, the highest concentration of condensed tannins was obtained in Run 16, with 70% v/v ethanolic solvent, 10:1 liquid-to-solid ratio, 5 min of extraction and 400 W microwave power, which yielded 3.40 and 3.45 mg/g biomass w/w of catechin and epicatechin, respectively. Thus, a higher level of extraction parameters has a favorable effect on the content of catechin and epicatechin. Yet, Run 12 indicates that a short extraction time, 2 min of irradiation, in similar conditions as mentioned before, can also ensure a considerable content for the condensed tannins of interest, 3.18 mg catechin/g biomass and 3.16 mg epicatechin/g biomass. Therefore, a short irradiation time, 2 min, did not significantly affect the content of the extract. However, low values of ethanolic solvent, liquid-to-solid ratio and extraction time resulted in the lowest values for catechin and epicatechin content, despite the high irradiation power. For instance, Run 9 yielded 1.79 mg catechin/g biomass and 1.55 mg epicatechin/g biomass. These results indicate that ethanolic liquid-to-solid ratio and solvent concentration are the factors of highest significance for the extraction performance, whereas extraction time and irradiation power are less significant factors compared to the other two.



A useful tool for emphasizing the relative significance of the independent variables, a Pareto chart, was employed to evaluate the impact of independent factors on R1 (catechin content). Variables with calculated t-values higher than the t-limit line have significant effects, and, if higher than the Bonferroni limit, they are statistically significant. Any variable or interaction lower than the t-value limit of 2.57058 is considered insignificant. According to the Pareto charts (Figure 2), the liquid-to-solid ratio is the major contributing variable that has the greatest influence on catechin content, with a 59.24% contribution, which is followed by the ethanolic solvent concentration (28.37% contribution), and extraction time and microwave power, which had a modest effect (3.28% contribution for each) on catechin content. All the variables had a positive effect on the extraction of catechin from P. spinosa branches.



The significance of the main factors and interactions on the content of catechin and epicatechin were calculated and analyzed using ANOVA based on a 95% confidence interval, as shown in Table 4. Model terms with p-values lower than 0.05 are significant. In relation to the model, it shows they are suitable for describing the experimental data. Therefore, the main effects (A, B, C, D) and the interaction BD are significant.



Statistical analysis of Response 1, catechin content, highlights the fact that the value of 43.69 determined for the model F implies that the suggested model is significant. The determination (R2) and the adjusted (adjusted R2) coefficients were 0.9562 and 0.9343, respectively, indicating also that the model fits the data. The Residuals versus Predicted Graph checks for consistent variation across the prediction range, and in our analysis shows a random scatter of predicted residuals centered on zero. Further on, residual analysis was carried out to confirm that the ANOVA assumptions were met. The model adequacy was assessed based on normal probability plots of residuals, residual values versus fitted, and experimental values (Figure 3a–c). Diagnostic plots for studentized residuals showed that for the Normal plot the values are grouped along a straight line, while the Residuals vs. Predicted and Residuals vs. Run show a random scatter, and no trends are formed.



Optimization of experimental conditions for MAE for R1: the following equation was determined:


R1 = 2.44 + 0.2388A + 0.345B + 0.0813C + 0.0813D + 0.0537BD



(1)




where R1 is the content of catechin (mg/g biomass), A—ethanolic solvent concentration, B—liquid-to-solid ratio, C—extraction time, D—microwave power, and BD—interaction between liquid-to-solid ratio and microwave power.



It was found that all main factors (A—ethanolic solvent concentration, B—liquid-to-solid ratio, C—extraction time, and D—microwave power) have a statistically significant effect on P. spinosa extracts. The graphs of the model (Figure 4) show the effects of the significant factors on the catechin content from P. spinosa extracts. The increase in the value of factors A (solvent concentration) and B (liquid-to-solid ratio) is reflected in an increase in the value of the response. It can be seen that a high value for the contribution of factors A and B determine a greater slope, which means a greater influence on the recovery. Factors C (extraction time) and D (microwave power) also show an increasing influence on the response, yet of in lower degree. An increase in ethanolic solvent concentration and liquid-to-solid ratio determines higher recoveries of catechin content for the extract. The line plot for solvent concentration showed a significant slope gradient. This may be due to the solubility of P. spinosa branches in aqueous ethanol solution. Hence, the percentage of ethanol influences significantly the catechin content. Chew et al. [40] found that water favors the increase in the contact surface area between the solvent and the biomass, resulting in an enhanced extraction efficiency. Consequently, bioactive compounds can be optimally extracted using an aqueous alcohol [41,42]. The solvent gradient in the plant matrix is the main driver of the extraction process until an equilibrium is established between the solvent and the plant matrix [43]. The extraction starts once the electromagnetic waves are generated by the magnetron. The interaction of the microwaves with water molecules in the plant matrix and polar solvent results in the increase in temperature. Tissues and cell walls interact with the electromagnetic waves. Electromagnetic energy causes the evaporation of water from the plant’s matrix, causing a considerable pressure and the deformation of the cellular and subcellular walls. This deformation brings structural changes in the plant matrix, thus generating an increased mass transfer of dissolved substances as a result of cell destruction, and thus facilitating the extraction of tannins from the plant cell matrix [5,6,7].



In the case of MAE, solvent concentration and microwave power are the main factors influencing the quality and quantity of the yields [42,44]. The catechin content increases with the ethanol concentration. However, the Pareto plot pinpoints the fact that the liquid-to-solid ratio was the factor contributing most to attaining a higher concentration of catechin.



Figure 5 shows a significant interaction effect on the extraction of catechin from P. spinosa branches. Interaction BD (liquid-to-solid ratio with microwave power) has a significant effect, with a p-value < 0.0001. The interaction effect shows a non-crossed and non-parallel line, known as an ordinal interaction. The interaction BD is significant, due to both factors contributing more to the catechin content in comparison with the other factors.



Statistical analysis of Response 2, the epicatechin content, shows that the model F-value of 86.41 supports the significance of the obtained model (Table 5). The determination (R2) and the adjusted (adjusted R2) coefficients are 0.977 and 0.966, respectively, showing that the estimated model fits well with the experimental data. Diagnostic plots for studentized residuals pinpoint the fact that for the Normal plot the values are grouped along a straight line, while the Residuals vs. Predicted and Residuals vs. Run show a random scatter, with no trends (Figure 6).



Optimization of experimental conditions for MAE: the following equation was determined:


R2 = 2.41 + 0.3219A + 0.4831B + 0.0844C − 0.1031D + 0.1344AB



(2)




where R2 is the content of epicatechin (mg/g biomass), A is ethanolic solvent concentration, B is liquid-to-solid ratio, C is extraction time, D is microwave power and AB is the interaction between solvent concentration and liquid-to-solid ratio.



The factor plots (Figure 7) show the effects of the significant factors on the epicatechin content from P. spinosa extracts. The increase in the value of factors A (solvent concentration) and B (liquid-to-solid ratio) is reflected in an increase in the value of the response, a steeper slope meaning a greater influence on the recovery. Factor C (extraction time) also shows an increasing influence on the response, yet in a lower degree. Factor D (microwave power) shows a decreasing influence on the response. Similar to the results obtained for catechin content, in relation to the epicatechin content it can be concluded that an increase in ethanolic solvent concentration and liquid-to-solid ratio leads to higher recoveries of epicatechin content of the extract.



Figure 8 presents a significant interaction effect on the extraction of epicatechin from P. spinosa branches. Interaction AB (solvent concentration with liquid-to-solid ratio) has a strong significant effect as shown by the p-value < 0.0001, and is due to both these factors making higher contributions to the epicatechin content, compared to the other two.



The optimum value for each independent variable was established by means of Design Expert software, with the optimization method described in detail by Secula et al. [45] and Singh et al. [46]. The optimization criteria for extracting catechin and epicatechin from P. spinosa branches using microwave-assisted extraction are presented in Table 6. The values of 70% v/v, 10:1, 5 min and 600 W for solvent concentration, liquid-to-solid ratio, extraction time and microwave power, were suggested to achieve the optimum value for the content of catechin and epicatechin.



Desirability is the closeness of the response value toward the target, [34] and the factor and response importance is assigned from 1 (least important) to 5 (most important).



Ramp function graphs (Figure 9) present the key factors (red dot) and their responses (blue dot), respectively. The height of the dot shows the desirability achieved upon the optimization process. A positive slope of the ramp corresponds to the maximization of the response (solvent concentration and liquid-to-solid ratio), whereas a flat ramp indicates a uniform desirability (extraction time and microwave power). A desirability achievement of 94.1% was obtained for the set criteria (Figure 9 and Figure 10) when P. spinosa branches were extracted with 70% v/v ethanolic solvent, in a liquid-to-solid proportion 10:1, for 5 min of extraction and 400 W microwave irradiation power, and resulted in an extract with 3.4 mg catechin/biomass and 3.45 mg epicatechin/biomass.



Verification of the predictive model was performed by the evaluation of catechin and epicatechin content under the following conditions: with 70% v/v ethanolic solvent, in a liquid-to-solid proportion 10:1, for 5 min of extraction and 400 W microwave irradiation power. The experimental data verification is presented in Table 7.



The experimental content for catechin and epicatechin (3.4 mg catechin/g biomass and 3.45 mg epicatechin/biomass) was consistent with the predicted value (3.245 mg catechin/g biomass and 3.329 mg epicatechin/biomass) under optimal conditions. The validation test proves the suggested models are accurate and reliable.





4. Conclusions


Microwave-assisted extraction is an unconventional green technique that can be used to extract the condensed tannins such as catechin and epicatechin from P. spinosa branches.



A two-level factorial design was employed to model and determine the optimal conditions for the extraction process.



The catechin and epicatechin content was significantly influenced by the liquid-to-solid ratio and the solvent concentration, whereas extraction time and microwave power had a lower influence.



The obtained model was used to optimize the extraction process in order to maximize the content of catechin and epicatechin. The maximum content for catechin (3.4 mg/g biomass) and epicatechin (3.45 mg/g biomass) was obtained in Run 16, using 70% v/v ethanol, 1:10 solid-to-liquid ratio, 5 min of extraction and 600 W microwave power.



The predicted values thus obtained for catechin and epicatechin content are in good agreement with the experimental values of the validation test, indicating the model’s suitability.



The biocompounds extracted using MAE show important biological active properties (antixodants, antitumor), comparable to those of pure standards. The stability of biocompounds separated by means of MAE will be the topic of a future work.
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Figure A1. Chemical structures of the main tannins: (a) (+)-catechin; (b) (−)-epicatechin. 
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Figure A2. Identification and densitometric quantification of catechin (C), P. spinosa extracts (Runs 1–16, Absorbance as a function of Retention factor). 
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Figure A3. Identification and densitometric quantification of epicatechin (EC), P. spinosa extracts (Runs 1–16, Absorbance as a function of Retention factor). 
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Figure 1. FT-IR spectrum of biomass. 
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Figure 2. Pareto chart—the effects of independent variables (described in Table 1) and their interactions. 
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Figure 3. (a) Normal probability plot for residuals, R1 (catechin content); (b) Plot of residual vs. predicted values for R1 (catechin content); (c) Plot of residuals vs. experimental values for R1 (catechin content). Square symbols are colored by R1 value, blue—the lowest, green—average, red—the highest. 
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Figure 4. Plots of marginal means of catechin content as influenced by (a) solvent concentration, (b) liquid-to-solid ratio, (c) extraction time and (d) microwave power. 
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Figure 5. Plot of significant interaction factors between liquid-to-solid ratio and microwave power on the catechin content (mg/g biomass) from extracts of P. spinosa branches (square, black line—400 W (−1), triangle, red line—600 W (+1) of microwave power). 
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Figure 6. (a) Normal probability plot for the residuals for R2 (epicatechin content); (b) Plot of residuals versus predicted values for R2 (epicatechin content); (c) Plot of residuals versus experimental values for R2 (epicatechin content). Square symbols are colored by R1 value, blue—the lowest, green—average, red—the highest. 
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Figure 7. Plots of marginal means of epicatechin content as influenced by (a) solvent concentration, (b) liquid-to-solid ratio, (c) extraction time and (d) microwave power. 
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Figure 8. Plot of significant interaction factors between solvent concentration and liquid-to-solid ratio on the epicatechin content (mg/g biomass) from extracts of P. spinosa branches (extraction time 3.5 min, microwave power 500 W, square, black line—6:1 mL/g (−1), triangle, red line—10:1 mL/g (+1) of liquid to solid ratio). 
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Figure 9. Desirability ramps for optimization criteria—the optimal values of the design factors (red points—optimal factor values; blue points—Optimal response prediction values). 
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Figure 10. Surface plot on desirability (effect of solvent concentration versus liquid-to-solid ratio). 
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Table 1. The range and coded levels of independent variables.
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Factor

	
Name

	
Low-Coded

	
Phase Zero

	
High-Coded




	
(−1)

	
(0)

	
(+1)






	
A

	
ethanolic solvent concentration (% v/v)

	
30

	
50

	
70




	
B

	
liquid-to-solid ratio (mL/g)

	
6:1

	
8:1

	
10:1




	
C

	
extraction time (min)

	
2

	
4

	
5




	
D

	
microwave power (W)

	
400

	
500

	
600
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Table 2. Proximate characterization of P. spinosa raw biomass.
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	Main Parameters
	Value





	Humidity, wt%
	8.35



	Total ash, wt%
	1.46



	Acid insoluble ash, HCl 100 g/L
	0.02



	Extractables in EtOH 70% v/v, %
	8.62



	Extractables in EtOH 50% v/v, %
	9



	Extractables in EtOH 30% v/v, %
	7.56



	Extractables in water, %
	5.95



	Extractables in MeOH, %
	7.83
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Table 3. Experimental matrix and experimental values of responses.
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	Run
	A
	B
	C
	D
	Solvent Concentration

(% v/v)
	L:S

(mL/g)
	Extraction Time

(min)
	Microwave Power

(W)
	Response 1 (R1)

Catechin

(mg/g biomass)
	Response 2 (R2)

Epicatechin

(mg/g biomass)





	1
	−1
	−1
	−1
	−1
	30
	6:1
	2
	400
	1.85
	1.79



	2
	+1
	−1
	−1
	−1
	70
	6:1
	2
	400
	2.20
	2.3



	3
	−1
	+1
	−1
	−1
	30
	10:1
	2
	400
	2.45
	2.51



	4
	+1
	+1
	−1
	−1
	70
	10:1
	2
	400
	2.77
	3.21



	5
	−1
	−1
	+1
	−1
	30
	6:1
	5
	400
	1.89
	1.84



	6
	+1
	−1
	+1
	−1
	70
	6:1
	5
	400
	2.35
	2.37



	7
	−1
	+1
	+1
	−1
	30
	10:1
	5
	400
	2.45
	2.5



	8
	+1
	+1
	+1
	−1
	70
	10:1
	5
	400
	2.95
	3.57



	9
	−1
	−1
	−1
	+1
	30
	6:1
	2
	600
	1.79
	1.55



	10
	+1
	−1
	−1
	+1
	70
	6:1
	2
	600
	2.14
	1.83



	11
	−1
	+1
	−1
	+1
	30
	10:1
	2
	600
	2.53
	2.24



	12
	+1
	+1
	−1
	+1
	70
	10:1
	2
	600
	3.18
	3.16



	13
	−1
	−1
	+1
	+1
	30
	6:1
	5
	600
	2.10
	1.77



	14
	+1
	−1
	+1
	+1
	70
	6:1
	5
	600
	2.48
	1.95



	15
	−1
	+1
	+1
	+1
	30
	10:1
	5
	600
	2.59
	2.49



	16
	+1
	+1
	+1
	+1
	70
	10:1
	5
	600
	3.40
	3.45
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Table 4. ANOVA test for catechin content model.
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Source

	
Sum of Square

	
Degree of Freedom

	
Mean Square

	
F-Value

	
p-Value

	
Obs.






	
Model

	
3.07

	
5

	
0.615

	
43.69

	
<0.0001

	
significant




	
A

	
0.912

	
1

	
0.912

	
64.82

	
<0.0001

	




	
B

	
1.90

	
1

	
1.90

	
135.35

	
<0.0001

	




	
C

	
0.106

	
1

	
0.106

	
7.51

	
0.0208

	




	
D

	
0.106

	
1

	
0.106

	
7.51

	
0.0208

	




	
BD

	
0.046

	
1

	
0.046

	
3.29

	
0.1000

	




	
Residual

	
0.141

	
10

	
0.014

	

	

	




	
Cor Total

	
3.21

	
15

	




	
R2

	
0.956

	
Std. dev.

	
0.119

	




	
Adjusted R2

	
0.934

	
Mean

	
2.44

	




	
Predicted R2

	
0.888

	
C.V. %

	
4.85

	




	
AdeqPrecision

	
20.547
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Table 5. ANOVA test for epicatechin content model.
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	Source
	Sum of Square
	Degree of Freedom
	Mean Square
	F-Value
	p-Value
	Obs.





	Model
	5.97
	5
	1.19
	86.41
	<0.0001
	significant



	A
	1.66
	1
	1.66
	120.07
	<0.0001
	



	B
	3.73
	1
	3.73
	270.50
	<0.0001
	



	C
	0.114
	1
	0.114
	8.25
	0.0166
	



	D
	0.17
	1
	0.17
	12.32
	0.0056
	



	AB
	0.289
	1
	0.289
	20.93
	0.0010
	



	Residual
	0.138
	10
	0.014
	
	
	



	Cor Total
	6.10
	15
	
	
	
	



	R2
	0.977
	Std. Dev.
	0.117
	
	
	



	Adjusted R2
	0.966
	Mean
	2.41
	
	
	



	Predicted R2
	0.942
	C.V. %
	4.88
	
	
	



	AdeqPrecision
	27.587
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Table 6. Constraints for optimization of extraction parameters and responses.
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	Process Parameter
	Goal
	Lower Limit
	Upper Limit
	Importance





	A: ethanolic solvent concentration (% v/v)
	maximize
	30
	70
	3



	B: liquid-to-solid ratio (mL/g)
	maximize
	6
	10
	4



	C: extraction time (min)
	in range
	2
	5
	3



	D: microwave power (W)
	in range
	400
	600
	3



	Response 1—Catechin (mg/g biomass)
	maximize
	1.79
	3.4
	4



	Response 2—Epicatechin (mg/g biomass)
	maximize
	1.55
	3.57
	4
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Table 7. Overall optimal values of extraction parameters for catechin and epicatechin from P. spinosa branches.






Table 7. Overall optimal values of extraction parameters for catechin and epicatechin from P. spinosa branches.





	
Response

	
Optimized Conditions

	
Predicted Value

	
Experimental Value

	
Relative Error




	
A (% v/v)

	
B

(mL/g)

	
C

(min)

	
D

(W)

	
(mg/g biomass)

	
%






	
R1—Catechin

	
70

	
10

	
5

	
600

	
3.245

	
3.4

	
4.56




	
R2—Epicatechin

	
3.329

	
3.45

	
3.51
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