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Abstract

:

The persimmon fruit (Diospyros kaki Thunb.) is renowned for its exceptional health benefits, which can be attributed to its abundance of bioactive compounds. This study aimed to optimize the extraction of bioactive compounds from persimmon peel, an underexplored waste biomass, within the frame of sustainability and a circular economy. For this reason, a comprehensive multi-factor extraction approach was employed. Specifically, diverse methods including a pulsed electric field and ultrasonication combined with simple stirring were explored. Through this systematic approach, the most efficient extraction process was determined, resulting in elevated yields of bioactive compounds, including polyphenols, ascorbic acid, and total carotenoids. Among the identified phenolic compounds, rutin emerged as the most abundant, with concentrations reaching up to 172.86 μg/g. Utilizing partial least squares analysis, the maximum predicted values for the bioactive compounds were determined, with total polyphenols reaching 7.17 mg GAE/g, ascorbic acid at 4.93 mg/g, and total carotenoids at 386.47 μg CtE/g. The antioxidant activity of the extracts was evaluated with the ferric reducing antioxidant power (FRAP), 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical, and H2O2 scavenging assays. The recorded antioxidant performance underscored the substantial potential of persimmon peels as a source of cost-effective extracts with high antioxidant activity. This study not only contributes to optimizing the bioactive compounds’ extraction from persimmon peel but also highlights the process’s viability by producing valuable extracts with antioxidant properties at low cost.
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1. Introduction


Persimmon belongs to the genus Diospyros (Ebenaceae), which comprises about 500 economically significant species [1,2]. Among these, Diospyros kaki, Diospyros virginiana, Diospyros oleifera, and Diospyros lotus are considered highly valuable [3]. However, Diospyros kaki, commonly known as Japanese persimmon, is one of the most commercially recognized species [3,4]. Although persimmons share similarities with berries in terms of morphology, they are not commonly categorized as such. The Latin name “Diospyros” can be translated to “food of the Gods”, combining “Dios” (God) and “pyros” (food) [5]. Persimmons contain an abundance of nutrients, including vitamins A and C, as well as complex B vitamins, making them highly beneficial [6,7,8]. Additionally, they are an excellent source of essential minerals such as calcium (16 ± 4.33 mg/100 g), phosphorus (27 ± 2.66 mg/100 g), manganese (11 ± 1.80 mg/100 g), and potassium (203 ± 24.10 mg/100 g) [9]. Furthermore, persimmon fruits are renowned for their health-promoting properties. These properties are attributed to the presence of antioxidant compounds, such as polyphenols, in the fruit [10].



Originally native to Asia, and particularly China, the cultivation of Diospyros kaki has now spread across various nations [11]. Key producing countries include Korea, Japan, Brazil, Turkey, and Italy [12], with China leading global production, accounting for over 75% of the world’s output, and producing more than 3 million tons of persimmons annually [13]. Food waste represents a significant global challenge, with approximately 1.3 billion tons of food being discarded annually, often including fruit peels [14]. Consequently, Japanese persimmon fruits generate considerable waste, especially in Asia. Considering the persimmon’s various health benefits, such as its ability to combat free radicals, diabetes, cancer, and dermatological issues [15], it becomes evident that the peel could be utilized in the pharmaceutical and cosmetics sectors.



Although previous attempts to prepare persimmon peel extracts have been made, they only implement conventional extraction methods, such as stirring [16,17]. In particular, dried persimmon peels were extracted in distilled water by stirring at 100 °C for 60 min, and the antioxidant activity was found to be 86% using the DPPH free radical scavenging assay [18]. However, high energy consumption was recorded. Green extraction techniques are a hot topic in this research field since they require less extraction time, energy, and solvent; therefore, they are aligned with sustainable development strategies [19]. Moreover, in a large number of experimental processes, better results have been shown to be achieved by using and/or combining green extraction techniques [14]. Ultrasound (US) constitutes a green technique and is widely used [20]. Another upcoming extraction technique that ensures the maximum isolation of bioactive substances is the pulsed electric field (PEF). Essentially, the principle of PEF is based on the phenomenon of electrodeposition, which occurs periodically in a non-destructive way for the element via the application of a high-voltage pulsed electric field. Disruption of the cell membrane structure occurs, meaning that increased extraction yields can be achieved [21].



The aim of this study was to investigate and optimize the extraction of essential bioactive compounds, such as vitamin C, vitamin A, carotenoids, polyphenols, and other antioxidants from persimmon peels (specifically from Diospyros kaki), utilizing various extraction techniques including PEF and US. Additionally, the study aimed to determine the most suitable conditions, such as temperature, time, and solvent compositions (ethanol–water mixtures), to maximize the yield of these beneficial compounds. The ultimate goal was to encourage and facilitate the exploitation of persimmon peel as a valuable nutritional product or ingredient in various industries, thereby contributing to waste reduction and promoting sustainable practices and a circular economy.




2. Materials and Methods


2.1. Chemicals and Reagents


All solvents used were at least of HPLC grade and were obtained from Carlo Erba (Val de Reuil, France). Gallic acid, anhydrous sodium carbonate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-tri-2-pyridinyl-1,3,5-triazine (TPTZ), phosphate buffer, and Folin–Ciocalteu reagent were obtained from Penta (Prague, Czech Republic). Chemical standards for the HPLC-based determination of polyphenols (i.e., chlorogenic acid, neochlorogenic acid, cryptochlorogenic acid, rutin, quercetin 3-O-galactoside, and kaempferol 3-O-β-rutinoside), iron (III) chloride, hydrochloric acid, ascorbic acid, and trichloroacetic acid were purchased from Sigma-Aldrich (Steinheim, Germany). Deionized water was used for all conducted experiments.




2.2. Sample and Extract Preparation


Jiro persimmons (Diospyros kaki) were provided by local farmers in the province of Pella (Central Macedonia, Greece). The persimmon fruits were randomly chosen. The persimmons were washed with tap water and dried with paper towels. The peels were manually removed, sliced into smaller pieces, and lyophilized in a Biobase BK-FD10P lyophilizer (Jinan, China). For the lyophilization process, the peels were frozen at −40 °C for 2 h before insertion into the lyophilizer. Lyophilization was carried out for 24 h. The peels were crushed into a fine powder (with an approximate average particle diameter of 500 μm) and stored in the freezer until further usage.



A glass bottle was filled with 20 mL of the extraction solvent and 1 g of powdered persimmon peels and then the extractions followed. Table 1 shows the extraction solvent composition (percentage concentration of ethanol in water). Extraction was carried out using stirring (ST) at 500 rpm at varied temperatures and times (Table 1). Prior to extraction, some samples were also treated with PEF and/or US, as indicated in Table 1. Prior to the 20-min treatment with either technique (US or PEF treatments), the dried material was hydrated for 10 min by submerging it in the solvent. In all cases, after the extraction, the mixture was centrifuged for 10 min at 4500 rpm, then the supernatant was retracted and stored at −40 °C until further analysis.



A mode/arbitrary waveform generator (UPG100, ELV Elektronik AG, Leer, Germany), a digital oscilloscope (Rigol DS1052E, Beaverton, OR, USA), a high-voltage power generator (Leybold, LD Didactic GmbH, Huerth, Germany), and two custom stainless-steel chambers (Val-Electronic, Athens, Greece) were used for the PEF processing of the samples [22,23,24]. The pulse period was set to 1 ms (frequency: 1 kHz), the pulse duration to 10 μs, and the electric field density to 1.0 kV/cm. The Elmasonic P machine (Elma Schmidbauer GmbH, Singen, Germany) was kept at 30 °C, running at 37 kHz for the US treatment [25,26].




2.3. Design of the Experiment and the Response Surface Methodology (RSM) Optimization


The RSM was used to extract the total polyphenols (TPC), ascorbic acid, and total carotenoids with the highest yield achievable [24,25,26]. The antioxidant activity was measured using the FRAP, DPPH, and H2O2 scavenging assays. Optimizing the concentration of rutin as well as the values of TPC, FRAP, DPPH, H2O2 scavenging, ascorbic acid, and total carotenoids was the experimental design’s goal. The extraction method, the solvent concentration (C, % v/v), the extraction duration (t, min), and the extraction temperature (T, °C) were all optimized to achieve this goal. An experiment with a main-effect screening design and 20 design points served as the foundation for the optimization. Working according to the experimental design, the process variables were set up in five tiers. Table 1 contains a list of the coded and real levels. Using an analysis of variance (ANOVA) and summary-of-fit tests, the overall model significance (R2, p) and the significance of the model (equation) coefficients were evaluated at a minimum level of 95%.



The response variable was also predicted using a second-order polynomial model, as indicated in Equation (1), as a function of the analyzed independent factors:


   Y k     = β   0  +   ∑    i = 1   2   β i   X i  +   ∑    i = 1   2   β  ii    X i 2  +   ∑    i = 1   2    ∑    j = i + 1   3   β  ij    X i   X j   



(1)




where Yk is the predicted response variable; Xi and Xj are the independent variables; β0, βi, βii, and βij are the intercept and the regression coefficients of the linear, quadratic, and interaction terms of the model, respectively.



The RSM was used to calculate the largest peak area and the influence of a significant independent variable on the response.




2.4. Sample Analyses


All information regarding the analyses conducted on the samples [14,27,28,29,30], such as the total polyphenol content (TPC), ferric reducing antioxidant power (FRAP), DPPH, radical scavenging activity, a hydrogen peroxide (H2O2) scavenging assay, ascorbic acid (AA) content, total carotenoid content (TCC), and HPLC-DAD are given in the Supplementary Materials.




2.5. Statistical Analysis


JMP® Pro 16 software (SAS, Cary, NC, USA) was used for the experimental design, as well as the statistical analysis pertaining to the response surface methodology and the distribution analysis. The partial least squares (PLS) analysis was based on the nonlinear iterative partial least squares (NIPALS) algorithm. The quantitative analysis was performed in triplicate and the extraction processes were performed at least twice. The results are shown as medians and standard deviations.





3. Results and Discussion


3.1. Extraction Optimization


Persimmon holds significant commercial value, being extensively studied and utilized across various industrial sectors [31]. Notably, the peel of persimmon appears to be even more nutritious than the pulp. The persimmon pulp was analyzed, and the pH value was measured to be 6.47 ± 0.03, and the total soluble solids value (°Brix) was 18.6 ± 0.12. However, to maximize the yield of the bioactive compounds present in the peel extract, including the total polyphenols, ascorbic acid, and total carotenoids, various parameters were examined. These parameters (Table 1) included solvent composition (water, ethanol, and their mixtures at 25, 50, and 75% v/v), extraction time (ranging from 30 to 150 min), and extraction temperature (ranging from a low of 20 °C to a high of 80 °C). In order to ensure optimum results, the solid-to-liquid ratio was 1:20, i.e., 1 g of persimmon powdered peel to 20 mL of each solvent (this ratio was selected based on the preliminary results). Additionally, low-energy-consumption extraction techniques such as PEF and US prior to ST were employed, either individually or in various combinations. The results obtained from the analyses of the prepared extracts are given in Table 2, whereas the contents of the prepared extracts in polyphenolic compounds are given in Table 3. Moreover, a representative chromatogram of the extracts is given in Figure 1.



Through the evaluation of various extraction parameters, a significant reduction in resource waste (e.g., solvents, time, and energy) can be achieved, rendering the processing of food by-products more environmentally friendly [23]. For the extraction, the solvent composition is of paramount importance, since the extraction capacity of different bioactive compounds varies, depending on their polarity [30]. Polyphenols are one of the best-known examples since they are unable to be effectively extracted with water, while ethanol is among the solvents that easily improve the extraction performance of samples to be extracted [14,28,32]. By using extraction methods such as PEF and US, further disruption of the fruit cell membranes is induced and, therefore, the nutrients are more easily extracted. However, in the present study, their use was not considered the optimal extraction method for all compounds (vide infra), which results in the completion of the extraction process of persimmon within a shorter time than with other fruits [14,28,32,33].




3.2. Total Polyphenol Content of the Extracts


Persimmon fruit is a good source of polyphenols [34]. Polyphenolic compounds are secondary metabolites in plants [35,36] that can exist either in free or bound forms within the fruit [37]. According to the results (Table 2), it is clear that using the ST technique alone was sufficient to achieve the maximum extractable polyphenol content from persimmon peels. Employing a 50% ethanol:water mixture and conducting the extraction at 35 °C for 90 min proved to be the most suitable conditions for total polyphenol isolation. The TPC obtained ranged from 2.55 to 6.47 mg GAE/g, resulting in an increase in a TPC of up to 153.73% (Table 2). In a previous study, where a methanolic solvent was used to increase polyphenol content to retrieve extracts for incorporation into biscuits, the TPC was found to be 0.339 mg/g [38]. Our findings suggest that the use of ethanol was of significant importance, regardless of the extraction technique utilized. In a previous study, where several persimmon subspecies such as D. kaki cv. Mopan, D. kaki cv. Jiro, and D. kaki cv. Zenjimaru were examined, the TPC values found in the flesh were 0.32, 1.68, and 3.48 mg GAE/g, respectively [39]. However, these amounts are far lower than the optimum value of 6.47 mg GAE/g that can be obtained from the peel by following conditions that ensure higher nutrient isolation. By applying the optimum combination of parameters (X1:1, X2:3, X3:3, and X4:3) (Table 4 and Table 5), an even higher quantity of polyphenols can be achieved (7.17 mg GAE/g). This represents a further ~10% increase compared to the maximum values for total polyphenols among the initial 20 samples. The significance of these findings lies in the potential value of persimmon peel as a rich source of polyphenols, surpassing the polyphenol content found in the flesh. Such insights into the optimal extraction conditions can open new avenues for utilizing persimmon peel in the development of functional foods, dietary supplements, and pharmaceutical products, promoting sustainable practices and reducing food waste. However, it must be taken into account that in our case, only free phenolics were studied. As such, further studies are needed to explore bound phenolics to provide a more comprehensive overview.




3.3. Content of Rutin and Other Polyphenols in the Extracts


Rutin, a prominent polyphenol used in traditional Chinese medicine [40], is well-known for its anti-inflammatory and antioxidant properties, as well as its potential to reduce blood fat and cholesterol levels [41,42]. Moreover, rutin is widely recognized for its anti-cancer abilities [43]. Interestingly, a recent study reported that rutin was among the polyphenols that were not detected in persimmon [44], albeit suggesting that further investigation was recommended. However, in this study, it was revealed that rutin was the main polyphenol, with quantities reaching as high as 164.24 μg/g and no less than 90 μg/g (Table 2). It was found that the combination of US and ST techniques, coupled with high temperature (80 °C) and higher ethanol content in the solvent (75%), yielded the maximum rutin content. Notably, the extraction time did not significantly impact the maximum isolation, as only 1 h was sufficient. Moreover, it transpired that the maximum predicted amount of rutin that can be obtained was found to be 172.86 μg/g (Table 4 and Table 5). The presence of this valuable polyphenol reinforces the potential of the extract as a source of essential compounds with numerous health benefits, making it a promising candidate for pharmaceutical and functional food applications.



Among the polyphenolic compounds, significant quantities of caffeic acid, p-coumaric acid, ferulic acid, and gallic acid were previously found in persimmon peels [45,46]. Our results align with these previous findings, as we detected all these polyphenolic compounds in the majority of our samples (Table 3). For compounds such as gallic acid, protocatechuic acid, and caffeic acid, simple ST was proven to be insufficient for their identification, necessitating the use of US in the case of gallic acid and a combination of PEF and US for identifying protocatechuic acid and caffeic acid. In addition, the use of pure ethanol did not yield higher amounts of these three polyphenols. The optimum isolated amounts for gallic acid, protocatechuic acid, and caffeic acid were 54.62, 76.85, and 22.88 μg/g, respectively (Table 3). These values far surpassed previous studies focused on the flesh of the fruit, where gallic acid values amounted to only 9.53 and 27.94 μg/g [47,48], demonstrating the effectiveness of the currently proposed extraction method. According to previous research, persimmon fruits contain low amounts of protocatechuic acid at about 0.13 μg/g [47], an amount that is almost negligible compared to what can be ensured using this study’s proposed extraction method. Finally, regarding caffeic acid, the amount previously recorded was 1 μg/g [49], which is also low compared to the amount that can be extracted from the peel using techniques such as PEF and high temperatures (80 °C).



Moreover, the polyphenolic compounds of p-coumaric acid, ferulic acid, and myricetin were identified and quantified in the extracts. The use of US before ST as the extraction mode yielded maximum results for p-coumaric acid and myricetin, while water was the most suitable solvent. The recorded amounts for p-coumaric acid, ferulic acid, and myricetin were 13.94, 56.21, and 18.04 μg/g, respectively (Table 3). These values greatly exceeded previous studies’ results, which were focused on the flesh of the fruit, wherein p-coumaric acid was found at 0.97 μg/g [48] and ferulic acid at 0.08 μg/g [10]. Myricetin lowers the risk of prostate cancer and diabetes in humans [50], so its high amounts in products are of major importance. In the present study, the amount of myricetin increased from 16.29 to 18.04 μg/g, i.e., by 10.74%, increasing its positive effects on human health.



Lastly, quercetin 3-β-D-glucoside, kaempferol 3-O-β-rutinoside, and kaempferol 3-glycoside were identified in relatively high amounts (Table 3). Such polyphenols are well known to exist in persimmons [51]. Among these polyphenols, kaempferol-3-O-glycoside is a flavonoid known for its biological properties and is commonly found in various plants [52]. ST was found to be adequate for obtaining substantial amounts of all three compounds, with the solvent comprising 25% ethanol exhibiting the optimum results. Temperature played a significant role in extracting kaempferol 3-glycoside, with the maximum amount being recorded at 80 °C, while a temperature of 35 °C was adequate for the other two compounds. The amounts of quercetin 3-β-D-glucoside ranged from 7 to 12.78 μg/g (an 82.57% increase) (Table 3), kaempferol 3-O-β-rutinoside ranged from 53.81 to 80.11 μg/g (a 48.88% increase), and kaempferol 3-glycoside ranged from 25.08 to 55.59 μg/g (a 121.65% increase), signifying the need for optimal extraction conditions.




3.4. Antioxidant Properties of the Extracts


According to Yaqub et al., the genus Diospyros is extremely rich in antioxidants, with the peel being richer than the pulp [53]. To assess the antioxidant properties of the extracts, three different methods were used. In all cases, the significance of using US before ST was highlighted, to ensure the highest antioxidant activity. In particular, the combination of PEF + US + ST proved to be the most effective method for H2O2 scavenging assays (Table 2). As regards the FRAP method, the antioxidant activity in the peel reached a maximum value of 42.19 μmol/g (Table 2). In a study on a related species, Diospyros virginiana, the antioxidant activity using the same method was found to be 45.06 μmol/g [54]. The difference between the two species’ values is no more than 7%, which can be attributed to the variation in species. In a study evaluating the antioxidant activity of the fruit of the Diospyros kaki cv. Mopan subspecies using the DPPH method, a value of 0.09 μmol/g was recorded [55]. In contrast, the present study’s samples exhibited values ranging from 5.58 to 34.29 μmol/g (Table 2), validating the notion that the peel holds significantly enhanced antioxidant activity compared to the pulp. The scavenging activity of H2O2 showed variable values, with an increase of up to 114%, with values ranging from 15.46 to 33.03 μmol of AAE/g (Table 2). Considering the crucial importance of antioxidant activity in the food, medicinal, and cosmetic industries [56,57], persimmon peel emerges as a good alternative source of antioxidant compounds. The maximum predicted values in all three methods of measuring antioxidant capacity, as well as the optimal extraction parameters, are presented in Table 5. In fact, comparing these values with the optimum values of the 20 samples (Table 2), it was found that when using the FRAP method, the value can be increased by 13.18%, while when using the H2O2 method, the value increased by 7.69%. Remarkably, the optimum value for antioxidant capacity, established through the DPPH free radical scavenging assay, is the same as the maximum value from the 20 samples. These findings underscore the antioxidant potential of persimmon peel, which can be harnessed for various applications in the food and health industries.




3.5. Total Carotenoid Content (TCC) of the Extracts


The substantial abundance of carotenoids in persimmon peel significantly contributes to the fruit’s high antioxidant activity [58,59]. In persimmon peels, the identified carotenoids, listed in ascending order of content, include β-cryptoxanthin, zeaxanthin, lutein, and β-carotene [60]. In a prior study examining TCC in persimmon peel, the reported amount was 340 μg/g [53]. According to Table 2, the amount of TCC in the current extracts surpassed this value, revealing the maximum TCC to be 392.17 μg/g, indicating a 15.34% increase. By using ethanol in combination with ST and a relatively elevated temperature (65 °C) for a short extraction time (30 min), the highest TCC extraction could be achieved. The fact that the lowest amount of TCC determined in the extracts was 3.51 μg/g underscores the feasibility of maximizing the isolation of these bioactive compounds using a better combination of techniques. According to Table 5, the predicted amount of TCC can reach up to 386.47 μg/g.




3.6. Ascorbic Acid Content of the Extracts


The bioactive compounds in persimmons and their notably high content of ascorbic acid make them ideal for producing products with functional characteristics [61]. The pulp of the plant contains approximately 0.70 mg/g of ascorbic acid [62]. According to our results (Table 2), it is evident that the persimmon peels contained varying amounts of ascorbic acid, ranging from 0.62 to 5.34 mg/g. This significant finding highlights two important aspects. Firstly, the ascorbic acid content in the peel extracts can differ from the flesh by as little as 13% and as much as 663%. Secondly, the optimal conditions for ascorbic acid extraction were determined to include ethanol, ST, a short extraction time, and a temperature set at 65 °C. Under these conditions, an increase in the ascorbic acid content of the extracts of up to 790% can be achieved.



Finally, in Table 4, the statistically significant parameters, second-order polynomial equations (models), and coefficients (coefficients > 0.94) generated for each model are shown, indicating the reliability and accuracy of the developed models. Figures S1–S7 in the Supplementary Materials provide plots of the actual responses compared to the expected response for each investigated parameter, alongside the desirability values. Figure 2 and Figure 3 illustrate three-dimensional response plots for TPC and ascorbic acid, while Figures S8–S12 exhibit three-dimensional response plots for the additional responses.




3.7. Principal Component Analysis (PCA) and Multivariate Correlation Analysis (MCA)


Figure 4 and Figure 5 provide summary indicators reflecting the correlation among the various examined responses. The closer the correlation value is to 1, the stronger the relationship among the measured variables. In all cases, all variables, except for the correlation between total polyphenols and total carotenoids, exhibited positive correlations. Most of the correlations were 0.6 and above, while in some cases, the correlation among variables was smaller or even negative [14]. A particularly noteworthy discovery is the correlation found between ascorbic acid content and TCC, indicating a strong association between these two. Furthermore, a definitive relationship was observed between TPC and antioxidant activity, as measured by the FRAP method. Rutin also displayed positive correlations with all other compounds, with correlation values not falling below 0.4. Lastly, it is evident that antioxidant activity is highly correlated with rutin, total carotenoids, and the FRAP method.




3.8. Partial Least Squares (PLS) Analysis


To comprehensively evaluate all parameters (X1, X2, X3, X4) and determine the optimal extraction mode, partial least squares (PLS) analysis was employed. As depicted in Figure 6 and Figure 7, the parameter combination X1:4, X2:5, X3:5, and X4:2 emerged as the most suitable one. In particular, the PEF + US + ST combination was identified as the optimal extraction mode, providing the highest extraction quantities of bioactive compounds. This finding aligns with the fact that the application of additional pretreatment methods can promote the disruption of plant cell structures and facilitate the release of intracellular compounds, including polyphenols and carotenoids. Notably, the use of ethanol and an extended extraction time (150 min) were deemed essential components for achieving optimal results. The achievement of a higher yield when ethanol is used in the extraction process is consistent with previous research that highlights the solubilizing effect of ethanol on hydrophobic bioactive compounds. The ability of ethanol to interact with non-polar compounds aids in extracting a wide range of polyphenols, carotenoids, and other antioxidant compounds from plant matrices [26,27]. Additionally, a temperature of 35 °C was found to play a critical role in facilitating the optimal extraction of bioactive compounds. The importance of temperature in optimizing the extraction process is in accordance with the well-established principle that temperature influences the kinetics of extraction reactions. Moderate temperatures promote the release of bioactive compounds, while minimizing potential thermal degradation [27]. By adhering to the optimal parameters, the amounts of all bioactive compounds shown in Figure 7 can be effectively achieved. The desirability approaches approximately 0.77, indicating a strong correlation between the highest concentrations attainable and those derived from the system specified as X1:4, X2:5, X3:5, and X4:2. Moreover, upon comparing the values obtained from the PLS model with those resulting from experimental analysis, a remarkable correlation coefficient of 0.999 was observed, signifying a high degree of agreement. The p-value being <0.0001 further supports the reliability and accuracy of the PLS model. The optimum results can be seen in Table 6 and Table 7. When ideal conditions are followed, as per the PLS model, protocatechuic acid was not detected in the sample, in contrast to other polyphenolic compounds that were detected in significant quantities. Overall, PLS analysis offers a systematic approach to optimize the extraction of bioactive compounds from persimmon peels. Various factors have been thoroughly investigated and used in a predictive model that can pave the way for future investigations in maximizing the utilization of persimmon waste biomass for the production of antioxidant-rich extracts.





4. Conclusions


In this study, the extraction of bioactive compounds from Japanese persimmon peel waste, while focusing on sustainable and efficient methodologies, was systematically explored. According to the results, it was showcased that these fruit peel by-products are a good source of valuable bioactive compounds. Among the techniques tested, the combination of PEF, US, and ST, with a 10-min hydration process followed by 150 min of extraction at 35 °C, proved to be the most efficient approach.



Our research highlights the feasibility of transforming persimmon peel waste into a valuable resource, which can be used to obtain bioactive compounds that have potential applications in various industries, including as functional foods, pharmaceuticals, and nutraceuticals. The incorporation of green extraction methods like PEF underscores the ongoing shift toward more sustainable and environmentally friendly practices. While this study provides valuable insights into the extraction process, further exploration is needed to maximize the utilization of persimmon peel extracts. Future research topics could include exploring novel product development, establishing formulation strategies, and identifying target markets that align with the extracted bioactive compounds. By capitalizing on these findings, industries can introduce new products that promote health and contribute to the principles of the circular economy. In conclusion, our study emphasizes the significance of efficiently extracting bioactive compounds from fruit peel waste, with a specific focus on persimmon peels. By optimizing the extraction techniques and engaging in innovative research directions, the potential of these natural resources can be harnessed, fostering sustainable practices and creating products that address the changing needs of consumer demands and health-conscious trends.
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Figure 1. Exemplary HPLC chromatogram at 320 nm of the persimmon peel waste extract, demonstrating the polyphenolic compounds that were identified. 1: Gallic acid; 2: protocatechuic acid; 3: caffeic acid; 4: p-coumaric acid; 5: ferulic acid; 6: rutin; 7: quercetin 3-β-D-glucoside; 8: kaempferol 3-O-β-rutinoside; 9: kaempferol 3-glycoside; 10: myricetin. 
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Figure 2. The optimal extraction of persimmon peel waste extracts, using different extraction methods and hydroethanolic solutions, is depicted in 3D graphs that show the impact of the process variables considered in the response (total polyphenol content—TPC, mg GAE/g). Plot (A) shows the covariation of X1 and X2; plot (B) shows the covariation of X1 and X3; plot (C) shows the covariation of X1 and X4; plot (D) shows the covariation of X2 and X3; plot (E) shows the covariation of X2 and X4; plot (F) shows the covariation of X3 and X4. 
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Figure 3. The optimal extraction of persimmon peel waste extracts, using different extraction methods and hydroethanolic solutions, is depicted in 3D graphs that show the impact of the process variables considered in the response (ascorbic acid, mg/g). Plot (A) shows the covariation of X1 and X2; plot (B) shows the covariation of X1 and X3; plot (C) shows the covariation of X1 and X4; plot (D) shows the covariation of X2 and X3; plot (E) shows the covariation of X2 and X4; plot (F) shows the covariation of X3 and X4. 
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Figure 4. Principal component analysis (PCA) for the measured variables. The inset table includes the eigenvalues. Asterisks and colored values denote statistically significant values. 
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Figure 5. Multivariate correlation analysis of the measured variables. 
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Figure 6. Partial least squares (PLS) analysis was used to create a correlation loading plot showing persimmon peel waste extraction using different extraction methods and hydroethanolic solutions. 






Figure 6. Partial least squares (PLS) analysis was used to create a correlation loading plot showing persimmon peel waste extraction using different extraction methods and hydroethanolic solutions.



[image: Biomass 03 00025 g006]







[image: Biomass 03 00025 g007] 





Figure 7. Partial least squares (PLS) prediction profiler of each variable and desirability function, with extrapolation control for the optimization of persimmon peel waste extracts using different extraction methods and hydroethanolic solutions. 
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Table 1. The actual and coded levels of the independent variables used to optimize the extraction process of bioactive compounds from persimmon peels.
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Independent Variables

	
Code Units

	
Coded Variable Level




	
1

	
2

	
3

	
4

	
5






	
Technique

	
X1

	
ST

	
PEF + ST

	
US + ST

	
PEF + US + ST

	
–




	
C (%, v/v)

	
X2

	
0

	
25

	
50

	
75

	
100




	
t (min)

	
X3

	
30

	
60

	
90

	
120

	
150




	
T (°C)

	
X4

	
20

	
35

	
50

	
65

	
80











 





Table 2. Combinations of the four independent variables under consideration (X1: extraction technique, X2: composition of the solvent, X3: extraction time, and X4: extraction temperature) and the dependent variables’ responses.
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Design Point

	
Independent Variables

	
Responses




	
X1

	
X2

	
X3

	
X4

	
Rutin

(μg/g)

	
TPC

(mg GAE/g)

	
FRAP

(μmol AAE/g)

	
DPPH

(μmol AAE/g)

	
H2O2

(μmol AAE/g)

	
Asc. Acid

(mg/g)

	
TCC

(μg CtE/g)






	
1

	
3

	
1

	
3

	
4

	
93.25

	
3.24

	
20.16

	
5.58

	
15.72

	
0.96

	
6.41




	
2

	
3

	
2

	
1

	
3

	
140.17

	
6.28

	
35.44

	
19.95

	
17.08

	
2.27

	
19.19




	
3

	
2

	
3

	
4

	
3

	
150.18

	
6.30

	
38.61

	
27.54

	
25.66

	
2.13

	
8.00




	
4

	
2

	
4

	
5

	
4

	
160.59

	
5.78

	
37.19

	
29.93

	
25.39

	
2.94

	
127.65




	
5

	
3

	
5

	
4

	
2

	
150.57

	
5.46

	
42.19

	
19.89

	
28.65

	
4.89

	
366.24




	
6

	
4

	
1

	
4

	
5

	
108.53

	
2.73

	
18.28

	
6.75

	
17.01

	
1.53

	
35.67




	
7

	
4

	
2

	
3

	
1

	
141.95

	
5.35

	
24.07

	
14.08

	
15.46

	
1.62

	
51.86




	
8

	
1

	
3

	
3

	
2

	
160.50

	
6.47

	
36.82

	
26.98

	
24.85

	
2.24

	
19.12




	
9

	
1

	
4

	
4

	
1

	
163.85

	
5.55

	
32.63

	
22.81

	
22.66

	
2.11

	
57.45




	
10

	
1

	
5

	
1

	
4

	
162.24

	
5.40

	
26.68

	
21.29

	
26.29

	
5.34

	
389.84




	
11

	
1

	
1

	
2

	
3

	
107.61

	
3.90

	
21.20

	
16.76

	
17.70

	
1.70

	
57.36




	
12

	
1

	
2

	
5

	
5

	
158.96

	
5.58

	
40.01

	
29.54

	
15.54

	
2.59

	
3.51




	
13

	
4

	
3

	
2

	
4

	
157.34

	
5.60

	
27.05

	
15.93

	
25.22

	
1.39

	
22.32




	
14

	
3

	
4

	
2

	
5

	
164.24

	
4.86

	
28.74

	
22.64

	
33.01

	
2.65

	
121.95




	
15

	
2

	
5

	
3

	
5

	
149.57

	
3.47

	
21.28

	
14.43

	
31.02

	
3.40

	
326.15




	
16

	
2

	
1

	
1

	
1

	
91.90

	
2.55

	
10.09

	
5.78

	
22.34

	
0.62

	
4.16




	
17

	
2

	
2

	
2

	
2

	
133.96

	
5.77

	
34.56

	
21.48

	
24.08

	
2.05

	
13.09




	
18

	
3

	
3

	
5

	
1

	
154.32

	
5.75

	
31.40

	
34.29

	
24.05

	
2.17

	
19.51




	
19

	
4

	
4

	
1

	
2

	
159.05

	
6.19

	
34.73

	
8.02

	
28.04

	
2.93

	
58.50




	
20

	
4

	
5

	
5

	
3

	
156.13

	
4.72

	
30.84

	
26.79

	
33.03

	
4.74

	
382.41








TPC: total polyphenol content; FRAP: ferric reducing antioxidant power; DPPH radical scavenging activity; hydrogen peroxide (H2O2) scavenging assay; ascorbic acid content; TCC: total carotenoid content.













 





Table 3. Combinations of the four independent variables under consideration (X1: extraction technique, X2: composition of the solvent, X3: extraction time, and X4: extraction temperature) for the 20 samples being prepared and the concentration of individual polyphenolic compounds (μg/g dw) quantified in each sample.
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Design Point

	
Independent Variables

	
Responses (μg/g)




	
X1

	
X2

	
X3

	
X4

	
GA

	
PCA

	
CFA

	
pCA

	
FA

	
QG

	
KR

	
KG

	
MYR






	
1

	
3

	
1

	
3

	
4

	
54.62

	
12.41

	
22.65

	
13.94

	
29.99

	
8.39

	
58.62

	
26.35

	
18.04




	
2

	
3

	
2

	
1

	
3

	
10.28

	
nd

	
22.22

	
12.14

	
50.97

	
11.58

	
74.31

	
37.99

	
17.41




	
3

	
2

	
3

	
4

	
3

	
8.41

	
9.05

	
21.72

	
11.87

	
53.37

	
11.87

	
75.64

	
43.96

	
17.39




	
4

	
2

	
4

	
5

	
4

	
8.76

	
9.69

	
21.55

	
11.93

	
54.43

	
11.61

	
76.56

	
49.64

	
17.33




	
5

	
3

	
5

	
4

	
2

	
8.85

	
8.78

	
21.86

	
11.64

	
53.65

	
11.04

	
70.69

	
40.16

	
17.12




	
6

	
4

	
1

	
4

	
5

	
15.27

	
10.00

	
22.88

	
13.55

	
40.75

	
7.57

	
60.65

	
39.73

	
17.01




	
7

	
4

	
2

	
3

	
1

	
nd *

	
76.85

	
22.65

	
12.46

	
50.45

	
12.05

	
73.82

	
35.91

	
17.64




	
8

	
1

	
3

	
3

	
2

	
nd

	
16.29

	
22.48

	
11.70

	
56.21

	
12.78

	
80.11

	
43.44

	
17.46




	
9

	
1

	
4

	
4

	
1

	
nd

	
12.05

	
21.80

	
11.60

	
55.81

	
12.16

	
78.31

	
41.99

	
17.41




	
10

	
1

	
5

	
1

	
4

	
nd

	
nd

	
19.86

	
11.49

	
53.71

	
9.62

	
71.29

	
41.94

	
16.88




	
11

	
1

	
1

	
2

	
3

	
nd

	
12.50

	
22.40

	
13.79

	
39.75

	
9.96

	
65.63

	
29.70

	
17.65




	
12

	
1

	
2

	
5

	
5

	
46.48

	
12.94

	
20.88

	
13.12

	
53.86

	
10.82

	
68.55

	
55.59

	
16.86




	
13

	
4

	
3

	
2

	
4

	
11.74

	
17.44

	
21.93

	
11.88

	
54.99

	
12.10

	
74.88

	
42.56

	
16.93




	
14

	
3

	
4

	
2

	
5

	
15.38

	
13.08

	
21.35

	
12.15

	
54.82

	
11.77

	
76.75

	
52.19

	
17.45




	
15

	
2

	
5

	
3

	
5

	
10.21

	
10.65

	
20.12

	
12.01

	
51.99

	
9.97

	
68.64

	
50.20

	
16.29




	
16

	
2

	
1

	
1

	
1

	
8.99

	
11.25

	
21.33

	
12.41

	
37.73

	
7.00

	
53.81

	
25.08

	
17.17




	
17

	
2

	
2

	
2

	
2

	
28.97

	
12.12

	
21.65

	
12.20

	
47.60

	
9.95

	
67.85

	
33.83

	
17.19




	
18

	
3

	
3

	
5

	
1

	
nd

	
15.87

	
22.25

	
11.83

	
54.99

	
11.97

	
77.35

	
41.25

	
17.17




	
19

	
4

	
4

	
1

	
2

	
nd

	
11.51

	
21.62

	
11.55

	
55.32

	
12.29

	
75.45

	
42.33

	
17.07




	
20

	
4

	
5

	
5

	
3

	
8.52

	
nd

	
19.53

	
11.52

	
52.22

	
8.91

	
67.89

	
40.21

	
16.64








* nd: not detected; GA: gallic acid; PCA: protocatechuic acid; CFA: caffeic acid; pCA: p-coumaric acid; FA: ferulic acid; QG: quercetin 3-β-D-glucoside; KR: kaempferol 3-O-β-rutinoside; KG: kaempferol 3-glycoside; MYR: myricetin.













 





Table 4. Mathematical models created using RSM were used to optimize the extraction from persimmon peel waste with hydroethanolic solutions using various techniques. The models contained only the significant terms.
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	Responses
	Second-Order Polynomial Equations (Models)
	R2
	p
	Equation





	Rutin
	Y = 55.94 − 19.28X1 + 93.3X2 − 29.42X3 + 6.54X4 + 3.64X12 − 12.27X22 − 0.42X32 + 3.86X42 − 0.77X1X2 + 4.73X1X3 − 4.72X1X4 + 4.16X2X3 − 5.1X2X4 + 0.82X3X4
	0.9847
	0.0013
	(2)



	TPC
	Y = −3.47 + 0.48X1 + 6.38X2 − 2.06X3 + 2.25X4 − 0.04X12 − 0.83X22 − 0.06X32 − 0.01X42 − 0.12X1X2 + 0.35X1X3 − 0.42X1X4 + 0.27X2X3 − 0.46X2X4 + 0.1X3X4
	0.949
	0.0235
	(3)



	FRAP
	Y = −39.09 + 10.4X1 + 49.14X2 − 18.74X3 + 15.43X4 − 2.53X12 − 5.8X22 − 1.11X32 + 0.98X42 − 0.12X1X2 + 3.49X1X3 − 3.54X1X4 + 2.56X2X3 − 5.46X2X4 + 1.82X3X4
	0.9421
	0.0313
	(4)



	DPPH
	Y = −1.4 − 6.98X1 + 34.34X2 − 18.64X3 + 7.66X4 − 0.67X12 − 5.45X22 + 0.51X32 + 1.21X42 + 0.41X1X2 + 3.93X1X3 − 2.1X1X4 + 2.1X2X3 − 2.21X2X4 − 0.21X3X4
	0.9433
	0.0299
	(5)



	H2O2
	Y = 36.36 − 5.37X1 − 0.19X2 + 3.02X3 − 9.32X4 − 1.35X12 − 0.07X22 − 0.1X32 − 0.19X42 + 1.92X1X2 + 0.53X1X3 + 1.95X1X4 − 1.55X2X3 + 1.23X2X4 + 0.49X3X4
	0.9682
	0.0078
	(6)



	Ascorbic acid
	Y = −0.83 − 0.03X1 + 3.67X2 − 3.16X3 + 1.46X4 − 0.1X12 − 0.29X22 − 0.04X32 + 0.18X42 − 0.04X1X2 + 0.62X1X3 − 0.47X1X4 + 0.27X2X3 − 0.55X2X4 + 0.17X3X4
	0.9366
	0.0383
	(7)



	TCC
	Y = 34.27 − 5.2X1 + 63.98X2 − 195.12X3 + 85.7X4 − 0.55X12 + 8.74X22 − 10.52X32 + 15.56X42 − 9.32X1X2 + 45.75X1X3 − 37.4X1X4 + 28.45X2X3 − 29.51X2X4 + 8.83X3X4
	0.9644
	0.0102
	(8)







TPC: total polyphenol content; FRAP: ferric reducing antioxidant power; DPPH radical scavenging activity; hydrogen peroxide (H2O2) scavenging assay; TCC: total carotenoid content.













 





Table 5. Maximum predicted responses and optimum extraction conditions for the dependent variables when using different extraction methods and hydroethanolic solutions.
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Responses

	
Optimal Conditions




	
Maximum Predicted Response

	
Technique

(X1)

	
C (%, v/v)

(X2)

	
t (min)

(X3)

	
T (°C)

(X4)






	
Rutin (μg/g)

	
172.86 ± 11.93

	
ST (1)

	
50 (3)

	
120 (4)

	
65 (4)




	
TPC (mg GAE/g)

	
7.17 ± 1.16

	
ST (1)

	
50 (3)

	
90 (3)

	
50 (3)




	
FRAP (μmol AAE/g)

	
47.75 ± 9.97

	
PEF + ST (2)

	
75 (4)

	
90 (3)

	
35 (2)




	
DPPH (μmol AAE/g)

	
34.29 ± 9.87

	
US + ST (3)

	
50 (3)

	
150 (5)

	
20 (1)




	
H2O2 (μmol AAE/g)

	
35.57 ± 4.79

	
US + ST (3)

	
100 (5)

	
120 (4)

	
65 (4)




	
Ascorbic acid (mg/g)

	
4.93 ± 1.58

	
US + ST (3)

	
100 (5)

	
150 (5)

	
35 (2)




	
TCC (μg CtE/g)

	
386.47 ± 118.99

	
ST (1)

	
100 (5)

	
60 (2)

	
65 (4)








TPC: total polyphenol content; FRAP: ferric reducing antioxidant power; DPPH radical scavenging activity; hydrogen peroxide (H2O2) scavenging assay; TCC: total carotenoid content.













 





Table 6. Maximum desirability values for all variables, using the partial least squares (PLS) prediction profiler under the optimal extra