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Abstract

:

The drive towards sustainable food systems coupled with increased consumer sophistication have prompted innovation in waste valorization. Grape and citrus processing by-products, abundant in the Mediterranean and tropical regions, respectively, are expanding and are sustainable sources of bioactive phytochemicals that can be used as natural preservatives for foods. Phytochemical composition, antioxidant, and antimicrobial properties of extracts from grape pomace (GPE), seeds (GSE), and clementine mandarin peel and pulp (MPE) grown in South Africa were analyzed. Total phenols and carotenoids were highest in GPE followed by GSE and MPE (p ≤ 0.05). Flavonoids and anthocyanins were higher (p ≤ 0.05) in GPE and GSE compared to MPE. The GSE had the highest proanthocyanidins content followed by GPE and MPE (p ≤ 0.05). Ascorbic acid was only detected in MPE, which also had the highest titratable acidity and lowest pH values (p ≤ 0.05). The GSE had the highest antioxidant potency composite index followed by GPE and MPE (p ≤ 0.05). The order of antimicrobial activity of the extracts was MPE > GSE > GPE (p ≤ 0.05). Current findings show that GSE is a potential antioxidant while MPE holds promise as an antimicrobial for the food industry.
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1. Introduction


Globally, about 1.6 billion tons of food are lost or wasted annually [1]. In South Africa, for example, annual postharvest food losses and wastes amount to 10 million tons [2], with about 95% of the food wastage occurring along the value chains prior to reaching the consumer. Food spoilage due to oxidative degradation and microbial action is an important contributor to wastage through reduction in quality and shelf-life, which in turn result in reductions in nutrition value, safety, and healthfulness of foods [3]. These degradative processes are exacerbated by particular food processing steps such as comminution, which increases surface area of foods and promotes interaction between pro-oxidants, enzymes, lipids, and proteins [4]. Synthetic preservatives are commonly used to inhibit and or delay these processes and enhance the quality, safety, and shelf stability of foods [3]. Consumer health concerns and sentiments against synthetic preservatives have, however, renewed fear and avoidance of foods containing these preservatives [5]. For example, cancer has historically been associated with nitrate and nitrites used in processed foods [5], while the use of benzoates has been linked to hyperactive behavior in children, allergies, asthma, and skin rashes [4,6,7]. Access of such information to the public influences their purchasing behavior towards trust and preference of foods preserved with natural preservatives [5,8]. These developments have prompted researchers to pursue natural preservatives mainly derived from plants, viewed as nutritious, safe, healthful, and promote sustainable food systems [3].



The global fruit processing industry creates large amounts of waste usually composed of stems, skin, peels, pulp, seed, and oilseed meals [9]. For example, at least 40% of the 1 million tons of mandarin produced annually in South Africa are channeled to juice production with waste accounting for 50% to 70% of the fresh weight comprising of peels (60%–65%), pulp (30%–35%), and seeds (<10%) [10]. In addition, 1.5 million tons of grapes are produced for wine production with pomace making up 20% to 25% (w/w) of the pressed grapes on dry matter basis [11]. Grape pomace is made up of stalks (~2%), seeds (~47%), skin, and pulp (~51%) [12,13]. Citrus and grape by-products are largely treated as waste and generally disposed of in landfills [14]. The high moisture and organic contents of these fruit by-products upon putrefaction, poses a significant risk to the environment through production of greenhouse gasses and contamination of water bodies [14]. In addition, transportation to disposal sites is a significant economic cost to the fruit processing industry [14].



Citrus and grape by-products are sustainable sources of valuable bioactive phytochemicals including ascorbic acid, tocopherols, tocotrienols, carotenoids, and several phenolic compounds [15,16]. Bioactive phytochemicals play an important role in preserving food quality by retaining flavor, color, texture, and nutrients, while reducing the chance of contracting a foodborne illness and potentially contributing in the prevention of chronic diseases due to their antioxidant properties [17]. In that regard, valorization of citrus and grape wastes has potential to unlock new value chains for the fruit processing industry and contribute immensely towards sustainable food systems. In South Africa, systematic research investigating preservative capabilities of extracts from grape and citrus by-products of local varieties is missing. In vitro studies with plant extracts rich in phenolic compounds have shown synergistic effects in antioxidant and antimicrobial tests because of their mixture of metabolites, which present multiple points of intervention [18,19]. For successful adoption of fruit by-product-based natural preservatives in sustainable food systems, key parameters such as photochemical composition, antioxidant and antimicrobial efficacy, safety, and stability during food processing should be known [7]. The objective of the current research was, therefore, to determine the phenolic composition, antioxidant, and antimicrobial properties of extracts from clementine mandarin peel and pulp, grape pomace, and seeds.




2. Materials and Methods


2.1. Chemicals and Reagents


Folin-Ciocalteau reagent, sodium carbonate, aluminium chloride, dimethyl sulfoxide (DMSO), butylated hydroxytoluene (BHT), hexane, sodium nitrite, and sodium hydroxide (Merck, Darmstadt, Germany); the standards gallic acid, catechins, L-ascorbic acid, (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), and β-carotene, the reagents polyvinylpyrrolidone, 2,2-diphenyl-1-picryl-hydrazyl (DPPH), 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), fluorescein sodium salt, 2,2′-azobis (2-methylpropionamidine) dihydrochloride (AAPH), sodium tetraborate, boric acid, xylenol orange, linoleic acid, 15-lipoxygenase enzyme, nordihydroguaiaretic acid (NDGA), Mueller-Hinton agar, Mueller Hinton broth, iodonitrotetrazolium chloride (INT), sodium metabisulphite, and tetracycline used in the current study were purchased from Sigma-Aldrich (Steinheim, Germany).




2.2. Sample Preparation


The fruit by-products used in the current study were grape pomace, grape seed, and clementine mandarin peel and pulp. Fresh grape (Vitis vinifera cv. Pinotage) pomace was obtained in January 2017 from Stellenbosch University’s Welgevallen Cellar (Stellenbosch, South Africa; S 33°56′22.38″ E 018°52′1.92″). Grape seed was a donation from Brenn-O-Kem Pty Ltd. (Wolseley, South Africa; 33.4181° S, 19.2385° E). Clementine mandarin (Citrus reticulata) peel and pulp were sourced in September 2017 from Citrusdal (Western Cape, South Africa; 32°34′41.2″ S, 19°00′36.2″ E). Before drying, the mandarin peel and pulp was washed. All fruit by-products were collected in batches over six consecutive days (6 batches). Each collection day, approximately eight tons of grape and about 10 tons of mandarin were processed and a representative sample (2 kg) of fresh by-product collected (n = 6 pressings). The sample from each day’s pressing for each fruit by-product was further divided into three 500 g fractions. Samples were oven dried at 60 °C for 72 h and then ground into fine powders using a Wiley mill (Model 4, Thomas Scientific, Swedesboro, NJ, USA) to pass through a 1-mm sieve. These were then stored at −20 °C, pending extraction.




2.3. Polyphenol Extraction


Solid–liquid extraction of the three fruit by-products was performed using the modified method of Yilmaz and Toledo [20] at Brenn-O-Kem (Pty) Ltd., Wolseley, South Africa. The ground samples were defatted by a washing step in hot water before extraction using 62% ethanol (1:10, w/v). The extracts were recovered using a filter press (Model KFP639/20, Schenk, South Africa) and the filtrate was vacuum-dried using a single-stage, liquid ring vacuum pump (Model MHF-150, Nash, WI, USA) to eliminate the solvent. The dried extracts were then ground (0.1 µm) into a powder. Before the determination of phytochemicals, the powdered extracts were separately weighed and re-suspended in 62% ethanol.




2.4. Phytochemical Analyses


2.4.1. Determination of Total Phenols and Tannins


Total phenolics and tannins of the extracts were determined by the Folin-Ciocalteu colorimetric method [21]. Absorbance was read at 725 nm using a UV-visible spectrophotometer (Thermo Scientific Technologies, Madison, WI, USA). Tannin content was calculated as the difference between the total phenolics before and after polyvinylpyrrolidone treatment. Measurement was carried out in triplicate and calculated from a calibration curve obtained with gallic acid as the standard. The content of total phenolics was expressed as g gallic acid equivalents (GAE)/100 g extract dry matter (DM).




2.4.2. Determination of Total Flavonoids


Total flavonoid content of the extracts was determined with the procedure described by Yang et al. [22]. Briefly, a 0.25 mL aliquot of extracts (1:10 dilution) was mixed with 1.25 mL of deionized water and added to 0.075 mL of 5% sodium nitrite solution. This was allowed to react for 5 min after which 0.15 mL of 10% aluminum chloride was added. After 6 min, a 0.5 mL volume of 1 M sodium hydroxide was added to stop the reaction. Final mixture volume was then brought to 3 mL by adding deionized water. Absorbance of the mixture was immediately measured at a 510 nm against a prepared blank using a UV-visible spectrophotometer. The total flavonoid content was determined by a catechin standard curve and expressed as g of catechin equivalents (CE)/100 g extract DM.




2.4.3. Total Monomeric Anthocyanins


Total monomeric anthocyanin content was determined using the pH-differential method described by Giusti and Wrolstad [23]. Extracts were mixed thoroughly with 0.025 M potassium chloride buffer pH 1 in a 1:2 ratio of extract to buffer. Similarly, extracts were mixed with a sodium acetate buffer pH 4.5. Absorbance was read at 510 and 700 nm using a Thermo Scientific Technologies spectrophotometer against a buffer blank at pH 1.0 and 4.5. Readings were converted to total milligrams of cyanidin 3-glucoside (C3G). The anthocyanin content was calculated as follows


Total monomeric anthocyanins (g100g)=ΔA ×MW × 1000ε ×C










ΔA=(A510− A700)pH1.0− (A510− A700)pH4.5








where A is absorbance, MW is the molecular weight for C3G (449.2), ε is the molar absorptivity of C3G (26,900), and C is the concentration of extract in grams per milliliter. The total monomeric anthocyanin content was expressed as cyanidin-3-glucoside equivalent (g/100 g extract DM).




2.4.4. Proanthocyanidins


Determination of proanthocyanidins was performed according to the method of Porter et al. [24]. Resuspended samples of extracts were diluted with distilled water, followed by addition of a 3.0 mL volume of butanol–HCl (95:5) and 0.1 mL ferric reagent. The mixtures were vortexed, held in a boiling water bath for 60 min, and then cooled to room temperature. Absorbance was recorded at 550 nm using a UV-visible spectrophotometer (Thermo Scientific Technologies, Madison, WI, USA). Proanthocyanidin concentration was expressed as cyanidin equivalent (g CyE/100 g extract DM).




2.4.5. Total Carotenoids


Total carotenoids were determined following the method of De Carvalho et al. [25]. The absorbance of the samples was measured at 470 nm using a UV-visible spectrophotometer (Thermo Scientific Technologies, Madison, WI, USA), against an ethanol: hexane, BHT blank. Estimates were calculated from a calibration curve obtained with β-carotene as the standard and expressed in g/100 g extract DM.




2.4.6. Ascorbic Acid


Ascorbic acid content of extracts was determined using a colorimetric method as described by Mphahlele et al. [26]. Estimations were calculated from a calibration curve obtained with ascorbic acid as the standard and the content expressed as g ascorbic acid (AA)/100 g extract DM.





2.5. Titratable Acidity and pH


Titratable acidity of extract samples was determined using an automatic titrator (Metrohm Compact Titrosampler, Herisau, Switzerland). Triplicate samples (2 g) were diluted with 70 mL of deionized water and titrated against 0.1 M sodium hydroxide solution until the end-point pH of 8.1 was reached. The results were expressed as tartaric acid equivalent (%, g/100 g solids). The pH of extract samples was measured in triplicate with a standard pH meter after calibration with pH 4.0 and 7.0 buffers.




2.6. Antioxidant Activity Assays


Multiple antioxidant evaluation assays namely; 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity (DPPH), ferric reducing antioxidant power (FRAP), oxygen radical absorbance capacity (ORAC) and lipoxygenase (15-LOX) inhibition were employed to sufficiently evaluate the antioxidant activity of the fruit by-product extracts. The DPPH and FRAP assays are electron transfer-based assays, while the ORAC and lipoxygenase (15-LOX) assays are hydrogen atom transfer reaction assays.



2.6.1. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Radical Scavenging Activity


The assay was performed according to the method of Tolic et al. [27], based on the reduction of stable DPPH radical in the presence of antioxidants. Absorbance measurements were made at 517 nm against a methanol blank using a UV-visible spectrophotometer (Thermo Scientific Technologies, Madison, WI, USA). Absorption of a sample containing the same amount of methanol and DPPH solution acted as a negative control, while L-ascorbic acid was used as positive control. The EC50 for each treatment, sample concentration providing 50% of antioxidant activity [28], was calculated and the result expressed in mg/mL, for comparison against ascorbic acid, and as Trolox equivalents (TE)/g extract.




2.6.2. Determination of Ferric Reducing Antioxidant Power (FRAP)


The FRAP assay was conducted according to Benzie and Strain [29]. The method is based on the reduction of the Fe3+-2,4,6-tripyridyl-s-triazine (TPTZ) complex to the ferrous form at low pH. This reduction is monitored by measuring the absorbance change at 595 nm. A standard curve was prepared using different concentrations (0–1800 µM) of Trolox. FRAP values were calculated according to the calibration curve and they were expressed as Molar Trolox equivalents (M TE)/g extract.




2.6.3. Oxygen Radical Absorbance Capacity (ORAC)


The assay was performed according to Gillespie et al. [30] and measures the free radical oxidation of a fluorescent probe through the change in its fluorescent intensity. Fluorescence kinetic readings were measured with an excitation wavelength of 485 nm and an emission wavelength of 530 nm. Readings were taken using a Tecan Spark 10 M multimode microplate reader (Männedorf, Switzerland). The assay temperature was kept at 37 °C and duration was 1 h. The ORAC values were calculated using the area under the curve (AUC) for the standard and samples. A standard curve was obtained by plotting the Trolox standards against the average AUC. The half maximal effective concentration (EC50) for each treatment was calculated and the result expressed in µg/mL, also for comparison against ascorbic acid, and as Trolox equivalents (TE)/g extract.




2.6.4. 15-Lipoxygenase (15-LOX) Inhibition Assay


The 96-well microplate-based ferrous oxidation-xylenol (FOX) assay was carried out according to the method described by Waslidge and Hayes [31]. Extract samples were reconstituted in 10% dimethyl sulfoxide (DMSO) and filtered. Concentration range of the extracts ranged from 2.44 × 10−3–80 µg/mL. Blank wells were prepared by adding 70 µL of assay buffer (borate buffer, 0.2 M) in triplicate. Positive control wells contained 50 µL of 960 U/mL LOX and 20 µL of nordihydroguaiaretic acid (NDGA), which was used as the positive control inhibitor in the assay. 100% initial activity (IA) wells were prepared by adding 50 µL of LOX and 20 µL of 10% DMSO. Sample wells (inhibitor) contained 50 µL of LOX and 20 µL of extract. The reaction was then initiated by adding 50 µL of substrate (Linoleic acid; 356 µM) to all the wells of a 96-well plate with further incubation for 10 min after which 100 µL of FOX was added to each well to terminate the reaction. The Fe3+-dye complex was allowed to develop for 30 min at room temperature and the absorbance read at 570 nm on a 96-well Multiskan Microplate Photometer (Thermo Scientific, Shanghai, China). All data points were measured in triplicate and the results are presented as mean ± SD. The percent lipoxygenase inhibition for each extract was determined as follows:


Inhibition=[1− IA−InhibitorIA]×100








The IC50 values for each extract were calculated and the result expressed in µg/mL of solvent.





2.7. Antimicrobial Susceptibility Testing


2.7.1. Culture of Microorganisms and Suspension Preparation


Antibacterial activity was tested against three Gram-positive bacteria (Listeria monocytogenes ATCC 7644, Enterococcus faecalis ATCC 29212, and Staphylococcus aureus ATCC 29213), two Gram-negative bacteria (Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853) and one yeast (Candida albicans ATCC 14053) obtained from ThermoFisher Scientific (Johannesburg, South Africa). Each strain was separately grown on Muller-Hinton (MH) agar (24 h at 35 °C for bacteria, and 48 h at 25 °C for yeast), after which a fresh working suspension was then prepared by suspending in 0.85% saline solution. Regulation of the initial suspension turbidity for the microbes was conducted by comparison of microbial suspension in sterile 0.85% saline with 0.5 McFarland’s standard. The adjustment standard is equivalent to concentrations of 1–5 × 108 and 1–5 × 107 cfu/mL for bacteria and fungi, respectively. In addition, 1:100 dilutions of the regulated suspensions were made in sterile MH broth to result in a final inoculum of approximately 1.5 × 106 cfu/mL for bacteria and 1.5 × 105 cfu/mL for fungi.




2.7.2. Minimum Inhibitory Concentration


Minimum inhibitory concentration (MIC) of the extracts were determined using a modified broth microdilution method as described by Eloff [32] and Oliveira et al. [33]. Tetracycline was used as the positive control while sodium metabisulphite is a commercial antimicrobial preservative used in meat and other foods in South Africa. Test plates were covered with parafilm and incubated at 35 °C for 22 ± 2 h for bacteria and 28 °C for 48 h for yeast. Microbial growth was detected after incubation by addition of 40 µL of an iodonitrotetrazolium (INT) ethanolic solution (0.2 mg/mL). The trays were again incubated at 35 °C for 1 h, and in those wells, where microbial growth occurred, INT changed from yellow to purple. The MIC values were defined as the lowest concentration of each natural product, which completely inhibited microbial growth. The results were expressed in milligrams per milliliter.





2.8. Data Analyses


The EC50 values for DPPH, ORAC, and IC50 values for lipoxygenase were calculated from the logarithmic non-linear regression curve derived from the plotted data using GraphPad Prism software version 4.03 (GraphPad Software, Inc., San Diego, CA, USA). For each of the antioxidant method, an antioxidant index score of the sample was calculated according to the formula:


Antioxidant Index score=[(Sample scoreBest score)×100]











For DPPH and ORAC, two scores were calculated based on EC50 and Trolox equivalence values. Antioxidant potency composite (APC) index was then calculated as the average of the antioxidant index score of each method [34]. The extracts’ overall antioxidant activities were ranked based on the APC index.



Data for phenolic composition, antioxidant, and antimicrobial activity were analyzed using a general linear model (GLM) procedure of SAS (SAS Institute Inc., Cary, NC, USA). The total number of observations for phenolic content and antioxidant activity data were 54 (3 fruit by-products × 6 pressings × 3 replications). After averaging the replications, the remaining 18 observations were subjected to analysis of variance using the following model:


yij= μ + ti+ εij








where  yij is the response variable (phenolic content, antioxidant activity, and antimicrobial activity), µ is the overall mean, ti is the effect of the ith type of type of fruit by-product (GPE, GSE, and MPE), and ɛij is the error term. Treatment means were generated using the LSMEANS option and separated using Tukey’s multiple comparison test. Differences were declared at the p ≤ 0.05 significance level. Furthermore, principal component analysis was used to determine the relationships between the phenolic content with antioxidant and antimicrobial activities using the XLSTAT version 2018.5 (Addinsoft, Boston, USA).





3. Results and Discussion


3.1. Phytochemical Content, pH, and Titratable Acidity


Phenolic content, pH, and titratable acidity data are shown in Table 1. Total phenolic content of the extracts was significantly (p ≤ 0.05) influenced by type of fruit by-product. Total phenolic content was highest in GPE with intermediate and lowest contents in GSE and MPE, respectively (p ≤ 0.05). The observation that type of fruit by-product had an effect on the phenolic content is consistent with literature showing that the primary source of variation emanates from species differences [35].



The observed differences in phenolic content between GPE and GSE mainly stem from tissue differences. In response to fluctuating environmental conditions and developmental stage, fruits synthesize and localize phenolic compounds differently in various internal structures (i.e., cells, organelles) depending on function and need, which then becomes important when the fruit by-products are collected for the retrieval of phenolics [34,36]. These findings pertaining to differences in the localization of phenolics also agree with Veberic [35], who reports that diverse plant organs or tissues can be characterized by different phenolic composition.



The total phenolic content of GPE observed in this study is similar to that reported by Katalinic et al. [37] and slightly higher than that reported by Xu et al. [38], which had a content in the range of 5.55–15.4 g GAE/100 g. The observed GSE phenolic content was within the range of 2.13–16.5 g CE/100 g DW reported by Rockenbach et al. [39] and higher than the range of 2.12–6.77 g GAE/100 g reported by Tseng and Zhao [40]. The difference of observed values from the latter was attributed to the solvent system of 70% acetone /0.1% HCl /29.9% water (v/v/v) at a solvent to pomace powder ratio of 4:1 (v/w) employed for extraction by Xu et al. [38]. The observed phenolic content of MPE was in the range of 0.67–19.62 g CE/100 g from a variety of cultivars reported by M’hiri et al. [15].



The GPE had higher (p ≤ 0.05) tannin content than GSE and MPE, with no significant difference between the latter two (p > 0.05). The tannin content observed for GPE was similar to that reported by Xu et al. [38], while that for GSE was in the range reported by Ky et al. [41]. Since citrus fruits are not known to contain tannins [42], it can be speculated that the observed value could have come from the reaction of Folin–Ciocalteau reagent with melanoidins formed during drying of mandarin extract [15].



Compared to MPE, flavonoid content was higher (p ≤ 0.05) in GPE and GSE, with no significant difference between the latter two (p > 0.05). The total flavonoid contents observed for GPE and GSE were consistent with previous studies [38,43]. According to Yang et al. [22], grape berry flavonoids such as the anthocyanins and flavanols (quercetin), are mainly localized in the skins while the flavan-3-ols (catechins) are present both in the skins and in the seeds. That partly explains why the content of flavonoids in the GPE and GSE was not significantly different. The MPE had total flavonoid content in the range reported by M’hiri et al. [15].



Proanthocyanidin content was highest in GSE, followed by GPE and MPE, in that order (p ≤ 0.05). According to Yu and Ahmedna [44], proanthocyanidins found in GSE are soluble in the organic solvent used in the extraction process as they are small compounds which are mainly monomeric and oligomeric in nature. In contrast, GPE proanthocyanidins are of a high-molecular weight and represent what is termed the non-extractable polyphenols [12,44]. These non-extractable polyphenols remain complexed within the cellular matrix to proteins or cell wall polysaccharides rendering them insoluble and requiring hydrolysis to release them [12]. The low proanthocyanidin content of MPE could be that they exist in the citrus genus in an un-extractable form or that there is low to none, as reported by Hellstro et al. [42]. The MPE had lower (p ≤ 0.05) anthocyanin content compared to GPE and GSE that had no significant (p > 0.05) difference in anthocyanin content. This finding agrees with M’hiri et al. [15] who reported that anthocyanins are minor compounds in citrus fruits with further evidence provided by Butelli et al. [45].



Grape seed extract had the highest content of total carotenoids, with moderate levels in GSE and the lowest for MPE (p ≤ 0.05). The variation between GSE and GPE could be ascribed to tissue differences as explained earlier for phenolic compounds. There was no ascorbic acid detected in the GPE and GSE extracts. This is in contrast to previous research by Sousa et al. [46] who found GPE to have 26.3 mg of acid ascorbic/100 g. The contrast can be attributed to the difference in grape cultivars used, with Sousa et al. [46] having used grapes from the Vitis vinifera L. Benitaka variety. Ascorbic acid values for MPE were consistent with range given by M’hiri et al. [15].



All the extracts were acidic, with pH ranging from 3.41 to 4.26. The extracts followed the order of MPE > GPE > GSE in decreasing acidity (p ≤ 0.05; Table 1). This order was also true for titratable acidity, with MPE, GPE, and GSE having the highest, intermediate, and lowest titratable acidity, respectively (p ≤ 0.05).




3.2. In Vitro Antioxidant Activity


In this section we tested the hypothesis that red grape pomace (Vitis vinifera L. var. Pinotage), grape seed, and clementine mandarin peel and pulp (Citrus reticulata) extracts do not have in vitro antioxidant capacity. The results for antioxidant activity are presented in Table 2. The GSE exhibited the strongest radical scavenging activity (DPPH) followed by GPE and MPE in decreasing order. Ascorbic acid had the lower EC50 values compared to the three fruit extracts (p ≤ 0.05). A similar trend for antioxidant activity of the extracts was observed for the FRAP assay (GSE > GPE > MPE; p ≤ 0.05). These findings could be attributed to anthocyanins, flavonoids, and proanthocyanidins contents of the respective extracts. This is supported by negative correlations between DPPH EC50 values with anthocyanin and flavonoid contents, suggesting low effective concentration (i.e., high potency) in samples with high contents of anthocyanin and flavonoid, albeit non-significant (p > 0.05). Similarly, there was a positive correlation between the reducing power (FRAP) and anthocyanin content in the investigated samples (Table 3; Figure 1). Xu et al. [38] found similar results showing that the antioxidant activity is highly correlated with anthocyanins, flavonoids, and proanthocyanidins, which act as hydrogen and electron donors, free radical scavengers, non-radical scavengers of reactive oxygen species, chelators of transitional metal ions, and enzyme inhibitors [47]. The electron-donating ability of these flavonoid derivatives is based on their structure, which allows hydrogen or electron donation capacity, ability to stabilize and delocalize the unpaired electron, and their potential to chelate transition metal. While the DPPH assay lacks the presence of oxygen radicals present in nature, it retains relevance based on the assumption that extract antioxidant capacity is equal to electron donating capacity or reducing power demonstrated [27]. In the same manner, the FRAP assay results are interpreted based on the assumption that capability of antioxidants to reduce ferric ions, reflects their ability to reduce reactive oxygen species [29]. Both methods, therefore, demonstrate that extracts from fruit by-products have antioxidant properties performing greater than ascorbic acid used commercially.



With regards to ORAC assay, GSE exhibited the greatest antioxidant capacity as shown by the lowest EC50 and Trolox equivalents values, followed by MPE and GPE with ascorbic acid having the lowest capacity. This was also the trend in the lipoxygenase (LOX) assay, where the order of antioxidant activity was GSE > MPE > GPE (p ≤ 0.05). The extracts, however, had much higher IC50 compared to NDGA, a known inhibitor of 15-lipoxygenase enzyme. The ORAC and lipoxygenase assays had a strong correlation with total phenols and total tannins (Table 3; Figure 1). The high radical quenching ability, as well as lipoxygenase inhibition of GSE, agrees with previous research by Yilmaz and Toledo [20], who attributed the high antioxidant capacity of GSE to the hydrogen donating activity of dimeric, trimeric, oligomeric, and/or polymeric procyanidins. Guitard et al. [48] report that in procyanidins, the bonding of the pyrogallol and gallolyl moieties drastically reduces the bond dissociation enthalpy which greatly favors transfer of the phenolic hydrogen to free radicals as is demonstrated in hydrogen atom-transfer assays. These free radicals are most often in the form of reactive oxygen species which are known to result in unrestricted oxidation of DNA, proteins, and membrane lipids [30].



The observed high-antioxidant capacity of GSE is also attributed to its proanthocyanidin fraction, which has a structure that allows them to trap more radicals per molecule of antioxidant, giving them greater antioxidant activity [48]. Brewer [49] also points out that proanthocyanidins contain multiple hydroxyl groups that can donate hydrogen, quench oxygen radicals, and chelate metals.



The greater ORAC and lipoxygenase antioxidant activity of MPE compared to GSE could have been from the high ascorbic acid content of OPE. The ascorbic acid antioxidant mechanism is through quenching of reactive oxygen species and enzyme reduction [36]. Overall, GSE had the most antioxidant activity of all the extract across all the assays employed as seen by its rank according to the calculated APC index in Table 2. It is, therefore, suggested that GSE could be regarded for application in the food matrix as an antioxidant based on its in vitro performance.




3.3. In Vitro Antimicrobial Activity


The hypothesis that red grape pomace (Vitis vinifera L. var. Pinotage), grape seed, and clementine mandarin peel and pulp (Citrus reticulata) extracts do not have in vitro antimicrobial capacity was tested. Results obtained indicate that antimicrobial activity varied significantly (p ≤ 0.05) amongst the investigated extracts (Table 4). Overall, the order of antibacterial activity for the extracts MPE > GSE > GPE. Both the positive control and the commercial preservative exhibited strong inhibitory activity, greater than that of the extracts, against Listeria monocytogenes, Enterococcus faecalis, Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Candida albicans in line with previous studies [50].



In terms of the extracts, MPE had the greatest antimicrobial activity as observed by the low MIC across all the microorganisms tested (p ≤ 0.05). The antimicrobial activity of MPE could be due to its high acidity levels. This is indicated by the strong negative correlation between MPE, ascorbic acid, acidity levels with S. aureus, P. aeruginosa, and E. coli microbial MIC (Table 3; Figure 1). The antimicrobial activity of organic acids involves the un-dissociated organic acids entering the bacterial cell, causing membrane disruption (leakage, transport mechanisms), inhibition of essential metabolic reactions such as glycolysis, stress on intracellular pH homeostasis, accrual of toxic anions, and energy stress response to restore homeostasis.



The inhibitory effect of the extracts against S. aureus, E. coli, and P. aeruginosa was highly correlated with flavonoid, anthocyanin, and proanthocyanidins content (Table 3; Figure 1), in agreement with the results of Wu et al. [51] and Peixoto et al. [28]. Hydroxylated flavonoids such as kaempferol were observed by Wu et al. [51] to have an inhibitory effect on E. coli, with a strong correlation between the DNA gyrase enzyme inhibition IC50 and antibacterial MIC values indicating the importance of bacterial enzyme inhibition effect. As such, Wu et al. [51] concluded that an important mechanism in the antimicrobial activity of flavonoids is the inhibition of microbial enzyme. An example of such is DNA gyrase which is involved in the transcription, replication of DNA, and chromosome segregation process [51]. The correlations between flavonoid, anthocyanin, and proanthocyanidins groups with bacterial inhibition are in support of previous research findings by Lee and Paik [7]. Their work highlighted that the phenolic profile, as opposed to individual phenolics, is essential in giving strong antimicrobial effect as different phenolics present multiple mechanisms.



Overall, the extracts were found to be more effective against the Gram-positive bacteria (S. aureus, E. faecalis, and L. monocytogenes) and yeast than against the Gram-negative (P. aeruginosa and E. coli). This is consistent with studies done by Jayaprakasha et al. [52] and Peixoto et al. [28] showing that Gram-positive bacteria are more susceptible to plant phenolic extracts than Gram-negative bacteria.



The presence of a unique liposaccharide cell wall [38], deactivation and metabolism of phenolic compounds such as hydroxycinnamic acids, as well as presence of efflux pumps on organisms like E. coli [53], are reported as the mechanisms of reduced susceptibility by Gram-negative bacteria. However, the antimicrobial activity demonstrated by MPE has positive implications in that it presents a viable substitute to sulphites, thereby reducing the allergenic risk posed by the use of the synthetic preservative [53].




3.4. Principal Component Analysis


Principal component analysis was performed as an exploratory data analysis tool to visualize and differentiate the three extracts based on the composition and bioactivity profiles. The score plot of the PCA analysis showed that 92.5% of the variability was explained by the first two components, which accounted for 62.5% and 30.0% of the total variance, respectively. The factor of analysis showed that the variables with higher contribution for the separation of the treatments on PC1 were total tannins, flavonoids, anthocyanins, carotenoids, ascorbic acid, pH, titratable acidity, S. aureus, P. aeruginosa, E. coli, C. albicans, DPPH, and FRAP. Along PC1, ascorbic acid, titratable acidity, and DPPH contributed to negative scores. For PC2, the variables that contributed on the separation were total tannins, proanthocyanidins, ORAC, and LOX. Based on the separations obtained in PC1 and PC2, it was observed that the source of extract (type of fruit by-product) was the factor that contributed more to the phytochemical composition and level of bioactivity. The level of ascorbic acid was the main factor that influenced the pH level, titratable acidity, and antimicrobial activity. On the other hand, the amount of proanthocyanidins, which makes up a large proportion of total tannins influenced the level of radical quenching (ORAC) and enzyme inhibition (LOX).



Based on the observed in vitro performance, it is suggested that GSE and MPE could be regarded for application in the food matrix as natural antioxidants and antimicrobials, respectively. Utilization of bioactive-rich citrus and winery by-products could provide an efficient, inexpensive, easily available, and environmentally friendly platform for the production of natural and sustainable food preservatives. Purification of the extracts can possibly increase bioactivity of these extracts [54]. In-depth analysis of the phenolic profile of the extracts using methods such as HPLC, to understand composition and isolation of active ingredients, is important. In addition, research is also necessary to establish bioavailability and real benefits of these extracts obtained from fruit by-products in a food matrix. Further studies to validate the safety and efficacy of such products for human use are also warranted.





4. Conclusions


The highest contents of total phenols, tannins, and carotenoids were found in GPE while GSE contained the highest content of proanthocyanidins and MPE had the greatest content of ascorbic acid. The GSE showed the best antioxidant activity whereas MPE had the greatest antimicrobial potential. Thus, GSE and MPE extracts can be considered for potential food matrix application either individually or in combination as excellent sources of antioxidant and antimicrobial, respectively. Valorization of these fruit by-products as natural food preservatives has potential to unlock new value chains for the fruit processing industry and contribute immensely towards sustainable food systems.
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Figure 1. Biplot obtained from PCA illustrating the relationship between phenolic profile, antimicrobial activity, and antioxidant activity of grape pomace extract (GPE), grape seed extract (GSE), and clementine mandarin peel and pulp extract (MPE). DPPH—2,2-diphenyl-1-picrylhydrazyl; FRAP—ferric reducing antioxidant power; ORAC—oxygen radical absorbance capacity; LOX—15-lipoxygenase. TPC—Total phenolic content. 
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Table 1. Phenolic composition, pH, and titratable acidity (means ± standard deviation) of grape pomace extract (GPE), grape seed extract (GSE), and clementine mandarin peel and pulp extract (MPE).
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Assay

	
Treatment




	
GPE

	
GSE

	
MPE






	
Total phenols 1 (g GAE/100 g)

	
17.30 ± 0.250 a

	
9.97 ± 0.340 b

	
6.49 ± 0.620 c




	
Total tannins 1 (g GAE/100 g)

	
11.5 ± 0.26 a

	
3.5 ± 0.33 b

	
4.7 ± 0.61 b




	
Flavonoids 2 (g CE/100 g)

	
7.76 ± 0.036 a

	
7.61 ± 0.610 a

	
1.00 ± 0.017 b




	
Proanthocyanidins 3 (g CyE/100 g)

	
1.04 ± 0.240 b

	
3.54 ± 0.130 a

	
0.13 ± 0.012 c




	
Anthocyanins 4 (g Cyd3E/100 g)

	
0.173 ± 0.0200 a

	
0.214 ± 0.0110 a

	
0.007 ± 0.0001 b




	
Total carotenoids 5 (g β-CE/100 g)

	
0.026 ± 0.0003 a

	
0.021 ± 0.0007 b

	
0.005 ± 0.0001 c




	
Ascorbic acid 6 (g AA/100 g)

	
ND *

	
ND *

	
2.69 ± 0.37




	
pH

	
3.82 ± 0.044 b

	
4.26 ± 0.089 a

	
3.41 ± 0.073 c




	
Titratable acidity (%)

	
6.15 ± 0.056 b

	
4.51 ± 0.030 c

	
8.11 ± 0.064 a








Means followed by a different letter within a row indicate significant (p ≤ 0.05) difference among samples. Units: 1 value expressed as g Gallic Acid Equivalents/100 g extract DM; 2 value expressed as g Catechin Equivalents/100 g extract DM; 3 value expressed as g Cyanidin Equivalents/100 g extract DM; 4 value expressed as g Cyanidin-3-glycoside Equivalents/100 g extract DM; 5 value expressed as g β-carotene Equivalents/100 g extract DM; 6 value expressed as g Ascorbic acid/100 g of extract DM; * Not Detected.
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