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Abstract

:

Featured Application


The bio-based food additives obtained from upcycling grapefruit peels can be used mainly in the food industry as natural antioxidant and antimicrobial alternatives. Additionally, these ingredients also show anti-inflammatory potential, underscoring their potential as a nutraceutical.




Abstract


Grapefruit (GF) processing generates significant nutrient and economic losses due to the production of 50% by-products, primarily peels. GF peels are a rich and sustainable source of bioactive compounds (BCs), such as essential oils (EOs) and phenolic compounds. Thus, finding value-added solutions based on a circular economy is paramount. This research aims to assess the antioxidant, anti-inflammatory, and antimicrobial properties of a hydroethanolic polyphenol-rich extract from crude GF peels (GF-CE), essential oil (GF-EO), and polyphenol-rich extract from GF peels after essential oil extraction (GF-PE). The GF-CE and GF-PE showed high concentrations of naringenin (7.71 and 48.60 mg/g dry extract (DE)), narirutin (15.03 and 28.73 mg/g DE), and hesperidin (0.67 and 0.29 mg/mL), respectively. Extracting firstly EOs from GF improved the release of phenolic acids (p-coumaric, ferulic, and chlorogenic acid). The GF-CE exhibited stronger free radical scavenging activity mainly in DPPH (IC50 = 75.69 ± 0.81 µg/mL) than GF-EO (1271 ± 0.85 µg/mL) and GF-PE (113.45 ± 0.85 µg/mL). The GF-EO demonstrated moderate antimicrobial activity against Gram-positive bacteria compared to the reference standard (amoxicillin) and strong activity against the yeast Candida albicans (inhibition zone of 16 mm). The major compounds in the GF-EO included D-limonene (25%), nootkatone (24%), and β-pinene (8%). Both polyphenol-rich extracts showed promising activities as COX1 and COX2 inhibitors with IC50 values of 25 ± 0.1 and 0.28 ± 0.00 µg/mL (compared to celecoxib (97.5 ± 0.1 and 0.31 ± 0.01 µg/mL) and indomethacin (6.25 ± 0.00 and 0.52 ± 0.01 µg/mL) as the standards), respectively. The study concludes that GF peels are a valuable source of BCs with significant bioactivities, offering a sustainable multi-cascade approach to recovering value-added compounds from GF peels in alignment with circular economy principles and open opportunities as functional ingredients for food applications.
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1. Introduction


Citrus fruits are widely consumed worldwide and have received considerable attention recently due to high levels of bioactive compounds (BCs), such as phenolic compounds and essential oils, which showed several human health-promoting benefits [1]. According to recent FAO statistical data, in 2022, the genus Citrus had an annual production of about 166.30 million tons, whereas the worldwide production of grapefruits (Citrus paradisi) was 9.76 million tons during the marketing year 2021/2022 [2,3]. The Mediterranean region is one of the main GF producers (30% of total production), where Turkey, Tunisia, Spain, and Egypt are among the top countries in the ranking [3].



Consumers highly appreciate grapefruit (GF) due to its abundance of nutrients and phytochemicals, which are valuable additions to a nutritious diet. They are consumed either fresh or processed [4]. Nevertheless, the processing results in juice and by-products consisting mainly of peels, pulps, and seeds, accounting for half of the fruit weight [5]. Thereby, GF processing generates a vast amount of waste generally used in composting and animal feed. In the worst cases, it is burned or dumped in landfills, which results in serious environmental issues and financial losses for the companies [6]. To overcome these unsustainable actions, a great industrial and scientific interest has risen to upcycle these side streams into high-value-added products [7].



Peels remain the primary by-product of GF processing and contain several phytochemicals, such as flavonoids, phenolic acids, vitamin C, carotenoids, and terpenes [8]. Generally, these molecules are present in higher amounts in the peels than other fruit parts [9]. Polyphenols have attracted much attention due to their use in food industries since recent studies have highlighted citrus peel extracts’ superior antioxidant capacity compared to synthetic antioxidants, along with their potent inhibitory effects on lipid oxidation and rancidity [10]. Moreover, these BCs exhibited promising antimicrobial properties against several potent foodborne pathogens, although their exact mechanism of action is yet to be fully elucidated [11]. Recently, these phytochemicals have been highly sought after by the nutraceutical industry due to their potential benefits against various oxidative stress-related disorders [12]. Over the last decade, several review studies have shown the positive effect of a high dietary intake of GF and other citrus polyphenols against inflammation processes, obesity, diabetes, neurodegenerative diseases, and cancer [8,12,13,14,15].



Additionally, citrus polyphenols have been strongly associated with cardioprotective effects [16,17]. Naringin, its aglycone, and naringenin are GF’s most abundant phenolic compounds [18]. For instance, naringenin has shown more effectiveness than vitamin C in inhibiting lipopolysaccharide (LPS)-induced inflammatory responses in macrophages, including a reduced nitrite production and the suppression of cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) expression [19]. In addition to phenolic compounds, for a very long time, EOs have been used in the food processing, preservation, and flavoring industries for multiple purposes. The citrus genus has garnered great attention due to its abundance of EOs with high antibacterial, antifungal, and insecticidal properties [20]. However, the EOs extracted from GF peels also showed a great antioxidant capacity [21], and recently, a study from Nikolic et al. [22] suggested that EO extracted from GF peels showed a protective action against LPS-induced inflammation by attenuating the gene expression and concentrations of pro-inflammatory interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α) cytokines. The main advantage of EOs compared to polyphenol-rich extracts is their recognized interest in food applications as it has been used since ancient times. Nevertheless, EOs possess certain limitations primarily associated with the dosage and administration methods, which lack uniformity [23].



In accordance with emerging trends, there is a noticeable shift in consumer attitudes towards a heightened interest in natural food products free from synthetic additives. Concurrently, consumers are increasingly seeking food options that align with the principles of health, sustainability, and social responsibility [24]. As previously reported, the EOs and polyphenol-rich extracts from GF have shown impressive positive health benefits and interesting functional properties, making them desirable as a natural alternative for the food industry [25]. These options enhance the shelf-life of food. For instance, an edible coating of alginate/chitosan enriched with a polyphenol-rich extract from GF seeds reduced the off-flavor of shrimp and the bacterial count by 2 log CFU during the storage time (15 days under refrigeration (4 °C)), prolonging the shelf-life of shrimp [26]. Another study from Durmus et al. [27] showed that nanoemulsions based on GF-EO increased, in 6 days (compared to the control), the shelf-life of rainbow trout filets. In addition, these bioactive extracts obtained from GF by-products can also reduce the risk of microbial contamination and eliminate the need for artificial additives [28]. On the other hand, the BCs present in GF extracts/EOs prevent and/or improve human health and enhance the food’s nutritional value [29]. Over the past decade, there has been a notable increase in the accessibility of natural food additives, functional foods, nutraceuticals, and supplements in the market. Projections anticipate that this industry will expand to approximately USD 210 billion by 2026 [30]. Therefore, strategies to reduce food waste by upcycling them to produce new food ingredients/extracts are paramount [31]. This aligns with multiple Sustainable Development Goals (SDGs), contributing to the global agenda for sustainable development and addressing interconnected challenges, such as hunger, environmental degradation, and economic inequality. For instance, by upcycling GF peels into new extracts/ingredients, we contribute to reducing hunger and ensuring access to nutritious food for all (SDG 2), while enhancing human well-being with bioactive ingredients in the upcycled food (SDG 3) and promoting sustainable consumption and production patterns (SDG 12). In addition, food waste generates significant greenhouse gas emissions when it decomposes in landfills. Therefore, using GF by-products to produce new value-added ingredients will mitigate climate change (SDG 13), while contributing to the preservation of terrestrial ecosystems (SDG 15) [32,33]. Promoting the integration of upcycling practices within food systems holds significant promise for enhancing circularity within the food industry. Exploring this potential has emerged as a prominent topic of interest throughout the food value chain.



This research work aims to evaluate the antioxidant, antimicrobial, and anti-inflammatory activity of an EO and polyphenol-rich extracts from GF peels cultivated in Egypt. In addition, a multi-compound cascade approach is employed to collect bioactive extracts from the same by-product, increasing the circular economy value. The antioxidant capacity was evaluated using two standard methods: DPPH and nitric oxide; the antimicrobial activity was tested against both Gram-positive (Gram+) and Gram-negative (Gm−) bacteria as well as fungi; and the anti-inflammatory activities were analyzed by the cyclooxygenase enzyme expression (COX1 and COX2). The chemical composition of the EO and polyphenol-rich extracts was analyzed by GC/MS and LC/MS.




2. Materials and Methods


2.1. Chemicals


1,1-Diphenyl-2-picrylhydrazyl (DPPH), ascorbic acid (vitamin C), celecoxib, and the Griess reagent were purchased from Sigma-Aldrich, St. Louis, MO, USA. Sodium nitroprusside (s.d. Fine-Chem. Ltd., Mumbai, India), indomethacin, and acetylsalicylic acid were purchased from (The Arab Drug Company (ADCO), Cairo, Egypt). The in vitro anti-inflammatory activity was assessed using an ELISA kit provided by Cayman Chemical Company, Ann Arbor, MI, USA. Gallic acid, Folin–Ciocalteu reagent, aluminum chloride reagent, quercetin, and anhydrous sodium sulphate were purchased from Oxford Lab Chem, Navghar, India.




2.2. Plant Material and Extract Preparation


2.2.1. Plant Material


The fresh fruit of Citrus paradisi (GF) was collected from the National Research Centre Farm at the Agricultural Production and Research Station, National Research Centre, El Nubaria Province, El Behira Governorate, in 2021. The farm applies agro-eco-friendly environment procedures, and we collected healthy fruits only. A commercial juice squeezer was used to extract the juice from the fresh GF, which leaves the peels (flavedo + albedo) and some pulp residue. The GF peels are used for this study.




2.2.2. Grapefruit Crude Polyphenol-Rich (GF-CE) Extract


Three kg of fresh GF peels was mixed with ethanol 80% (v/v) at a 1:3 (m/v) ratio and left for 24 h under agitation to extract the polyphenols. The extraction process was repeated till exhaustion. After that, the extracts were combined and filtered and then dried at 45 °C under vacuum in a rotary evaporator. The final polyphenol-rich extract (GF-CE) was stored at 4 °C in a dark-colored bottle during the analysis time (Figure 1).




2.2.3. Grapefruit Essential Oil (GF-EO) and Grapefruit Polyphenol-Rich Extract (GF-PE) Extraction


To perform an integrated extraction approach to increase the economic value of GF peel valorization, two different BC extracts were obtained sequentially from the same by-product (Figure 1). Firstly, the EO was extracted from two kg of fresh peels through hydrodistillation using a Clevenger-type apparatus for 3 h, as mentioned in Egyptian pharmacopeia. The obtained GF-EO was desiccated using anhydrous sodium sulfate and stored in a freezer at −20 °C for subsequent analysis. The GF peels remaining from hydrodistillation were used to extract the polyphenols (GF-PE). The extraction process was the same one as that used for GF-CE, as described in Section 2.2.2.





2.3. Phytochemical Analysis


2.3.1. Essential Oil (GF-EO) Composition


The analysis of the GF-EO compounds was conducted through GC-MS using a Thermo Scientific Trace GC Ultra/ISQ Single Quadrupole MS system, equipped with a TG-5MS fused silica capillary column (30 m, 0.251 mm, and 0.1 mm film thickness) from Shimadzu Corporation, Kyoto, Japan. The GC-MS detection employed an electron ionization system with an ionization energy of 70 eV, with helium gas serving as the carrier gas at a constant flow rate of 1 mL/min. The injector and MS transfer line temperatures were maintained at 280 °C. The oven temperature program was initiated at 40 °C (held for 3 min) and increased gradually to 280 °C at a rate of 5 °C/min (held for 5 min). The tentative identification of compounds was accomplished by comparing their relative retention times and mass spectra with data from the NIST and WILLY libraries as well as the published literature (Adam, 2009 [34]). The quantification of all identified compounds was determined using relative percentage peak area calculations.




2.3.2. Total Phenolic Content


The total phenolic content (TPC) for the EO and polyphenol-rich extracts was determined using the Folin–Ciocalteu reagent following the method of Farid et al. [35]. Briefly, 1 mL of GF extracts or standard solution was added to 10 mL of deionized water and 1.0 mL of Folin–Ciocaulteu phenol reagent. After 5 min of reaction, 2.0 mL of sodium carbonate (20% (m/v)) was added to the mixture. Following a full hour in complete darkness, the absorbance was measured at 750 nm using a spectrophotometer. Gallic acid was used as a standard for the calibration curve. The results were calculated according to Equation (1) and are expressed as milligrams equivalent of gallic acid per gram of dry weight extract (mg GAE/g DW).


  TPC   ( mg   GAE / g   DE )   =       C   g a l l i c   a c i d   × V × m   M    



(1)




Cgallic acid is the standard (gallic acid) concentration established from the calibration curve; V is the dilution factor; m is the total extract weight; and M is the DW extract concentration.




2.3.3. Total Flavonoid Content


The total flavonoid content (TFC) for the polyphenol-rich extracts (GF-CE and GF-PE) was measured using the aluminum chloride reagent, as described by Farid et al. [35]. The extracts (1.0 mL), previously diluted, were mixed with 0.7 mL of NaNO2 5% (m/v) and 10.0 mL of ethanol 30% (v/v) for 5 min. Then, 0.7 mL of AlCl3 10% (m/v) was added and mixed altogether. After 6 min of reaction, 5.0 mL of NaOH (1 M) was added. Finally, the solution was diluted to 25 mL using ethanol 30% (v/v). After standing for 10 min, the absorbance of the reaction mixture was measured at 430 nm with a spectrophotometer. Quercetin (dissolved in ethanol) was used as a standard for the calibration curve. The results were calculated according to Equation (2) and are expressed as milligrams equivalent of quercetin per gram dry weight extract (mg QE/g DW).


  TFC   ( mg   QE / g   DE )   =       C   q u e r c e t i n   × V   m    



(2)







Cquercetin is the standard (quercetin) concentration established from the calibration curve; V is the volume of extract (mL); and m is the total extract weight (g).



Phenolic Compound Identification and Quantification


The analysis of the phenolic compounds in the polyphenol-rich extracts (GF-CE and GF-PE) was conducted using liquid chromatography–electrospray ionization–tandem mass spectrometry (LC-ESI-MS/MS) with an ExionLC TM AC system (Sciex, Framingham, MA, USA) for separation and SCIEX Triple Quad 5500+ (SCIEX, USA) equipped with electrospray ionization (ESI). Separation was achieved using a ZORBAX Eclipse Plus C18 Column (4.6 mm × 100 mm, 1.8 µm) (Agilent, Santa Clara, CA, USA). The mobile phases consisted of (A) 0.1% aqueous formic acid and (B) 100% acetonitrile, with the following gradient elution conditions: 2% B from 0–1 min, 2–60% B from 1–21 min, 60% B from 21–25 min, and returning to 2% B from 25.01–28 min. The flow rate was set at 0.8 mL/min, with an injection volume of 3 µL. The multiple reaction monitoring (MRM) analysis of the selected phenolic compounds was conducted in the negative ionization mode, with the following parameters: curtain gas at 25 psi, ion spray voltage at 4500 V, source temperature at 400 °C, ion source gases 1 and 2 at 55 psi with a declustering potential at 50, collision energy at 25, and collision energy spread at 10.






2.4. Antioxidant Activity


2.4.1. DPPH Radical Scavenging Assay


The DPPH assay was conducted following the procedure outlined by Ibrahim et al. [36]. Firstly, the GF extracts and vitamin C were prepared in methanol at different concentrations (31.25–2000 µg/mL). After that, 1.0 mL of DPPH methanolic solution (0.1 mM) was added to the sample (3.0 mL). Subsequently, the mixture was vigorously shaken and left to incubate in darkness at room temperature for 30 min. A control sample was created following the same procedure, with methanol replacing the sample. Absorbance was measured at 517 nm using a spectrophotometer, and the DPPH radical scavenging activity was determined using Equation (3). A linear modeling of the data obtained were performed and the results expressed as the concentration required to scavenge 50% of the initial DPPH radicals (IC50). The lower the IC50 value, the more powerful is the extract at scavenging DPPH and this implies a higher antioxidant activity.




2.4.2. Nitric Oxide Radical Scavenging Assay


The assay operates on the principle of inducing the release of nitric oxide (NO) free radicals from sodium nitroprusside (SNP) within an aqueous solution. At physiological pH, SNP undergoes a transformation, yielding nitrite ions that are detectable using the Griess reagent, composed of 1% sulfanilamide in 5% ortho-phosphoric acid (H3PO4) and 0.1% naphthylethylene diamine dihydrochloride [36]. The method was carried out as described by Ibrahim et al. (2021). Briefly, 2 mL of sample and 2 mL of SNP (10 mM) in phosphate-buffered saline at pH 7.4 were left to react at 25 °C for 150 min. After the incubation, 1 mL of the reaction mixtures were removed and diluted with 1 mL of Greiss reagent. The absorbance of these solutions was measured at 540 nm against the corresponding blank solution. The NO radical scavenging activity was calculated following Equation (3). The linear modeling of the data obtained was performed, and the results are expressed as the concentration required to scavenge 50% of the initial DPPH radicals (IC50).


  Inhibition   ( % )   =        A b s   A 0    −    A b s   s a m p l e        A b s   A 0     × 100  



(3)







AbsA0 is the absorbance of the control and Abssample is the absorbance of the treated sample with the extract at different concentrations.





2.5. Antimicrobial Activity


2.5.1. GF-EO Evaluation


Qualitative evaluations were conducted on nutrient agar plates, following the methodology of Mostafa et al. [37]. The pathogenic microorganisms used in this study included Gram+ bacteria (Bacillus cereus (ATCC 6629), Micrococcus leutus (ATCC 10240), Staphylococcus aureus (ATCC 6538), and Staphylococus epidermidis (ATCC 12228)), Gram− bacteria (Escherichia coli (ATCC 25922), Salmonella enterica (ATCC 255566), and Pseudomonas aeruginosa (ATCC 27853)), and the pathogenic yeast Candida albicans (ATCC 10231). These microorganisms were obtained from fresh overnight broth cultures grown in a nutrient broth medium and incubated at 37 °C [38]. The inoculum size of this pathogenic strain was prepared and adjusted to approximately 0.5 McFarland standard (1.5 × 108 CFU /mL) [39]. Subsequently, 25.0 µL of the microorganism inoculum was added to each plate containing 20.0 mL of sterile nutrient agar medium. Then, in the cooled and solidified agar medium, a sample of GF-EO (10 µg/mL) was added to a 0.6 cm well previously created in the agar plate using a 6.0 cm corn borer, following the well diffusion method. These plates were then refrigerated for one hour to enhance the sample diffusion, followed by incubation at 37 °C for 24 h. The zones of inhibition were measured in millimeters (mm).




2.5.2. GF Polyphenol-Rich Extracts


The antimicrobial activities of the GF polyphenol-rich extracts were assessed using Kirby–Bauer disc diffusion method [40]. Six pathogenic microorganisms were used: Escherichia coli (ATCC 25922), Pseudomonas aeruginosa (ATCC 10145), and Salmonella enterica typhimurium (ATCC 14028) as Gram− bacteria, and Listeria monocytogenes (ATCC 35152) and Staphylococcus aureus (ATCC 43300) as Gram+ bacteria; and Candida albicans (ATCC 10231) as the fungal model was used. The pathogenic microorganisms stored at −20 °C were inoculated in brain–heart infusion broth tubes (BBL, Viersen, Germany). These tubes were then placed in an incubator at 37 °C for 24 to 48 h. Subsequently, the refreshed pathogenic microorganism cultures were evenly spread on the surface of Müller–Hinton agar (MHA) plates (BBL, Germany) using sterile swabs. A sterile disc with a diameter of 6 mm was immersed in the GF polyphenol-rich extracts (GF-CE and GF-PE) at a concentration of 100 mg/mL. Subsequently, the discs were placed on the surface of the MHA plates. The incubation of the plates occurred for 24 h at 37 °C. The diameters of the inhibition zones were measured in millimeters (mm).





2.6. Anti-Inflammatory Activity of GF-EO, GF-CE, and GF-PE


The evaluation of the cyclooxygenase (COX1 and COX2) inhibition efficacy in the GF polyphenol-rich extracts and GF-EO was conducted following the procedures outlined by Blobaum and Marnett et al. [41]. Indomethacin and celecoxib served as standards for the anti-inflammatory activity against COX1 and COX2, respectively.




2.7. Statistical Analysis


The results were presented as the mean ± standard deviation. The normality of data distribution was confirmed using the Shapiro-Wilk test (p < 0.05). Differences between the mean values were assessed through a one-way analysis of variance (ANOVA), in which the rejection of the null hypothesis (H0) (indicating the equality of means) occurred when p < 0.05. Upon the rejection of H0, multiple comparisons were conducted using Duncan’s post hoc test. Statistical analysis was performed using the Statistical Package for the Social Sciences (IBM SPSS version 16, Armonk, NY, USA).





3. Results and Discussion


3.1. Grapefruit Essential Oil Composition


The GC-MS analysis of the volatile compounds of the GF-EO is presented in Figure 2. It was possible to identify 35 compounds, accounting for 97.11% of the total peak area (Table 1). The major volatile compounds were identified as D-limonene (24.90%), nootkatone (24.33%), β-pinene (7.71%), γ-Terpinene (7.52%), trans-caryophyllene (4.40%), and α-pinene (3.98%). Nootkatone was the main oxygenated sesquiterpene present in the GF-EO, while limonene, β-pinene, γ-Terpinene, and α-pinene were the main non-oxygenated monoterpenes present. D-limonene was the main prominent compound, which is also reported by other authors [21,42].



D-limonene is the principal component of citrus EOs (orange, lemon, mandarin, lime, and GF) [43]. However, these studies reported a higher quantity of D-limonene, at about 70%. However, a recent study from Ahmed et al. [44] reported that EOs extracted from GF peels cultivated in India, depending on the variety, had 1–15% of limonene. These differences observed between studies in the compound % may be explained by the geographical area of GF cultivation, mainly by the edaphoclimatic factors. Daily sun exposure, air humidity, and soil microbiota are the parameters mostly responsible for the changes observed in secondary metabolites [45]. Additionally, the maturity of the fruit, the harvest season, and the condition of the extraction method can impact the concentrations of the GF-EO. For instance, in Turkish GF-EO, the main compounds present were shown to be the same as those reported in our study [46,47], especially limonene, β-pinene, α-pinene, and nootkatone. However, opposite to our results, in the Turkish GF-EO study, a high concentration of myrcene and sabinene was found.
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Figure 2. GC-MS chromatogram of the essential oil extracted from grapefruit (GF-EO). 






Figure 2. GC-MS chromatogram of the essential oil extracted from grapefruit (GF-EO).
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Table 1. Composition of essential oils from grapefruit peels.






Table 1. Composition of essential oils from grapefruit peels.





	
No.

	
Retention Time

	
Molecular Weight

(M+)

	
Base Peak

	
Molecular

Formula

	
Compound

	
Area (%)






	
1

	
8.07

	
136

	
93

	
C10H16

	
α-Pinene

	
3.98




	
2

	
8.33

	
136

	
93

	
C10H16

	
Camphene

	
0.44




	
3

	
9.33

	
136

	
93

	
C10H16

	
β-Pinene

	
7.71




	
4

	
10.37

	
128

	
83

	
C8H16O

	
1-Octanal

	
3.40




	
5

	
10.42

	
136

	
93

	
C10H16

	
D-Limonene

	
24.90




	
6

	
12.32

	
136

	
93

	
C10H16

	
γ-Terpinene

	
7.52




	
7

	
13.58

	
154

	
71

	
C10H18O

	
Linalool

	
1.10




	
8

	
14.49

	
152

	
67

	
C10H16O

	
Trans-Limonene oxide

	
0.29




	
9

	
14.91

	
154

	
69

	
C10H18O

	
Citronellal

	
0.61




	
10

	
15.59

	
154

	
71

	
C10H18O

	
Terpinen-4-ol

	
0.26




	
11

	
16.02

	
154

	
71

	
C10H18O

	
α-Terpineol

	
0.81




	
12

	
16.38

	
158

	
67

	
C10H22O

	
Dihydro-citronellol

	
2.65




	
13

	
16.85

	
152

	
109

	
C10H16O

	
Caveol

	
0.41




	
14

	
17.12

	
184

	
69

	
C11H20O2

	
Citronellyl formate

	
0.93




	
15

	
17.38

	
152

	
69

	
C10H16O

	
Neral

	
0.36




	
16

	
17.47

	
150

	
82

	
C10H14O

	
Carvone

	
0.15




	
17

	
17.82

	
154

	
69

	
C10H18O

	
Geraniol

	
0.15




	
18

	
18.19

	
152

	
69

	
C10H16O

	
Geranial (E-citral)

	
1.69




	
19

	
20.40

	
194

	
109

	
C12H18O2

	
Carvyl acetate

	
0.24




	
20

	
20.86

	
204

	
161

	
C15H24

	
α-Copaene

	
1.12




	
21

	
21.10

	
196

	
69

	
C12H20O2

	
Geranyl acetate

	
0.88




	
22

	
21.23

	
204

	
161

	
C15H24

	
β-Copaene

	
0.86




	
23

	
21.99

	
204

	
93

	
C15H24

	
Trans-carophyllene

	
4.40




	
24

	
22.80

	
204

	
93

	
C15H24

	
α-Humulene

	
0.49




	
25

	
23.47

	
204

	
161

	
C15H24

	
Germacrene-D

	
0.69




	
26

	
23.86

	
204

	
121

	
C15H24

	
Bicyclogermacrene

	
0.36




	
27

	
24.51

	
204

	
161

	
C15H24

	
α-Amorphene

	
2.78




	
28

	
25.13

	
204

	
161

	
C15H24

	
Elemol

	
1.06




	
29

	
25.88

	
220

	
93

	
C15H24O

	
Caryophllene oxide

	
0.30




	
30

	
27.52

	
222

	
121

	
C15H26O

	
α-Cadinol

	
0.32




	
31

	
27.63

	
222

	
186

	
C15H26O

	
Eudesm-7(11)en-4-ol

	
0.63




	
32

	
28.97

	
222

	
69

	
C15H26O

	
Farnesol

	
0.65




	
33

	
29.32

	
206

	
135

	
C15H26

	
Nootkatol

	
0.29




	
34

	
30.41

	
218

	
135

	
C15H22O

	
Curcuphenol

	
0.35




	
35

	
30.38

	
218

	
146

	
C15H22O

	
Nootkatone

	
24.33




	
Total Area of the Identified Compounds

	
97.11









D-Limonene showed several biological effects, including antioxidant, anti-inflammatory, anticancer activity, and immune modulatory effects [48]. For instance, the study in [49] showed the antioxidant and anti-lipid peroxidation activities of D-limonene (100 mg/kg body weight) for Streptozotocin-induced alterations in male Albino Wistar rats after 45 days of administration. Overall, D-limonene significantly decreased (p < 0.05) the thiobarbituric acid reactive substances, lipid hydroperoxides, and conjugate dienes in the plasma, liver, and kidney and improved (p < 0.05) the tissue antioxidants, namely superoxide dismutase, catalase, and vitamin C. In addition, at a concentration of 0.04%, D-limonene significantly (p < 0.01) decreased nitrite levels and reduced LPS-induced PGE2 production in the murine macrophage cell line RAW 264.7 [50]. Moreover, the D-limonene treatment led to an enhanced protein expression of TNF-α (increased by 30%), IL-1β (increased by 50%), and IL-6 (increased by 20%) compared to the LPS-induced cells left untreated.



Other present compounds, such as nootkatone, are noteworthy, with nootkatone being the most important aromatic organic compound in EO extracted from GF peels [51]. This compound showed, in a mice model, an anti-inflammatory effect, mainly associated with the inhibition of IL1-β and TNF-α production, possibly due to the inhibition of COX-2 activity and antagonism of the histamine receptor type 1 [52]. In addition, this compound showed other beneficial activities, including antimicrobial, antioxidant, cardioprotective, and neuroprotective [53]. Furthermore, the GF-EO and its bioactive properties have scented flavors [54], making them an excellent flavoring agent for different industries. For instance, the cosmetics industry uses EOs for manufacturing gels, shampoos, and creams; in the food industry, they are used as natural flavoring agents to replace the use of synthetic additives [55].




3.2. Grapefruit Polyphenol-Rich Extract Composition


3.2.1. TFC and TPC


Phenolic compounds, found abundantly in plants and fruits like those of the Citrus genus, are recognized for their antioxidant and antimicrobial activities. Recent research has also associated them with additional health benefits, including lower blood sugar and cholesterol levels, as well as reduced inflammation [56]. The TPCs of the GF-EO and hydroethanolic extracts (GF-PE and GF-CE) are presented in Table 2. For the EO, the value was 13 mg GAE/g DE, while for the polyphenol-rich extracts GF-PE and GF-CE, the TPCs were 51 and 208 mg GAE/g DE, respectively. The crude polyphenol-rich extract (GF-CE) showed 4-fold higher values than those of the polyphenol-rich extract obtained after oil extraction (GF-PE) (p < 0.05). The reduction in the TPC value for the GF-PE may be due to the previously high temperature applied during the hydrodistillation process since high temperatures are the most common explanation for the degradation of polyphenols [57]. However, for the TFC, the opposite results are observed. The GF-PE had 29 ± 0.01 mg QE/g DE, while the GF-CE had only 13 ± 0.06 mg QE/g DE (p < 0.05). Flavonoids are sensitive to heat [58]. However, certain extraction methods and parameter combinations may enhance the release or extraction of flavonoids from the plant material because of the breakdown from the cell wall [59].



The TPC and TFC in extracts from GF peels can vary depending on several factors, including the GF variety, ripeness, growing conditions, and the extraction method used. To the best of our knowledge, these TPC and TFC values for the extracts obtained from the fresh GF peels cultivated in Egypt have not been reported in the literature to date. However, for other geographical locations, the value of the TPC of the grapefruit peel extracts can range from approximately 50 to 200 mg GAE/extract [60,61,62,63]. For instance, with 80% ethanolic extraction, the TPC was about of 20 mg GAE/g DE using GF peels cultivated in Pakistan [10]. On the other hand, studies from Bagdatli et al. [64] using ultrasound extraction with ethanol 70% (v/v) demonstrated a TPC of 667 mg GAE/g DE. Another study from Garcia-Castello et al. [62] with GF solid waste from Valencia, Spain reported an optimal TPC extraction of approximately 80 mg/g DE.



Overall, the TPC constituted approximately 20%, 5%, and 1% of the entire extracts of GF-CE, GF-PE, and GF-EO, respectively. Consequently, other compounds, such as sugars, minerals, organic acids, soluble fibers, and proteins, were also extracted, while terpenes were predominant in the GF-EO.




3.2.2. Phenolic Compounds’ Identification and Quantification


The qualitative and quantitative analyses of the phenolic compounds in the GF peels’ polyphenol-rich extracts are crucial for upcycling food ingredients. Understanding the specific BCs present can offer insights into the extract’s bioactivities and elucidate the underlying biological mechanisms involved. The LC/MS chromatograms of each polyphenol-rich extract are presented in Figure 3.



Compared to the commercial standards, sixteen phenolic compounds were identified and quantified in the GF-CE and fourteen in the GF-PE (Table 3). The identification of these compounds led to their distribution into three main structurally related classes, i.e., hydroxycinnamic acids (four compounds), hydroxybenzoic acids (five compounds), and flavonoids (seven compounds).



The presence of such BCs is mainly associated with the antioxidant and antimicrobial activities of GF peels and their derived extracts [65,66,67]. The most abundant compounds found in GF peels’ polyphenol-rich extracts were naringenin, narirutin, and hesperidin, which agrees with the literature available for GF [62,67,68,69]. The values for naringenin, narirutin, and hesperidin ranged from 7.72 to 48, from 15 to 28.7, and from 0.28 to 0.67 mg/g DE, respectively.



An effective extraction technique is essential to achieve a greater yield of BCs, significantly impacting the composition, yield, and bioactivities of the extract. In the food industry, the preference lies in utilizing non-toxic and easily manageable solvents for the extraction of by-products [70]. Water stands out as the most safe and cost-effective environmentally friendly solvent option [71]; it demonstrates effectiveness in extracting polar molecules, whereas for less polar compounds, organic solvents or combination solvent systems are utilized. However, most of the polyphenols are poorly soluble in water. Flavonoid glycosides are usually more water-soluble than aglycones, which have a better solubility in organic solvents [72]. Therefore, to enhance the extraction, mixtures of water–alcohol are used [73]. Typically, insoluble phenolic compounds, such as flavonoids, are in the cell wall, while soluble phenolic compounds are found inside the cell vacuoles [74]. At high temperatures, the integrity of the cell wall is compromised, and this may promote the delivery of cell wall polysaccharides into the solvent and allow the phenolic compounds to diffuse [75,76]; so, their extractability can also increase. Comparing our results (Table 3) to the reported data, it was observed that the concentration of phenolic acids, mainly hydroxycinnamic acids, was higher in the GF-PE obtained after the extraction of the EO by hydrodistillation during 3 h. This process may weaken the cell wall integrity, resulting in an increase in the contents of low-molecular-weight insoluble phenolics and the flavonoid aglycons when extracted by ethanol (80%) [57]. However, certain flavonoid compounds may undergo degradation when exposed to elevated temperatures. For instance, rutin initiates degradation at 75 °C, with its concentration declining progressively as the temperature rises until it becomes non-detectable at 90 °C [77]. On the other hand, gallic acid exhibits instability at higher temperatures. The degradation rates increase as the temperature increases from 60 °C to 100 °C for 4 h [78]. In our results, it was noticed that the complete decomposition of gallic acid was observed in the GF-PE, which may be due to the previous 3 h in hydrodistillation. This explains the decline in the antioxidant, antimicrobial, and anti-inflammatory activities of the GF-PE. The GF-CE was prepared and evaporated at a temperature not exceeding 45 °C, enabling the stability of heat-sensitive compounds, which allows for the synergistic activity with the flavonoid glycosides and phenolic acids present even at a lower concentration than that of the GF-PE (obtained after EO extraction) to perform higher antioxidant, antimicrobial, and anti-inflammatory activities [79,80,81]. Furthermore, it is crucial to account for the total activity of polyphenol-rich extracts, influenced by the synergistic or antagonistic interactions among their constituents. Typically, phytochemicals are recognized for conferring human health benefits, including anti-inflammatory, antimicrobial, antihypertensive, and antidiabetic effects [82,83]. In our results, the GF extracts contained various important flavonoids, such as naringin, quercetin, and hesperidin. Naringenin, the main phenolic compound found in the GF peel extract, is a flavanone aglycone renowned for its multifaceted bioactive effects on human health. These effects include antioxidative, anti-inflammatory, antidiabetic, and anti-neurodegenerative properties, as reported in numerous studies [84,85,86].





3.3. Antioxidant Activity


Certain EOs have been shown to scavenge free radicals that harm the organism and lower the risk of certain diseases brought on by oxidative stress. The peels of GF have been documented to have many phytochemicals, including flavonoids, carotenoids, vitamin C, and other BCs, which have been reported as antioxidant compounds [87]. These BCs promote human health and delay/prevent the incidence of many chronic diseases [13]. To evaluate the antioxidant capacities of GF bioactive extracts, two different methods were used: DPPH and nitric oxide (NO) assays. The antioxidants react with DPPH, transforming it into 1,1-diphenyl-2-picryl hydrazine by swiftly accepting hydrogen, thereby halting the propagation of free radical oxidation chains. This process leads to the creation of stable end products, preventing subsequent lipid oxidation [36]. In the nitric oxide assay, the capacity of GF peel polyphenol-rich extracts to scavenge nitrogen free radicals was evaluated [88]. The antioxidant activities of the GF-EO and polyphenol-rich extracts (GF-CE and GF-PE) were concentration-dependent, which means that the activity increases as the concentration increases (Table 4 and Table 5). Vitamin C, used as a positive control, exhibited the same behavior as the extracts. The IC50 for the GF-EO was 1271 ± 0.85 µg/mL for the DPPH assay and 1656 ± 0.71 µg/mL for the NO assay. Compared to vitamin C, the natural GF-EO showed a lower activity (p < 0.05); however, compared to the results obtained by Deng et al. [21], the Egyptian GF-EO showed 100 times more activity against DPPH radicals than the GF-EO extracted by cold-pressing. Regarding the polyphenol-rich extracts, the IC50 values for the GF-CE were 75.69 ± 0.81 and 113.45 ± 0.71 µg/mL for the DPPH and NO assays, respectively. The IC50 values for the GF-PE were much higher for the DPPH (1069 ± 0.56 µg/mL) and for the NO (791 ± 0.52 µg/mL) assays. Meanwhile, the GF-CE showed a higher activity than the EO at the same concentration (1000 µg/mL) for both assays, while the GF-PE showed a higher activity than the GF-EO only for the NO assay. The variations in antioxidant effectiveness between the polyphenol-rich extracts and the EO could also be related to the levels of ascorbic acid, a water-soluble antioxidant renowned for effectively neutralizing reactive oxygen species [89]. Overall, the polyphenol-rich extracts showed a better antioxidant activity than the EO. Naringenin, the main flavonoid present in both extracts, is a powerful antioxidant that can destroy free radicals and attenuate their formation [90]. However, the GF-EO antioxidant activity could be attributed to the high % of limonene [47]. Citrus polyphenols, which are mainly flavonoids, display exceptional health-promoting protection against oxidative stress-related diseases, including antioxidant, anti-inflammatory, antimicrobial, and other activities [13].




3.4. Antimicrobial Activity


Annually, contaminated food results in 600 million illnesses and 420,000 deaths. Moreover, microbiological spoilage stands as the primary contributor to food waste [91]. Hence, novel and efficient strategies are required to inhibit and eradicate contamination. This research focuses on natural food preservatives endowed with antimicrobial attributes poised as safer substitutes for synthetic counterparts [92]. Therefore, the antimicrobial activities of the GF-EO and GF polyphenol-rich extracts were tested against a panel of several Gram+ and Gram− bacteria and a fungus, specifically selected based on their importance to public health.



3.4.1. Grapefruit Essential Oil (GF-EO)


Plant-derived EOs are one group of natural food preservatives. The effectiveness of EOs is associated with the presence of multiple volatile compounds with antimicrobial activity reported since ancient times. This results in the effectiveness and specificity of each EO against various microorganisms. The results of the antimicrobial activity measured by the disc diffusion method for the EO extracted from GF and miconazole (standard) are shown in Figure 4. The GF-EO showed a good antibacterial activity against Gm+ bacteria: Bacillus cereus, Micrococcus leutus, Staphylococcus epidermidis, and Staphylococcus aureus. The highest antibacterial activity was demonstrated by the EO against S. aureus (15 mm), followed by the inhibition zone against B. cereus (13 mm). Regarding S. epidermidis and M. leutus, the inhibition zone was 10 mm. S. aureus and S. epidermidis contain teichoic acid in the peptidoglycan layer and are inhibited by different citrus peel EOs and extracts [93]. In addition, the GF-EO also had a great inhibition spectrum toward the pathogenic yeast Candida albicans (16 mm), showing a better potential than amoxicillin (standard). For the Gm− bacteria, there was no inhibition.



Our results align with most of the studies investigating the efficacy of EOs extracted from grapefruit peels against food spoilage organisms and foodborne pathogens. However, some studies reported different findings, mainly regarding Gram− bacteria inhibition. For instance, Deng et al. [94] reported the inhibition for E. coli (26.86 mm) and P. aeruginosa (8.57 mm). In addition, another recent study from Luciardi et al. [95] demonstrated that the GG-EO at 0.1 mg/mL could not inhibit P. aeruginosa growth but inhibited its biofilm production in the range of 52–55%. The differences observed may be related to the method of EO extraction. This study used hydrodistillation, whereas other comparative studies used cold-pressing extraction. However, the previously reported studies agree that EOs are generally slightly more active against Gram+ than Gram− bacteria. Gram+ bacteria typically exhibit a higher susceptibility due to their thick peptidoglycan cell wall layer. Conversely, Gram− bacteria possess a thinner peptidoglycan layer along with an additional outer membrane composed of phospholipids and lipopolysaccharides [96]. The presence of non-oxygenated compounds and oxygenated sesquiterpenes, such as D-Limonene, β-pinene, γ-Terpinene, α-pinene, and nootkatone, contributes significantly to the antimicrobial activity. Although the precise mechanism of action of EOs remains unclear, it is hypothesized that they disrupt cell membrane function and structure, consequently interfering with electron chain transport, enzyme activity, nutrient uptake, and the synthesis of nucleic acids and proteins [80].




3.4.2. Grapefruit Polyphenol-Rich Extracts (GF-CE and GF-PE)


In addition to GF-EOs, extracts rich in phenolic compounds, another group of secondary metabolites in plants, are important BCs due to their bioactive properties. They demonstrate remarkable effectiveness as inhibitors against numerous foodborne pathogenic and spoilage bacteria. Moreover, they are excellent natural alternatives [97]. The results of the antimicrobial activity measured by the disc diffusion method of the polyphenol-rich extracts (GF-CE and GF-PE) are shown in Figure 5. The results show that the GF peel extract has a good activity against both Gm+ and Gm− and is also active against Candida albicans. However, the GF-PE shows a better activity than the GF-CE against P. aeruginosa (7 mm) and L. monocytogenes (7 mm). Although extracts rich in phenolic compounds can effectively inhibit pathogens, they are less potent than EOs.



To the best of our knowledge, there is limited literature available on the antimicrobial activity of GF peel extracts rich in polyphenols. Generally, GF polyphenol-rich extracts are obtained from seeds. A recent study from Arsène et al. [98] demonstrated that the antibacterial activity of a hydroethanolic extract (80%, v/v) was dose-dependent, and a higher inhibition diameter was observed for the Gm+ bacteria S. aureus (13 mm) and the Gm− bacteria E. coli (11 mm). Overall, the results are in line with those observed in our study. To the best of our knowledge, the antifungal activity of the polyphenol-rich extracts obtained from GF peels against Candida albicans is reported for the first time in this study. However, a study from Yaldiz et al. [99] showed that a treatment with mixtures of polyphenol-rich extracts and EO from GF peels (25:75%) for 8 h had an effective antifungal activity against C. albicans. Therefore, EOs are generally considered to be particularly effective in this context. The research indicates that phenolic compounds, such as rutin, quercetin, and naringenin, interact with bacterial cell membranes, increasing permeability, reducing ATP production, binding to metabolic enzymes, and disrupting membrane integrity, ultimately resulting in bacterial cell membrane destruction [100]. Additionally, flavonoids, a large group of phenolic compounds found in GF, demonstrate the ability to inhibit bacterial metabolism and the synthesis of DNA and RNA in bacteria [101,102].





3.5. Anti-Inflammatory Activity


The relationship between anti-inflammatory activity and the enzymes COX-1 (cyclooxygenase-1) and COX-2 (cyclooxygenase-2) is closely tied to the inflammatory response and the production of prostaglandins [103]. COX-1 and COX-2 are enzymes involved in synthesizing prostaglandins from arachidonic acid, a fatty acid found in cell membranes. COX1 is constitutively expressed in many tissues and maintains normal physiological functions, such as protecting the stomach lining and regulating blood platelets. COX-1 produces prostaglandins that are involved in these housekeeping functions [103]. Meanwhile, COX2 is typically produced during inflammation and is responsible for producing the prostaglandins that contribute to the inflammatory response. COX-2 is often upregulated in response to various stimuli, including injury or infection [103]. Non-steroidal anti-inflammatory drugs (NSAIDs), including indomethacin and celecoxib, exert their anti-inflammatory effects by suppressing the activity of both COX-1 and COX-2 enzymes [104]. Nevertheless, there is considerable interest in natural extracts or compounds with anti-inflammatory properties that may act as inhibitors of COX-1 and COX-2 [105,106,107]. One of these groups may be polyphenols, more precisely, flavonoids [108].



Figure 6 shows the anti-inflammatory effects of the GF peel polyphenol-rich extracts (GF-CE and GF-PE) and GF-EO against the biomarkers COX1 and COX2.



The GF-EO, GF-CE, and GF-PE exhibited activities as COX1 and COX2 inhibitors, with IC50 values of 0.97 ± 0.1, 25 ± 0.1, and 0.67 ± 0.058 ug/mL for COX1 and 3.9 ± 0.1, 0.28 ± 0.0006, and 0.7 ± 0.1 ug/mL for COX2, compared to the reference standards celecoxib and indomethacin, with values of 97.5 ± 0.1 and 6.25 ± 0.002, and 0.31 ± 0.01 and 0.52 ± 0.01, respectively. It was noticed from the results that EO has a weak activity as a COX2 inhibitor and good activity as an inhibitor of COX1, while the GF-CE has selective activity as a COX2 inhibitor and mild inhibitor of COX1, but the GF-PE has a weak activity as a COX2 inhibitor compared to the extract obtained from the crude GF peels and good activity as a COX1 inhibitor. The bioactive extracts obtained from GF peels showed a significantly better activity (p < 0.05) than synthetic drugs. Our results are consistent with recent studies, which demonstrate the inhibitory effect of grapefruit peel extracts on the production of inflammatory mediators, including prostaglandin E2 and nitric oxide (NO), in LPS-activated RAW 264.7 cells. Flavanone glycosides have been identified as significant contributors to the anti-inflammatory activity of citrus peels due to their higher abundance compared to polymethoxyflavones [109]. Furthermore, in vivo investigations have indicated that the EO extracted from grapefruit peels exhibits anti-inflammatory properties compared to the negative control group over the entire 5 h post-induction assessment period [110].



The correlation between inhibiting COX-1 and COX-2 and anti-inflammatory activity is rooted in the role of these enzymes in the inflammatory process. Inflammation involves the production of prostaglandins, which COX-1 and COX-2 synthesize. By inhibiting these enzymes, the production of prostaglandins is reduced, leading to a decreased inflammatory response. The GF-PE had a higher content of valuable phytochemicals, such as naringenin, narirutin, hesperidin, ferulic acid, and chlorogenic acid. These BCs exhibit diverse anti-inflammatory properties by inhibiting various pathways, including regulatory enzyme inhibition, the alteration of arachidonic acid metabolism, the modulation of gene expression, and targeting transcription factors crucial for regulating inflammatory mediators [111,112,113].



Additionally, it can modulate the activity of human macrophages and, in turn, reduce inflammation [114]. Inflammation is a biological response to noxious stimuli, such as pathogens, which cause tissue and cell damage [115]. It may be acute or chronic, depending on the reaction of the body to the stimuli, with an either short or prolonged response.





4. Conclusions


The current study presented a comparative study of the valorization of GF peels to obtain a single BCs (EO or polyphenol-rich extracts) or a multi-cascade BCs from the same by-product. A sustainable and integrated approach using Egyptian GF peel, a by-product from the juice industry, by producing consecutive GF-EO and polyphenol-rich extracts (GF-PE) using the same by-product was assessed. The method of extraction and pretreatment applied before the polyphenol extraction significantly influences the content of phenolic compounds and the biological activity of the final ingredient. The TPC and TFC increased 2-fold, while naringenin, narirutin, and hydroxycinnamic acids increased by 6.2-, 1.9-, and 3.0-fold, respectively. However, the crude GF extract (GF-CE) exhibited a stronger free radical scavenging activity, mainly in DPPH (IC50 = 75.69 ± 0.81 µg/mL), than the GF-PE (113.45 ± 0.85 µg/mL). However, the GF-PE showed a higher anti-inflammatory activity than the GF-CE (0.67 ± 0.058 ug/mL for COX1 and 0.7 ± 0.1 ug/mL for COX2). Lastly, both the GF-CE and GF-PE showed antimicrobial activity (p > 0.05) against Gram− and Gram+ bacteria; however, the GF-PE showed a better inhibitory capacity against P. aeruginosa (7 mm) and L. monocytogenes (7 mm). Nevertheless, the GF-EO demonstrated a higher antimicrobial activity than the polyphenol-rich extracts, mainly against Gram+ bacteria compared to the reference standard (amoxicillin) and a strong activity against the yeast Candida albicans (inhibition zone of 16 mm). The major compounds in the GF-EO included D-limonene (25%), nootkatone (24%), and β-pinene (8%). Although the GF-EO demonstrates anti-inflammatory capacity, its ability to inhibit COX 1 (0.97 ± 0.1 µg/mL) is greater than that to inhibit COX 2 (3.9 ± 0.1 µg/mL).



This study highlights the potential of GF peels as a sustainable source of valuable ingredients/extracts for functional foods and their potential to establish synergies with the cosmetic and pharmaceutical industries. In addition, it proves the efficiency of the consecutive extraction of BCs from GF peels. By using these new upcycled ingredients, we can contribute to the achievement of the SDGs and zero waste, a set of principles focused on waste prevention that encourage finding new uses for resources instead of throwing them away.
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Figure 1. Diagram of the essential oil (GF-EO) and polyphenol-rich extract (GF-CE and GF-PE) extraction. 
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Figure 3. LC/MS chromatograms for (a) GF-CE and (b) GF-PE. 
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Figure 4. Antimicrobial activities of the GF-EO and the standards (amoxicillin and miconazole) determined by the disc diffusion assay. Values represent the mean ± standard deviation. Different letters mean significant differences between the GF-EO and the standard (p < 0.05). 






Figure 4. Antimicrobial activities of the GF-EO and the standards (amoxicillin and miconazole) determined by the disc diffusion assay. Values represent the mean ± standard deviation. Different letters mean significant differences between the GF-EO and the standard (p < 0.05).



[image: Applsci 14 02776 g004]







[image: Applsci 14 02776 g005] 





Figure 5. Antimicrobial activities of the polyphenol-rich extracts (GF-CE and GF-PE) determined by the disc diffusion assay. Values represent the mean ± standard deviation. Different letters mean significant differences between the polyphenol-rich extracts (p < 0.05). 
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Figure 6. Anti-inflammatory activity in vitro for the biomarkers COX1 and COX2 expressed as IC50 (ug/mL) for the polyphenol-rich extracts (GF-CE and GF-PE) and essential oil (GF-EO) obtained from grapefruit peels. Indomethacin and celecoxib were used as the standards. Values represent the mean ± standard deviation. Different letters mean significant differences between the bioactive extracts and standards for each cyclooxygenase (same color in the bar). 
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Table 2. Total phenolic content (TPC) and total flavonoid content (TFC) of the grapefruit essential oil (GF-EO) and polyphenol-rich extracts (GF-CE and GF-PE). Values represent the mean ± standard deviation. Different letters mean significant differences between the bioactive extracts (p < 0.05).
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	TPC

(mg GAE/g DE)
	TFC

(mg QE/g DE)





	GF-CE
	20.18 ± 0.02 a
	13.09 ± 0.06 b



	GF-EO
	13.21 ± 0.00 c
	--



	GF-PE
	51.27 ± 0.01 b
	29.31 ± 0.01 a










 





Table 3. Quantification of the phenolic compounds (µg/g DE) in the GF peels’ polyphenol-rich extracts (GF-CE and GF-PE). Values represent the mean ± standard deviation. Different letters mean significant differences between the extracts for the same phenolic compound (p < 0.05).
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Phenolic Compound

	
GF-CE

	
GF-PE






	
Hydroxycinnamic acids




	
Chlorogenic acid

	
3.88 ± 0.21 a

	
11.22 ± 0.09 b




	
Caffeic acid

	
7.48 ± 0.40 b

	
43.83 ± 0.61 a




	
p-Coumaric acid

	
12.92 ± 0.52 b

	
52.50 ± 0.45 a




	
Ferulic acid

	
50.99 ± 1.03 b

	
227.89 ± 2.15 a




	
Hydroxybenzoic acids




	
Gallic acid

	
2.86 ± 0.01

	
n.d.




	
3.4-Dihydroxybenzoic acid

	
11.63 ± 0.18 b

	
24.52 ± 0.08 a




	
Methyl gallate

	
0.43 ± 0.00 a

	
0.12 ± 0.01 b




	
Ellagic acid

	
2.32 ± 0.00 b

	
3.15 ± 0.03 a




	
Saponarin

	
1.29 ± 0.00

	
n.d




	
Flavonoids




	
Rutin

	
6.43 ± 0.24 a

	
3.71 ± 0.23 b




	
Narirutin

	
15,026.94 ± 6.05 b

	
28,729.79 ± 7.41 a




	
Hesperidin

	
667.73 ± 1.53 a

	
285.58 ± 1.98 b




	
Diosmin

	
62.34 ± 0.81 b

	
80.80 ± 0.78 a




	
Quercetin

	
0.62 ± 0.01 b

	
1.14 ± 0.11 a




	
Naringenin

	
7716.13 ± 2.36 b

	
48,609.40 ± 9.16 a




	
Hesperitin

	
3.00 ± 0.02 b

	
4.08 ± 0.31 a








n.d., not detected.













 





Table 4. Percentage (%) inhibition of the GF-EO extracted from grapefruit peels in terms of DPPH and nitric oxide free radicals at different concentrations (µg/mL) and their IC50 values compared to vitamin C (standard). Values represent the mean ± standard deviation. Different letters mean significant differences between concentrations (p < 0.05).
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DPPH

	
Nitric Oxide




	
Concentration (µg/mL)

	
GP-EO

	
Vit. C

	
GP-EO

	
Vit. C






	
250

	
21.8 ± 0.69 e

	
23.73 ± 0.53 e

	
9.85 ± 0.047 e

	
43.32 ± 0.32 e




	
500

	
35.7 ± 0.37 d

	
41.08 ± 0.52 d

	
14.63 ± 0.18 d

	
63.61± 0.42 d




	
1000

	
46.7 ± 1.27 c

	
64.57 ± 0.59 c

	
29.37 ± 0.33 c

	
77.83 ± 0.51 c




	
1500

	
54.8 ± 0.46 b

	
81.85 ± 0.46 b

	
39.86 ± 0.53 b

	
85.25 ± 0.32 b




	
2000

	
65.8 ± 0.28 a

	
96.09 ± 0.14 a

	
64.71 ± 0.52 a

	
92.94 ± 0.28 a




	
IC50

	
1271.24 ± 0.85 b

	
734.42 ± 0.43 c

	
1656.19 ± 0.71 a

	
263.60 ± 0.52 b











 





Table 5. Percentage inhibition (%) of the polyphenol-rich extracts from GF peels in terms of scavenged DPPH and nitric oxide free radicals at different concentrations (µg/mL) and their IC50 values. Vitamin C was used as the standard. Values represent the mean ± standard deviation. Different letters mean significant differences between concentrations (p < 0.05).
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DPPH

	
Nitric Oxide




	
Concentration (µg/mL)

	
GP-CE

	
GF-PE

	
Vit. C

	
GP-CE

	
GF-PE

	
Vit. C






	
31.25

	
31.20 ± 0.72 f

	
2.97 ± 0.82 f

	
23.73 ± 0.471 f

	
27 ± 1.31 f

	
2.60 ± 0.25 e

	
43.32 ± 0.32 f




	
62.5

	
46.06 ± 0.53 e

	
13.80 ± 0.76 e

	
41.08 ± 0.68 e

	
45.33 ± 0.88 e

	
9.62 ± 0.71 d

	
63.61 ± 0.42 e




	
125

	
62.23 ± 0.28 d
